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Abstract 
 
 Rafon gas may be a major air quality hazard issue inside the home. 

Radon (222Rn) comes from the natural breakdown of radioactive uranium 

(238U) via radium (226Ra) in soil, rocks, and water. Radon and its progeny 

contribute more than 50% of the total radiation dose to the human population 

due to inhalation; it can result in severe and fatal lung disease. This 

investigation has determined the radon concentrations in seventy-seven 

domestic houses in a mountainous area of Hamadan in Iran which were 

monitored using track-etch detectors of type CR-39 exposed for three month 

periods. The arithmetic mean radon concentration in Hamadan buildings was 

determined to be 80 Bqm-3 and also an average indoor annual effective dose 

equivalent for the Hamadan city population was calculated as 1.5 mSv. 

Maximum radon concentrations were noted during the winter and spring 

season. In addition to this, 28 water wells were monitored by utilizing a Sarad 

Doseman detector at hourly intervals over extended periods. Radon 

measurements were also carried out in the nearby Alisadr show cave, using 

Solid State Nuclear Track etch Detectors (SSNTDs) during the winter and 

the spring periods. In the cave, the average annual effective geometric and 

arithmetic mean dose for guides was 28.1 and 34.2 mSv respectively. The 

dose received by visitors was very low. Hamadan city is built on alluvial fan 

deposits which are the source of the local water supply. The data from the 

wells shows that the groundwater in these alluvial deposits influences the 

flux of radon. The atmospheric radon concentration measurement in wells 

above the water surface ranged from 1,000 Bqm-3 to 36,600 Bqm-3.  There is 

evidence that radon-rich ground waters play a significant role in the transport 
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of radon through the alluvial fan system. There is evidence that the radon 

concentrations in homes in Hamadan are greatly influenced by the porous 

nature of the underlying geology and the movement of groundwater within 

the alluvial fan. 
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Chapter 1 Introduction 
 

This chapter outlines the origin and nature of radon gas, the units 

used to record its presence and impact, and through a literature review, 

introduces the issues that cause radon gas to be a health problem in many 

areas of the world. The issues surrounding the presence of radon gas in 

Hamadan city are also introduced. Information is provided to indicate for 

human health with reference to how radon can enter from the soil into 

buildings and hence into the body.  

 
 
1.1. Introduction 
 

Radon originates from the natural breakdown of the uranium and 

thorium series in soil, rock and water. Radon enters buildings such as 

homes, offices and schools, and is present everywhere in the world. In 

general, human exposure to radon is greatest in peoples‘ homes (Scott 

1994). The damage to health resulting from the exposure to radiation from 

radon has been a matter of concern to the public and scientists. Radiation 

originates from the primordial radionuclides from the earth‘s crust and 

contributes to the exposure of human beings, who are affected by natural 

and artificial radiation (UNSCEAR 2000). The quantity of radiation naturally 

occurring increases in areas where there are uranium and thorium ore 

deposits and granite formations which have a large amount of natural 

uranium in them (Man & Yeung 1998). Globally other sources of radon are 

water, especially spring water, uranium tailings, phosphate residues, coal 

and building materials. A high concentration of radon is found in spring water 
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due to the deposits of isotopes in volcanic areas where co-precipitation with 

silica occurs (NCRP 1975; Franke et al. 1997; Erickson 2004; Zdrojewicz & 

Strzelczyk 2006).   

Furthermore, shellfish can accumulate radioactive material present in 

water which can cause radiation exposure to people who eat mussels or 

winkles (Pentreath et al. 1989; FSA 2002). In addition, some occupations 

involve more exposure to natural sources of radiation. For example, airline 

pilots are exposed to high levels of radiation from cosmic rays (Pukkala et al. 

1995; Oksanen 1998). Radon can also be found in coal, oil and natural gas 

which are often brought into buildings to provide an energy source for 

heating and cooking. Radon can also enter into buildings directly from the 

underlying soil and rock if there are permeable floors or cracks and crevices 

through which it can move. (Bottrel 1991; Faulkner & Gillmore 1995; Gillmore 

et al. 2002). 

From the view point of physical and chemical properties, radon is a 

colourless, odourless inert gas. It is the only gaseous radioactive element. It 

enters into the atmosphere by passing through the soil and cracks in the rock 

(O'Riordan et al. 1983; Swedjemark & Mjones 1984; Malanca et al. 1995; 

Anastasiou et al. 2003; El-Hussein 2005). When radon reaches the 

atmosphere, it disperses and becomes more dilute, but under certain 

circumstances it may become concentrated and severely increase 

background radiation levels. Radon frequently enters the home directly from 

the soil, and from building materials, from gas used for cooking and from the 

water supply. The radon concentration in the outside atmosphere is often 

lower than inside houses. In general, the average radon gas concentration 
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inside homes is estimated to be 2-10 times more than in the outside 

atmosphere (Bale 1980; Bodansky et al. 1987; Bovornkitti 2002). With 

increasing radon concentration, there is a corresponding rise in health 

concerns. Studies in uranium mines show that there is a direct relationship 

between the number of lung cancers contracted in the workers and 

concentration of radon gas (Darby et al. 2005).  

 There has been an increased awareness about the dangers to health 

posed by indoor radon even if there is only short-term exposure (Papworth 

1997). Concern about this health issue is due to the risk of lung cancer when 

the lungs are exposed to radon and its daughter progenies. It is therefore 

extremely important to determine radon concentrations inside the home and 

other public buildings. In general, this issue is one of significant national and 

international concern (NRC 1990).  According to a report by the National 

Research Council, in the United States, the number of people dying from 

lung cancer due to breathing indoor radon is estimated to be between 3,000  

to 32,000 each year (EPA 1992).  More recently (2003) the EPA 

(Environmental Protection Agency) in the United States of America has 

suggested that this figure is between, 15,000-22,000.   

According to the report by Nero (NRC 1999) in the United States, radon 

is  the cause of approximately 10% of the recorded cases of lung cancer. 

The Public Health Service in the United States announced that lung cancer 

occurred at a rate that was five times higher than normal amongst the 

uranium mining population. In spite of  a general agreement in the scientific 

literature that increases of lung cancer amongst uranium miners are due to 

high concentrations of radon, and its daughter products,some argue that 
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there is a lack of proof of the risk of lung cancer increasing with increasing in 

exposure time period in the general population (Lubin et al. 1998). 

Many research organisations are involved in the radon problems 

debate, such as the International Agency for Research on Cancer (IARC); 

the International Commission on Radiological Protection (ICRP); the United 

Nations Scientific Committee on the Effects of Ionising Radiation 

(UNSCEAR); the World Health Organisation (WHO); the Environmental 

Protection Agency (EPA) in the USA and the Health Protection Agency 

(HPA) in the United Kingdom.  

These organisations have attempted to drive forward an international 

agenda, which seeks to create a general agreement on regulatory standards. 

There are a number of countries in the developed world, such as Sweden, 

the UK and the USA, that have been undertaking radon research for many 

years. These countries have helped to create a base of knowledge that, to 

some extent, provide examples of practice which provide a useful guide for 

other countries own studies.  

 
 
1.2. Units of Radiation 
 

1.2.1. Curie 

 
The amount of activity radioactive elements as determined by their 

decay rate has traditionally been specified in curies (Ci) which is defined by 

the activity in one gram of naturally occurring 226Ra. 226Ra was discovered 

by Mme Curie and the unit of measurement named after her. The activity is 

determined by the number of radioactive transformations (disintegrations) of 
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a radionuclide over unit time. The curie is approximately 37 billion 

disintegrations (decay events) per second (3.7 x 1010 transformations per 

second). The System International Units (SIU) is the recognized international 

standard for describing measurable quantities and their units in Europe.  

The amount of radioactivity in a substance of interest is described by its 

concentration which is defined as the amount of radioactivity per unit volume 

or weight of that substance. Water and atmospheric samples may be 

expressed as activity per millilitre (mL) or per cubic metre. Radioactivity in 

food stuff and soil are often mentioned as activity per gram (g). Exposure, 

which is measured by environmental dosimetres, may be expressed in units 

of mill-Roentgens (mR) or more commonly in terms of dose as millirem 

(mrem) or micro-Sievert (µSv). (See below). 

 

1.2.2. Becquerel  

 
The amount of radioactivity in the standard SI unit system for the 

activity rate of a substance is measured in Europe using the Becquerel (Bq).  

A Becquerel is equal to one nuclide disintegration per second.  

 

1.2.3. Röntgen 

 
The röntgen or roentgen (symbol R) is used as a unit of measurement 

for ionizing radiation (such as X-ray and gamma rays), which is expressed as 

the unit charge divided by unit mass (R = C / Kg in SI).  

  In SI units, 1 R = 2.58×10−4 Coulomb / Kg . 

http://en.wikipedia.org/wiki/Ionizing_radiation
http://en.wikipedia.org/wiki/X-ray
http://en.wikipedia.org/wiki/Gamma_ray
http://en.wikipedia.org/wiki/Charge_%28physics%29
http://en.wikipedia.org/wiki/Coulomb
http://en.wikipedia.org/wiki/Kilogram
http://en.wikipedia.org/wiki/International_System_of_Units
http://en.wikipedia.org/wiki/Coulomb
http://en.wikipedia.org/wiki/Kilogram
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The röntgen was sometimes used to measure exposure to radiation 

from other forms than X-rays or gamma rays. To express the different effects 

of different forms of radiation on biological matter, "Röntgen equivalent man" 

or rem was also in use. Exposure in rem is equal to the exposure in röntgens 

multiplied by the Q value, a constant, describing the type of radiation. 

 

1.2.4. Equilibrium Factor 

 
 The equilibrium factor has been suggested for the conversion of 

working level (WL) to Bqm-3(pCil-1), which is the quantity of value 1.0 for 

animal studies and 0.5 for occupational epidemiological studies. The 

equilibrium factor is used to measure the degree of radioactive equilibrium 

between radon and its short-lived radioactive decay products, and is often 

assumed to be 0.4 for risk assessment purposes. When short-lived radon 

daughters exist at the same activity concentration in air as 222Rn, radon is in 

equilibrium with its progeny, then 1 WL equals 3,700 Bqm-3 (100 pCil-1) 222Rn 

of air. If the equilibrium factor is 0.5, then 7,400 Bqm-3(200 pCil-1) 222Rn of air 

is equivalent to 1.0 WL; if the equilibrium factor is 0.3, then 1 WL 

corresponds to 333×37 Bqm-3 (333 pCil-1 ) 222Rn of air.  

 

 
1.3. Absorbed Dose Units 
 

Radiation may be absorbed by materials, which deposits a relatively 

large amount of energy into a small volume of mass. 

Electromagnetic radiations (X-rays and gamma photons) are indirectly 

ionizing; that is, they transfer their energy in various interactions with 

http://en.wikipedia.org/wiki/R%C3%B6ntgen_equivalent_man
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molecules, and the energy is then used to create a fast-moving charged 

particle such as an electron. It is possible that the electron obtained enough 

energy to subsequently cause secondary reactions with a target molecule. 

Charged particles, in contrast, strike the tissue or medium and directly react 

with target molecules, such as oxygen or water.  

 

1.3.1. Gray 

 
The gray was defined in 1975 by Gray (1905-1965). The unit is based 

on the  International System of Units, and one gray is defined as the 

absorption of one joule of radiation energy by one kilogram of matter. 

1 Gy = 1J/kg 

1.3.2. Rad  

 
The rad is expressed as an obsolete unit of absorbed radiation dose, 

with a symbol R.  It was based in the in CGS system of units in 1953. The 

absorbed dose is defined as 100 ergs of energy absorbed by one gram of 

tissue mass. It is no longer used and has been replaced in the SI system by 

the gray; 100 rads are equal to 1 gray.  

 1 rad = 100 ergs/gram, 1 Gy = 100 rads 

Absorbed dose is modified by a qualitative factor related to linear energy 

transfer and modified absorbed dose is measured in rem.  

 

 
 
 
 
 

http://www.bipm.org/en/si/si_brochure/chapter5/5-2.html
http://en.wikipedia.org/wiki/Joule
http://en.wikipedia.org/wiki/Energy
http://en.wikipedia.org/wiki/Kilogram
http://en.wikipedia.org/wiki/Matter
http://en.wikipedia.org/wiki/Radiation
http://en.wikipedia.org/wiki/Erg
http://en.wikipedia.org/wiki/Gram
http://en.wikipedia.org/wiki/SI
http://en.wikipedia.org/wiki/Gray_%28unit%29
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1.4. Dose Equivalent 
 

1.4.1. Sievert 

 
The SI unit for dose equivalent is called the Sievert (Sv). It reflects the 

biological effects of radiation on the body as opposed to the physical 

aspects, which are characterised by the absorbed dose, measured in gray. 

The rem is now superseded by the Sievert. The equivalent dose to a tissue is 

found by multiplying the absorbed dose, in gray by a dimensionless "quality 

factor" Q, dependent upon radiation type, and by another dimensionless 

factor N, dependent on all other relevant factors. N depends upon the part of 

the body irradiated, the time and volume over which the dose was spread, 

even the species of the subject. Together, Q and N constitute the radiation 

weighting factor WR.  In terms of SI base units: 

 

1 Sv = 1 J/kg = 1 m2/s2 = 1 m2·s–2 

 

Although the Sievert has the same dimensions as the gray (i.e. joules 

per kilogram), it shows a different thing. To prevent any risk of mistake 

between the absorbed dose and the equivalent dose, one should use the 

corresponding special units, namely the gray instead of the joule per 

kilogram for absorbed dose and the Sievert instead of the joule per kilogram 

for the dose equivalent. 

For a given amount of radiation (measured in gray), the biological effect 

(measured in Sievert) can vary considerably as a result of the radiation 

weighting factor WR .  This variation in effect is attributed to the Linear 

http://en.wikipedia.org/wiki/Radiation
http://en.wikipedia.org/wiki/Absorbed_dose
http://en.wikipedia.org/wiki/Sievert
http://en.wikipedia.org/wiki/Dimensionless
http://en.wikipedia.org/wiki/SI_base_unit
http://en.wikipedia.org/wiki/Joule
http://en.wikipedia.org/wiki/Kilogram
http://en.wikipedia.org/wiki/Metre
http://en.wikipedia.org/wiki/Second
http://en.wikipedia.org/wiki/Metre
http://en.wikipedia.org/wiki/Second
http://en.wikipedia.org/wiki/Joule
http://en.wikipedia.org/wiki/Kilogram
http://en.wikipedia.org/wiki/Absorbed_dose
http://en.wikipedia.org/wiki/Equivalent_dose
http://en.wikipedia.org/wiki/Linear_Energy_Transfer
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Energy Transfer (LET) of the type of radiation, creating a different relative 

biological effectiveness for each type of radiation under consideration.  

 

1.4.2. Rem 

 
The absorbed dose can be expressed to account for the amounts of 

biological damage a particular type of radiation causes. This is known as 

dose equivalent.  Historically, the first unit for dose equivalent is called the 

rem (―roentgen-equivalent-man‖). An absorbed dose describes the amount of 

energy from ionizing radiation absorbed by any kind of matter.   

 

1 rem = 100 erg ∕ g 

 

The SI unit for dose equivalent is called the Sievert (Sv).  One Sievert is 

equivalent to100 rem.  

 

 
1.5. Effective Dose Calculation 
 

In order to measure the effective dose due to exposure to radon gas to 

the occupants of dwellings and public buildings, we should consider this 

calculation for adults (as opposed to children) living in those areas. 

Both arithmetic and geometric mean values of indoor radon levels in 

monitoring areas were used to estimate absorbed dose for occupants. 

According to the UNSCEAR (2000) report, a value of 9 × 10-6 mSv (9 nSv) 

per Bqm-3
 h

1
 was used for the conversion factor (effective dose received by 

adults per unit 222Rn activity per unit of air volume).   

http://en.wikipedia.org/wiki/Relative_biological_effectiveness
http://en.wikipedia.org/wiki/Relative_biological_effectiveness
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In this assessment the equilibrium factor was selected to be 0.4 and 

the occupancy factors of 0.8 for indoor radon (UNSCEAR 2000) The 

effective dose rate indoors was presented in units of mSvy-1. The effective 

dose (HE), is calculated by the following formula: 

 

                 HE = CRn. F. T. D  (1-1) 

 

Where CRn is the measured 222Rn concentration (in Bqm-3), F is the 

equilibrium factor indoors, T is the indoor occupancy time (0.8 × 24 h × 

364.25 = 7010 h y-1), and D is the dose conversion factor (9.0 × 10-6 mSv h-1 

per Bqm-3). 

Due to problems in measuring radon concentrations in outdoor air, a 

radon concentration value of 10 Bqm 3
with an equilibrium factor of 0.4 for 

indoors and occupancy of 0.6 for outdoors, has been recommended by 

UNSCEAR (Hoffmann 1982; Yu et al. 2001). 

 

 
1.6. Measuring Radon and Radon Progeny 
 

1.6.1. Working Level Unit 

 
When radon and it daughters (decay products) breakdown, they emit 

alpha and beta particles as well as gamma radiation. However, the health 

hazard issue from radon does not result in primarily from radon itself, but 

rather from the radioactive products formed in the decay of radon. These 

products, called "radon daughters" or "radon progeny," are also radioactive. 
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Due to the fact that it was unlikely to routinely measure for the 

individual radon daughters, a unit termed the "Working Level" (WL) was 

introduced by the U.S. Public Health Service. The WL unit is a measure of 

the quantity of alpha radiation emitted from the short-lived radon daughters 

(polonium-218, polonium-214, and lead-214) and represents the product of 

short-lived radon progeny in one litre of air that will release 1.3 × 105 MeV 

(1.3 × 1011ev) of alpha energy during decay. One WL is equivalent to 2.08 × 

10-5 joules per cubic metre of air (Jm-3) or 2.08 × 10-8 joules per litre of air. To 

convert units of 222radon radioactivity in Becquerel or Curies and the potential 

alpha energy concentration in units of Jm-3 or WL, the equilibrium between 

radon gas and radon daughters should be known.  

 

1.6.2. Working Level Month (WLM) 

 
Another unit of measurement used to preset human exposure to radon 

and radon progeny is the Working Level Month (WLM), which shows both the 

intensity and duration of exposure. One WLM is determined as the exposure 

of a person to radon progeny at a concentration of 1.0 WL for a period of one 

working month (WM). A working month is suggested to be 170 hours. The SI 

unit for WLM is joule-hour per cubic metre of air (J-hm-3). The WL and the 

WLM have been used to express human exposure in occupational settings 

for uranium and other hard rock miners. Although the WLM represents both 

the intensity and the duration of exposure, it alone does not provide enough 

information to define the actual activity concentrations of radon in the air.  
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1.6.2.1. Converting WLM to Gray 

 
In order to change WLM units to dose in gray, two different sets of 

calculations can be carried out to give a value of about10 mGy / WLM 

(Birchall & James 1995). Another calculation was made by Birchall and 

James (1994), who suggested the value of 14.4 mSv / WLM (ICRP 1994). 

According to an alternative approach suggested by the ICRP (1994), which is 

based on the epidemiology of workers exposed to radon in mines, a value of 

about 5 mSv / WLM can be estimated  taking into account the weighting 

factor of 20 used by the ICRP to change dose in gray to equivalent dose in 

Sv (ICRP 1994; Gillmore et al. 2000). 

 

1.7. Limits for Internal Exposures  
 

The limitation on internal exposures is based on the annual limits of 

intake (ALI), or on derived limits, such as a limit for the annual time integral 

of the concentration in air. For radon and radon daughters, two derived limits 

are in use. The annual exposure limit for radon is a time integral of alpha 

energy concentrations of 7.8×1010 Mevhm-3 (7.8×107 Mevhl-1) based on the 

ICRP annual average concentration limit of 1,110 Bqm-3 (30 pCil -1) of radon 

in equilibrium with its short lived daughter products. The working level (WL) 

unit is also used and it is a combination of the short-lived daughters of 222 Rn 

in one litre of air such that the total alpha energy to complete decay to 210Pb 

amounts to 1.3×10 5 Mev. This value is the alpha energy released by the 

decay of the short- lived daughters in equilibrium with 3,700 Bqm-3 (100 pCi 

l 1 ) of 222 Rn. The derived limits are expressed in WL and WLM units. In an 

equilibrium condition, radon concentration is 100 times the alpha energy 
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concentration of radon daughters in WL (pCi l 1 ) units. One working level is 

equal to approximately 200 picocuries per litre (200 pCil 1 ). The equilibrium 

factor can be calculated for all conditions as follows: 

 

                                3700 Bqm-3                                    

                      F =     -----------------                                 (1-2) 

                                37×CRn (Bqm-3)      

                                                            

 

    100 (WL) 

   F =  ----------------------   (1-3) 

    CRn (pCil 1
)  

 

    3700 Bqm-3 

F = ----------------------   (1-4) 

     7400 Bqm-3 

 

   F = 0.5     (1-5) 

 

where, CRn radon concentration is Bqm-3 (pCil 1
) and (WL) radon daughter 

concentration is Bqm-3 (pCi l 1
). The annual exposure limit is 37 × 60,000 

Bqm-3h (60,000 pCihl 1
), corresponding to an average concentration of 

30×37 Bqm-3 (30 pCil 1
). Using this limit the value of F should be known. If F 

is not known for uranium mines and cannot be estimated from ventilation 

conditions, the value of F is often assumed to be 0.4 (Nazaroff & Nero 1988; 

Lubin et al. 1994; Darby et al. 2005b). The annual derived limits for alpha 

activity for uranium in air is 140 × 37 Bqm-3 h (140 pCi h l 1 ) and for thorium 

70 × 37 Bqm-3 h (70 pCi h l 1
).  
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1.8. Effects Radon on the Body 
 

Radon and the radon decay series contribute to a major part of the 

radiation exposure to the general public and its progeny might lead to the 

development of  lung cancer if inhaled in high concentrations for long periods 

(Lubin et al. 1995; Miles 1998). Due to short half- lives radon and radon 

daughter decay products, when they are inhaled, can easily deposit on the 

lining of the lung (Brill et al. 1994; Gillmore et al. 2000). These radionuclides 

by emitting alpha particles produce heavy ionisation in the sensitive cells of 

the lining of the lung. They damage these cells and lead to lung cancer. In 

the atmosphere of uranium mines these daughter products emit alpha 

particles and bombard the cells of the respiratory system, and potentially 

cause lung cancer according to report by Villier and Windish (1964) (Villier & 

Windish 1964).  

 
 

1.9. Problems Associated with Establishing Safe Levels of 

Radon 

 
There has been a considerable controversy over legislation and 

regulations to establish standards. In order to determine areas with high 

radon concentration and demonstrate areas of enhanced risk, a number of 

studies have been presented.  Based on epidemiological and theoretical 

understanding of radon risk, the National Radiological Protection Board 

(NRPB) proposed an Action Level of 200 Bqm-3in 1990 for domestic 

properties and a level of 400 Bqm-3 in workplaces. The NRPB was absorbed 

into the Health Protection Agency (HPA) in 2000. The current Action Level is 
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under review by the HPA (who intend to introduce a new limit of 100 Bqm-3 in 

which case more homes will be classified as radon affected). In the United 

States the Action Level suggested for domestic properties is 148 Bqm-3(4 pCi 

l-1). 

The level of indoor radon in a house depends on the emanation of 

radon gas from solid and fractured walls, roof and floor, and even more on 

the emanations enter the property from underlying porous broken rock 

surfaces. Radon becomes a health hazard when alpha particles enter the 

body via an open wound, by ingestion or by inhalation (ICRP 1987). If there 

is an elevated level of radon concentration in an enclosed area for a long 

time the likelihood of lung cancer for any occupant increases significantly 

(Nazaroff & Teichman 1990). 

The risk of contracting lung cancer from radon depends on three 

factors: the duration of exposure, the radon concentrations and individuals, 

smoking habits (ICRP 1989). 

 Exposure to radon at the levels found in our homes, schools, and 

office buildings, has received increasing attention in the past decade from 

scientists, governments, and regulatory bodies. Since children are more 

sensitive to radiation and also spend more time at home, high radon levels in 

the home are a particular cause for concern, as this may pose a much 

greater threat to their health, although this is by no means certain (BEIR 

1999). Epidemiologic studies of miners suggests that with increasing time 

exposure to raised radon levels there is increased risk of lung cancer 

(Qureshi et al. 2000). 
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The major source of radon is natural radioactivity and continuous 

exposure to radon (which comprises approximately 50% of dose to an 

individual in a year), which may cause respiratory tissue damage and lung 

cancer (Sevc et al. 1979; Samet & Hornung 1990; Vaupotic 2002). Therefore 

measuring radon concentrations in regions of high radioactivity and in 

houses and public areas is important in order to evaluate the radiological 

hazards to residents. 

There are several types of methods for monitoring and detecting radon. 

In order to measure accurately radon concentrations and dose received it is 

necessary to take readings relating to individuals over long term periods, 

because radon levels vary with the time of day and season. In general, radon 

levels in buildings are highest during the winter season, especially when 

buildings are not sufficiently ventilated (UNSCEAR 1988).  The present work 

focuses on 222Rn, produced from the natural decay of 238U via 226Ra. This 

isotope (222Rn) is more significant in health terms than the other isotopes, 

that is 220Rn and 219Rn which have much shorter half lives. 

 
 
1.10. Radon Action Levels 
 

Radon is a ubiquitous gas and is detectable everywhere in workplaces 

and buildings, but radon levels vary significantly from site to site and over 

time. A method for the control of occupational exposure to artificial sources is 

necessarily somewhat different from that for exposure to natural radon.  

The action level, in the UK is defined as the level of radiation or activity 

concentration exceeding radon concentration at which measures would need 

to be made to reduce radon exposures. In other words remedial actions or 
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actions to reduce concentrations should be undertaken in emergency 

exposure situations or situations where chronic exposure is at a relevant 

level (for example, chronic exposure to radon in the workplace) (ICRP 1993; 

IRR 1999). 

The action level for radon is different in the workplace than in the 

home. The action level for radon in the workplace is set at a yearly average 

concentration of 400 Bqm-3 assuming an occupancy time of 2,000 hours per 

year; this would be for an effective dose of about 5.3 mSvy 1 . There is an 

advantage to selecting a single value for the action level which may be used 

in all situations without taking into account the equilibrium factor. It is 

important to recognise that the action level for radon in workplaces does not 

signify a boundary between ‗safe‘ and ‗unsafe‘ exposures. Unless the 

exposure is restricted or the practice or the source is exempted, the 

regulatory bodies and organizations are free to introduce an occupational 

action level below 400 Bqm-3 if national conditions make this practicable 

(Åkerblom 1999).  

In some workplaces such as schools, hospitals and residential care 

centres, where members of the public may spend considerable periods of 

time in such dwellings, areas may be designated subject to radon control. 

For these workplaces, adopting the action level for dwellings may be 

accepted in the interests of controlling exposures to the public. Action levels 

for dwellings in many countries are often in the range of 200–600 Bqm-3 as 

recommended by the ICRP, (International Commission on Radiological 

Protection, 1993). Dwellings designated as being subject to radon control but 

considered to be subject to low occupation time by the public, such as 
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theatres or show caves, may not require special treatment in relation to 

exposures to members of the public due to radon. For these buildings the 

action level used will be the same as for workplaces. A useful  overview of 

legislation and national guidelines in relation to radon may be found in a 

report by Åkerblom (Åkerblom 1999). However, some countries have 

accepted different Action Levels, and have used varying strategies to 

encourage or remediate by force. ICRP (1994) have recommended an Action 

Level in the range of 200-600 Bqm-3, while for example, in the UK and 

Ireland the Action Level adopted is 200 Bqm-3, whereas in the United States 

this level is 148 Bqm-3, and in Luxemburg, it is 150 Bqm-3. Many other 

European countries use the value of 200 Bqm-3 for new houses and 400 

Bqm-3  for existing homes (UNSCEAR 2000).  

 In Canada, the Atomic Energy Control Board (AECB) accepts two 

types of radiation exposure limits. One limit based on occupationally exposed 

workers and another for the general public. The annual occupational 

exposure limit is four Working Level Months (7,400 Bqm-3 × 4 ×12 × 0.8 ∕ 

126,000 Bqm-3 = about 2.3 mSvy-1). The annual exposure limit for the 

general public is 70 Bqm-3. In homes and other non-occupational settings, 

the maximum acceptable annual average concentration of radon daughters 

caused by the operation of a nuclear facility is 0.02 Working Level (148 Bqm-

3). Health Canada suggests 0.1 WL (radon level 740 Bqm-3) as an upper 

limit. If this high limit is exceeded, remedial action should be undertaken to 

reduce the radon levels. However, due to some level of risk at any level, 

Health Canada suggests that homeowners may want to reduce levels of 

radon to as low as possible.  
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In Canada the provincial governments have the responsibility for 

managing the health impacts of background radiation. Little information 

exists on radon levels in Canadian buildings. One survey of Canadian indoor 

radon measurements, which was a cross-country study of radon in private 

homes, was published in 1980. The study showed that in a small number of 

houses, the concentration of radon daughters was above 0.02 WL (148 Bqm-

3).  

 

1.11 Objective of This Study  
 

A lack of information and data on exposure to radon gas in buildings 

and in the environs of Hamadan city is a potential cause of concern, as 

radon may cause damage to the health of the city‘s inhabitants.  

However, according to a report by the Ministry of Health in Iran (2005-

2006) the estimated cancer rates were not especially high in the region 

(2.8%) (see figure 1-1),  though stomach cancer rates do seem  high at 

12.11% of all cancer.  In order to more fully evaluate the situation this 

research has focussed on measuring radon concentrations in homes and 

public buildings; assessing risks to visitors of local tourist attractions by 

monitoring atmospheric radon in the Alisadr cave; as well as trying to assess 

whether radon in wells is a potential risk factor.  In the past few decades 

investigations have been carried out in many countries to determine radon 

levels in buildings (ANSI 1989; Appleton & Ball 1995; Lubin & Boice 1997; 

Åkerblom 1999; Darby et al. 2005; EPA 2005). Limited data concerning 

indoor radon levels is available for Iran in the international literature. Most of 

these  Iranian studies focussed on areas of known high background radiation 
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such as Ramsar in the North of Iran (Taghizadeh & Eftekharnejad 1968; 

Sohrabi et al. 1990; Samavat 2002; Hadad et al. 2007b). The few studies 

that have been undertaken have not covered Hamadan: hence there is a 

need to investigate the level of indoor radon gas inareas such as Hamadan 

city and in many other parts of Iran, to obtain data that may be important in 

determining the health of the Iranian population.  

Hamadan is a city with more than 700,000 inhabitants, and is located in 

western Iran near to mountains that belong to the Zagros Mountain range. It 

has very cold weather in the winter (typically below minus 10ºC). 

Temperature variation between indoors and outdoors produces a pressure 

gradient across the building and creates a driving force that induces an 

inward flow of radon from the soil to inside homes This driving force will be 

most marked during cold seasons (EPA 1992). 

One of the aims of this reconnaissance study was to evaluate the 

radon concentrations in old brick built dwellings with single glazed windows 

in Hamadan and compare this analysis with results from more modern 

properties. In this investigation, both the old brick buildings and the newer 

ones are located on alluvial fans (Metz 1989). Ultimately, the purpose of this 

study is to provide practical guidance to households and employers in Iran, 

who do not have a comprehensive background in radiation protection  but 

who may have properties that have radon levels over the action levels 

specified (i.e. 200 Bqm-3 for the UK for homes and 400 Bqm-3 for workplaces) 

(Sevc et al. 1979; ICRP 1993; Lubin & Boice 1997; HPA 2001). This study 

may also be useful to regulatory bodies in establishing their own national 

policies for monitoring and controlling high radon levels in regions of interest 
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for example, on alluvial fan sequences such as those found in Hamadan. 

Accordingly the aim of this study is, to evaluate radon gas concentrations in 

two storey older buildings (less than 50 years old) of Hamadan city and 

possibly assess the extent to which radon may be contributing to lung cancer 

risk. In order to do this the following investigations were necessary: 

 To measure the radon gas concentrations in sitting rooms and bed rooms 

in a number of selected Hamadan houses. 

 To estimate the radon levels in the wells that supplies drinking water to 

the population of Hamadan. 

 To estimate the average radon gas concentration in Hamadan city from 

the data obtained. 

 To determine an estimated annual effective dose equivalent due to 

exposure to radon gas in Hamadan city.  

 To compare the annual effective dose equivalent with ICRP 

recommendations 

 To establish the probable risk arising from high radon concentrations 

found in houses in the city. 

 To pass information to the city authorities about the potential extent of the 

radon problem. 

  To suggest remediation work to reduce radon gas concentrations in 

homes with high radon levels. 

 To assess the significance of the underlying geology, such as the alluvial 

fans, in contributing to raised indoor radon gas concentrations inand 

around  Hamadan  
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Figure 1- 1 Mortality rates of Lung Cancer in Iran and the province of 

Hamadan (blue colour).  (Source Ministry of Health, Iran, 2003). 

 
 
 

 
1.12. Overview  
 

Since the 1970s a few countries have been involved in radon research 

work and also of its progeny as a radiation health hazard inside the home. 

The first time this problem was really focused upon, it was as an issue only in 

the mining and processing of uranium ore. With increasing information on 

environmental pollution, in particular radon and its effects on humans there 

have been increasing efforts in the majority of developed countries to monitor 

and measure radon inside houses and workplaces. In cold regions, as a 
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result of energy conservation measures, the monitoring of radon gas 

concentrations shows an increase in radon concentrations in dwellings due 

to lower ventilation rates, especially during winter months. These elevated 

levels in indoor radon concentrations have been noted as being  a radiation 

health hazard, which is  likely to cause an increase in induced lung cancers 

(O`Riordan 1996; Darby et al. 2005; Crockett & Gillmore 2009). Therefore, 

radon and its progeny have become a concern in both dwellings and 

underground mines in areas that have elevated levels of radon.  The effect of 

radon on human health has been shown by monitoring its impact on miners, 

who have been working in areas with high radon concentrations. Some 

scientists have argued that it has been clearly shown that there is evidence 

linking fatal lung diseases in miners and radon gas (Härting & Hess 1879a;  

1879b;  1879c). Härting and  Hess (1879), suggested that 75% of all miners‘ 

deaths in the Schneeburg area of Saxony (Germany) between 1869 and 

1877 were due to lung cancer (Doll 1995). 

Not long after the discovery of X-rays by Wilhelm Konrad Roentgen in 

1895,  the investigation of the hazardous effects of ionising radiation started 

(Laugier 1996 ). The risks from ionizing radiation to human health came to 

light after about 50 years through the work of Roentgen, when epidemiology 

emerged as a discipline in its own right. 

A study by the Imperial Cancer Research Fund in the UK established 

that up to 2,500 cancer deaths / year have been directly linked to radon in 

the UK (Darby et al. 1998; Thompson et al. 1998). According to this study 

there is significant evidence confirming that radon is a human carcinogen at 

the concentrations found in occupants‘ buildings (Harley 1984; Joyce et al. 
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1986; Pearce 1987). Before this study the impact of radon on health was 

basically based on data largely gathered from studies on miners, working in 

much more elevated levels of radon gas. In 2005, Darby et al. published a 13 

country study, which also confirmed radon as a health risk, suggesting that 

there is no safe limit of exposure, although they also suggested that the UK 

radon related lung cancer deaths figure might be in the region of 1,000-2,000 

per year.  

One of the most well known events to demonstrate the radon problem 

to the media and bring it to the awareness of the public at large were the 

remarkable circumstances surrounding Stanley Watras (Joyce et al. 1986; 

Jacobi 1993; Cliff & Gillmore 2001). Mr Watras‘s house was in Boyertown, 

near to Philadelphia in the United States of America, and he was working as 

an employee of the Limerick Nuclear Power plant in Pennsylvania. 

Unfortunately, unknown to him, his home was constructed on an excavated 

vein of uranium in the Reading Prong, a Precambrian rock body relatively 

high in uranium. During December 1984, Mr Watras  triggered radiation 

alarms at his place of work, a newly established nuclear power station, not 

yet fully operational (Jacobi 1993; Ennemoser et al. 1994; Robert 2006a) 

when he was on his way into work. The levels of radon in his home was very 

high (in the region of 100,000 Bqm-3), and at that time this was the greatest 

recorded radon concentration in a dwelling. Today higher radon 

concentration of greater than 250,000 Bqm-3 have been observed  according 

to Ennemoser et al., (Organo et al. 2004). The risks associated with living in 

dwellings with 100,000 Bqm-3 of radon were estimated to be equivalent to 

smoking 135 packs of cigarettes per day.  
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More recently in Ireland, a case has arisen in Castleisland, (Organo & 

Murphy 2007). A house with a seasonally adjusted annual average radon 

concentration of 49,000 Bqm-3 has been highlighted. This is the highest 

concentration measured to date in Ireland in a house. The RPII (Radiological 

Protection Institute of Ireland) applied an exposure-dose conversion factor of 

1 mSv per 40 Bqm-3 with a building occupancy of 7,000 hours / year.  At 

49,000 Bqm-3 this gave a daily dose of 3.4 mSv or a yearly dose of 1,200 

mSv. The house owner was diagnosed with lung cancer in March 2003, 

while his wife had died of lung cancer in 1998. Both were non-smokers. 

Since then a survey of the region has shown that radon in other homes in the 

region was as high as 6,184 Bqm-3. 

 

 
1.13 Radiation Sources 
 

1.13.1. Natural Radiation  

 
Radiation has always been a part of the natural environment and 

natural radiation is responsible for about 80 per cent of our exposure to 

radiation. The main sources of background radiation are naturally occurring 

radioactive elements which are always present in the environment. Cosmic 

and solar radiation, radiation emitted from the earth's crust, radon, and 

internal radiation, from eating food and drinking water, are the primary 

culprits.  
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1.13.1.1. Natural Radioactivity 

Radioactive materials are constructed of atoms that are unstable. An 

unstable radioactive material gives off excess energy until it becomes stable. 

The energy the radioactive material emits is radiation. The process by which 

radioactive material changes from an unstable state to a more stable state by 

emitting radiation is called radioactivity.   

Radiation can be divided into two groups, non-ionizing (ultra violet, 

microwaves) and ionizing radiation. Non-ionizing radiation has low energy in 

comparison with ionizing radiation. Ionizing radiation is emitted by the sun 

(cosmic rays), radioactive materials, and high energy electronic devices (X-

ray machines). There are four major types of ionizing radiation: 

 

1.13.1.1.1. Alpha Particles  

 
Alpha particles are composed of two neutrons and two protons and are 

positively charged.  Due to the heavy mass of alpha particles in comparison 

to electrons they are slower moving than other radioactive emissions. The 

range of alpha particles moving in the air is limited and they can be stopped 

by a piece of paper or the dead outer layer of our skin which is about 74 µm 

thick.  

 

1.13.1.1.2. Beta Particles  

Beta particles are electrons that are negatively charged. These 

particles are lighter than other particles, and they can move faster than alpha 
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particles. A beta particle can be stopped by a thin piece of aluminium or a 

short span of air.  

 

1.13.1.1.3. Gamma Rays  

Gamma rays are part electromagnetic radiation with a short 

wavelength. They are also emitted through the radioactive decay of an 

unstable radioactive element.  Due to their high energy they are highly 

penetrating but can be stopped by heavy elements such as lead. 

 

1.13.1.2. Radon Gas 

Radon is an invisible, odourless, and inert radioactive gas with a half-

life of 3.825 days. It is formed in the decay series of uranium and thorium. 

The radioactive elements, uranium and thorium are present in the earth‘s 

crust in significant but varying quantities in most places. These two 

radioactive elements are the parent elements of two well-known radioactive 

decay series, i.e., uranium and thorium. There are two elements in these two 

series which occur as a gas these are 
222 Rn, and 220 Th. These two gases 

can be released from the soil to the atmosphere.  222Rn is an unstable 

element and breaks down into two parts. This type of break down is called 

decay. These two parts consist of a large decay product, and the small part 

called "alpha" radiation. The decomposition of 222radon to its decay products 

happens very fast. In fact, it takes less than 4 days for one-half of 222radon to 

disintegrate.  



28 
 

There are different quantities of radon gas and radon daughters 

everywhere in the soil, water, and atmosphere. High radon concentrations 

occur in areas where the soil or rock is rich in uranium and radium. 

Radon is the result of disintegration of radium in the ground, 

groundwater and building materials. It can accumulate in indoor air, in poorly 

ventilated areas. In confined air spaces, such as basements and crawl 

spaces, radon and radon daughters can accumulate to harmful levels. The 

existence of radon and its daughters in the atmosphere means that it can be 

inhaled and deposited in lungs. The alpha particles emitted by radon and 

radon daughters are absorbed by the lung, resulting in an increased radiation 

dose and an increased risk of contracting lung cancer.  

The radioactive gases radon and thoron and their progeny are found in 

higher concentrations in the confined atmospheres of buildings and 

underground workplaces. The main radon source of high radon 

concentrations in workplaces which are constructed above ground is the soil, 

but there are also significant contributions from building materials, 

groundwater, and the storage of large quantities of materials with elevated 

concentrations of radium such as old watch and instrument parts (O`Riordan 

1996; Crockett & Gillmore 2009). Radon can accumulate preferentially 

leading to high radon levels in underground workplaces, natural caves and 

abandoned mines (Robert 2006b). Exposures to radon and thoron and their 

progeny are extremely variable, but in some conditions, members of the 

public may be exposed to enhanced cocentrations of radon and thoron and 

their decay products in their workplaces.  
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1.13.1.2.1. History of Radon discovery 

 220Rn was observed for the first time in 1899, by the British scientists, 

R.B. Owens and E. Rutherford.  In 1900, the German chemist F.E. Dorn 

discovered 222Rn, and called it radium. However, the medical community 

nationwide became more familiar with the radon issue in 1984 (Turner 1995).  

Due to the relatively long half-live of radon (222Rn) gas in comparison 

with other terrestrial radioactive gases, radon has been the most extensively 

studied. It is well known that radon is an inert, alpha-emitting radioactive gas 

formed from the decay of radioactive elements, found in rock and mineral 

soil. There exist three isotopes, 222Rn, 220Rn, and 219Rn, collectively known 

as radon. 222Rn is of particular interest because the other two isotopes 220Rn, 

and 219Rn, are short-lived. 222Radon is one of the decay products of 

238uranium (half-life 4.5 × 10 9  years) and 220radon, decaying through 

232thorium (half-life 1.4 × 10 10  years). The mother nuclides are 226Ra and 

224Ra, respectively. Thoron decays to produce ( 220 Rn) which has a half-life of 

only 55 seconds, which ensures that normally it mostly appears at only low 

levels in dwellings.  

 

1.13.2. Man-Made Radiation  

 
Based on atomic number divisions, all nuclides with an atomic number 

greater than 82 are known as radionuclides (Meinrath et al. 2003).  There are 

four series of radioactive elements found in the earth and named as 

terrestrial sources. There are also twenty-two non series primordial 

radionuclides in nature. 
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Plenty of sources of man-made radiation exist. In medical 

investigationsman made radiation is associated with x-rays and diagnostic or 

therapeutic materials, whilst in industry, and consumer products radiation is 

associated with smoke detectors and television sets. In addition the earth‘s 

atmosphere has been contaminated with the fallout from atmospheric testing 

of nuclear weapons. 

The primary sources of internal and external doses to humans are the 

presence of radionuclides in our environment. Internal dose is produced as a 

result of the intake of radionuclides into the body.  Ingestion and inhalation 

are two main routes of intake of radionuclides for members of the public. 

Inhalation is due to intake of radionuclides through breathing in dust particles 

containing radioactive materialst whilst ingestion involves the intake of the 

radionuclides from drinking materials such as milk and water, and 

consumption of food products.   

 

1.13.2.1. X-rays   

X-rays are similar to gamma rays, but are generally lower in energy 

and less penetrating. X-rays are emitted from processes outside the nucleus, 

while gamma rays originate inside the nucleus. A few millimetres of lead can 

stop medical x-rays.  
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1.14. Source of Radon 
 

1.14.1. Uranium 

 
Uranium with an atomic number of (P=92) is the heaviest element, 

which exists naturally in weighable amounts In 1789, uranium was 

discovered by Martin Klaproth in an ore, obtained from near Freiberg, 

Germany (Cliff & Gillmore 2001; Robert 2006a). Significant mining activities 

around Freiberg occurred in a granite formation that contained unusually 

high concentrations of uranium.  

 There is a small quantity of uranium in most rocks, soil, water, plants, 

and animals. The amount of uranium in soil is variable and the average is 

about 2 parts of uranium per million parts of soil (2ppm) (Lieser 1980; 

Meinrath et al. 2003). One of the sources of natural radiation which increases 

exposure to man from natural radionuclides is typically uranium in phosphate 

rock. High levels of uranium are found in phosphate rock, which is often used 

to make phosphate fertilizer which is applied to land to enhance soil fertility.  

The average uranium concentrations in the earth‘s crust are about 3 

mg kg 1
(Bertine et al. 1970; Turekian & Chan 1971; Sackett et al. 1973). The 

typical uranium concentration in river water by comparison is in the region of 

(0.2 - 0.6) ×10-3 mg kg 1
(Dang et al. 1995).  

Small amounts, around 0.1mg, of uranium can be found in the human 

body from the ingestion of food and drinking water; with a daily intake for the 

average individual of about 1.5×10-3 mg (Priest 2001).  If the amounts of 

uranium absorbed in the body via ingestion increase by up to 2%,  nearly 

90% of this uranium is excreted within 24 hours from body (Morken 1980; 
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Dang et al. 1995; Gilliland et al. 2000). In spite of the existence of this 

amount of uranium in the body and especially in the kidneys, no serious 

problem from lifetime dialysis has been reported in humans.  

In order to prevent permanent renal damage in humans it is necessary 

to limit of consumption of uranium. It has been suggested that the uptake of 

about 8 mg of soluble uranium is the limit for non permanent renal injury 

(Dang et al. 1995; Knoch-Weber 1998). 

In spite of uranium being a toxic heavy metal similar to lead, no 

drinking water regulation exists for uranium in many countries.  Uranium 

chemical toxicity as a heavy metal may be of less concern than it 

radiotoxicity for consideration of health. The World Health Organization 

(WHO) has suggested a tolerable daily intake for uranium of 0.6µg kg
1
 body 

weight, and for drinking water, the WHO suggested 2µgl
1
(uranium per litre) 

(WHO 1993).  

 

1.14.2. Radon in Buildings 

 
Radon can simply disperse from surface soil into the atmosphere and 

into the basements and living areas of houses, but this depends on many 

factors. It has been suggested that the materials used in house construction 

might also be a significant source of indoor radon (Miles 1998; Mudd 2008). 

Radon is produced continuously under buildings and from the materials used 

in their construction. Generally, the quantity of radon concerned is limited 

because of the relatively small quantities of uranium and radium in earth 

materials. The supply of radon entering the property from walls and floors is 
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often low (particularly in the UK), but the entrance of radon from the ground 

can be much greater and of significance to the health of the occupants.  

There are some examples, however, where building materials can make a 

substantial input toward the total radon concentration. Building materials are 

derived from earth materials such as various rocks and soil types, examples 

being brick from clays and concrete from sands, gravels etc. All are also gas 

permeable, therefore radon can enter through them into the atmosphere in 

the property (Stranden 1988; Prasad et al. 2009). Variation in atmospheric 

pressure between indoor and outdoor environments, due in part to warm 

indoor air rising, produces a mild reduction in air pressure within the building 

that causes soil air to enter into buildings, and bring radon with it. Because 

the low air pressure inside buildings arises because of the temperature 

difference between the air in the building and the air outside the pressure 

differecnce causing air to move into the building is often greatest during 

periods of cold weather. Pressure differences can also be produced due to 

the drawing effect of the wind blowing over chimneys and other cracks or 

openings. However, one should also consider other mechanisms that can 

result in the concentration of radon in houses. The amount of radon found 

inside dwellings due to the building materials naturally depends on the types 

of materials used. Although most building materials release some radon, 

some building materials such as lightweight concrete made with alum shale, 

phosphogypsum and Italian tuff,  have elevated levels of 238U and hence 

226Ra together with a high porosity that allows radon gas to be released. High 

radon concentrations can also be found in groundwater, particularly in areas 
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of granite rock (CRP 1997). Levels of radon may be high in workplaces such 

as laundries and restaurant kitchens as a result of the use of such water. 

Due to the fact that many municipal water supplies are provided via 

dams whose reservoirs are filled by rain falling in the catchment, radon levels 

in public water supplies are not normally high. However, in some such as in 

Germany and north west Iran  there are water supplies which originate from 

the groundwater, and in places where such water is used radon 

concentrations in air have been found to be up to several hundred thousand 

Bqm-3, (Becker 2004; Hadad et al. 2007b).  In underground workplaces 

radon can accumulate to high levels in the same way as it occurs in caves or 

abandoned mines (Ludewig & Lorenser 1924). The possibility exist that high 

radon levels can occur in any underground workplace particularly if high 

radon levels occur in buildings above ground level. 

 

1.14.3. Radon and Miners 

 
Since the 1920s, German scientists have been suggesting that radon 

was the cause of the great excess of lung cancers in some mining areas 

(Snih 1992; Webb 1992). This proposal was based on examining accurate 

data collected during autopsies.  In the hundred year period from the 1820s 

to the 1920s, more than 400 miners from one particular region alone were 

found to have died of lung cancer.  In the early 1950s, based in part on part 

work by the American scientist W.F. Bale, the majority of researchers 

accepted that radon was the major cause of radiation damage to lung tissue 

in miners (Bale 1980). It is recognized that not all mines are the same in 
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terms of the amount of radon; for example tin, iron and uranium miners were 

exposed to higher levels of radon than coal miners (HSE 1997).  

During the 1950s, some houses were constructed in the Western 

regions of the USA with materials salvaged from old uranium mines, and 

these have been shown to be prone to very high radon levels. The origin of 

the source of such high concentration in these buildings was gas diffusing 

out of the uranium mill tailings that were used as backfill around the 

basements. 

 At that time, scientists considered that the original source of radon 

entering into buildings was building materials, rather than from the underlying 

soil. They suggested that in order to obtain further information about radon 

flux more fundamental research was needed to be carried out on measuring 

radon concentration in dwellings. Since the mid-1960s in the UK, many 

surveys of radon in mines were undertaken, as a consequence of these 

surveys it was suggested that approximately 40% of miners in non-coal 

mines were exposed to levels considered dangerous to health (Dixon et al. 

1996b). 

High levels of radon were noted in domestic dwellings in Cornwall 

(HSE 1985; HSC 1988). One particular survey in schools and offices was 

carried out in the southwest of England, which confirmed that there were 

many instances of elevated radon levels in the region.  

For the first time in 1985, based on these surveys, the Ionising 

Radiation Regulations introduced statutory control of radon in workplaces, 

which was and is implemented by the Health and Safety Executive (Dixon et 

al. 1996a). 
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Workplaces in which the radiation was above the Action Level of 400 

Bqm-3 either had to reduce levels to below 400 Bqm-3 or restrict staff doses in 

accordance with the Ionising Radiation Regulations. If radiation levels were 

above 1,000 Bqm-3  it is suggested that companies should consider these 

under a new designation of a Controlled Area (Dixon et al. 1996).  

Measurement of workplace radon in 1996, highlighted 6,000 workplaces in 

the UK with high radon (Denman 1994). Cornwall was noted as the worst 

affected area with 21% of workplaces above the Action Level; 

Northamptonshire had 14% and Somerset was the lowest affected area with 

5%. Around 300 registered businesses in Derbyshire and approximately 700 

in Northamptonshire were chosen for a survey. The general aim of the HSE 

is to educate employers about the need to include radon in their risk 

assessments (Denman 1994). At that time (1994) it was suggested that 

radon in the workplace should be considered a priority area for the future 

action,as there is legislation that can be used to control its levels in the UK. 

However, in Iran due to a lack of information on radon levels in the country, 

measuring radon in homes should be considered as a priority both for now 

and in the future as until this has been achieved it is not possible to produce 

an average radon level for the whole country or assess the impact of radon 

on the health of the Iranian population. One of the big challenges limiting the 

production of a suitable database has been (and continues to be) the cost of 

such radon programmes to employers. In 1992, Denman suggested that a 

programme of evaluation in the UK‘s National Health Service premises in 

Northamptonshire had found high levels of radon (Denman & Parkinson 

1996). With further investigation it was found that there were certain workers 
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who were receiving very high doses of radiation (Denman & Parkinson 1996; 

Denman et al. 1997a). In order to clarify matters, a large radon measurement 

programme was performed and some 1,038 locations were tested which 

revealed that  the highest levels of radiation reached  3,750 Bqm-3 (NCRP 

1984; NRPB 1992).  

 

1.14.4. Radon in Soil 

 
Due to the extended half-lives of uranium and radium and their 

abundance in the earth's surface, radon is continually being formed in soil 

and released to air. The normal emanation of radon from 238U via 226Ra in 

soils is the largest single source of the radon that is found in the air (Hand & 

Banikowski 1988b). Uranium is often redistributed by ground water and 

becomes concentrated into limestones (calcium carbonate) and dolomites 

(Segovia et al., 1999). Radon migrates from its site of production within rocks 

through two processes; emanation and exhalation. Emanation is the 

transport of radon from the site of production into rock pore spaces, while 

exhalation is the transfer from pore spaces to the environment outside the 

rock (King 1993; Gillmore et al. 2002). Temporal variations of radon 

emanation from soil and water suggest a sensitivity to its release as a 

consequence of tectonic disturbances in the Earth's crust (Etiope & Martinelli 

2002; Garcia -Vindas & Monnin 2005). Radon near the soil surface may be 

released to ambient air and may also be released into groundwater. When 

the groundwater reaches the surface, most of the radon gas will quickly be 

released to ambient air, but small amounts may remain in the water. In 

groundwater, radon moves by diffusion and, primarily, by the mechanical 



38 
 

flow of the water. Radon solubility in water is relatively low and, with its short 

radioactive half-life of 3.8 days, much of it will decay before it can be 

released from groundwater. Radon is able to move over large distances 

within the soil or the subsoil before decaying away completely.  The short 

half-life of 222Rn (T1/2 = 3.82 d) also limits its diffusion in soil, so that radon 

measured at the ground surface cannot be released from a deep origin, 

unless there exists a driving mechanism other than simple diffusion. When 

radon migrates over large distances; it is transported by underground water 

or by carrier gases. The amount of radon released to groundwater is a 

function of the chemical concentration of 238U via
226

Ra in the surrounding soil 

or rock and in the water (Hess et al. 1985; Ioannides et al. 2003). Radon can 

dissolve in groundwater following radioactive decay of the uranium via 

radium. High radon concentrations are associated with groundwater running 

over granitic rock or through alluvial deposits originating from granite (Hess 

et al. 1985), as is the case  in Hamadan. The physical characteristics of the 

rock matrix are also important since it is believed that much of the radon 

released diffuses along microcrystalline imperfections in the rock matrix 

(Horton 1983; WHO 1993; NAS 1999).  

The rate of emanation is typically slower in very dry soils since alpha 

recoil may also result in moving the recoiled atoms into an adjacent wall of 

another soil particle rather than an open pore space. The actual release of 

radon from the pore space or soil-gas to ambient air is called exhalation, 

while its release from water is called evaporation. The rates of these 

processes are functions of many variables including the concentration of 

radon in the soil-gas or water, soil porosity and moisture, meteorological 
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factors (such as temperature and precipitation), and variations in 

atmospheric pressure (Horton 1983).  Soil moisture has an important but 

varying effect on radon release to the air. While lower levels of soil moisture 

greatly increase emanation by preventing recoiling atoms from embedding 

into adjacent soil particles, saturated soil conditions in which the pores are 

filled with water tend to slow the rate of diffusion to the surface since the 

diffusion coefficient of radon is about 3 orders of magnitude lower in water as 

compared to air (Stranden et al. 1984). The influence of moisture and 

temperature on the radon exhalation rate in concrete, alum shale, and alum 

shale (fissile rock) bearing soil was studied in laboratory experiments (NAS 

1999). Soil and water radon concentrations are not strongly related to each 

other, but it is possible to estimate the contribution of waterborne radon to air 

in a house (Segovia & Bulbulian 1992).  

Mechanisms for the transport of radon in groundwater are complex; the 

transport of radon in groundwater is accomplished by diffusion and, primarily, 

by the mechanical flow patterns of groundwater (NRC 1988). The diffusion 

coefficient of radon in water is sufficiently low so that diffusion is only 

important for movement in very small and poorly ventilated spaces (such as 

pore spaces).  

As can be deduced from the information given above, the key factors 

that affect radon soil gas levels include radium content and distribution, soil 

porosity, moisture, and the bulk density of the soil (Stranden et al. 1984).  
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1.15. Literature Review 
 

Over the last three decades or so, there has been a considerable 

amount of interest in the level s of natural radiation to which people are 

exposed. Variation in radon levels has been monitored in public buildings 

and houses in a number of countries including the United States of America, 

Sweden, Finland, Ireland, Greece, Italy, India and the United Kingdom 

(UNSCEAR 1988). There is a concern that exposure to persistent elevated 

concentrations of radon may cause an increased risk of lung cancer. High 

indoor levels are controlled by a number of factors such as soil porosity, 

uranium or radium content of the soil, building materials, style of construction 

of dwellings and ventilation (Miles et al. 1996). It has been established that 

radon can  migrate through two processes; emanation and exhalation 

(Phillips 1992; Gillmore et al. 2002).  

One of the first surveys to measure radon concentrations in workplaces 

was carried out in Innsbruck, Austria (Steinhäusler 1975). Ten locations such 

as schools, offices, and warehouses were monitored and the arithmetic 

mean concentrations of radon ranged from 13–58 Bqm-3.  The geometric 

mean of the 10 sites was 36 Bqm-3. 

In the United States, a survey of nearly 930 schools chosen randomly 

from a population of  more than 100,000 was published by the Environmental 

Protection Agency (Phillips 1992). Approximately 19.3% of the school 

buildings had a radon level above the US Action Level of 148 Bqm-3 (4pCil-1). 

This report demonstrated that approximately 0.1% of the schoolrooms 

exceeded 1,000 Bqm-3 and the highest value measured was about 2,500 

Bqm-3. In the north of the USA, a survey was carried out at 163 sites in 40 
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premises (Turk et al. 1986). Only one building was found which had a radon 

level over the US action level.  In the United Kingdom, a survey by Dixon 

(1999) was carried out in the Cornwall and Devon and recognized areas of 

the hight radon concentrations within workplaces. According to Dixon (1999) 

approximately 8,000 workplaces have been monitored. The annual average 

radon concentration was estimated to be 100 Bqm-3 with a maximum annual 

average level of 7,500 Bqm-3 found in one building (Dixon 1999).   

 An investigation of radon levels in the show caves (classified as a 

workplace for the guides) of Creswell Crags, Derbyshire in the UK by 

Gillmore, et al. (2002), showed that the range of radon concentrations was 

from 27 to 7,800 Bqm-3 and that radon concentration increased with 

increasing distance into the cave. A survey was also carried out by Denman, 

et al. (2002) for staff areas in five hospitals in affected areas in England and 

Wales. They placed detectors in the working ground floor areas and 

basements in all buildings at each hospital site (Denman et al. 2002). The 

results show that the highest radon levels in one hospital was 12.9% over the 

action level 400 Bqm-3 and the lowest in another hospital, was 2.2% over the 

400 Bqm-3 level (Coskeran et al. 2002) 

A survey of dwellings in Luxembourg demonstrated that in this region 

dwellings had high indoor radon concentrations (Poffijn et al. 1992). A 

monitor of the 421 schools in Luxembourg showed an arithmetic mean of 

120 Bqm-3 and a median of 90 Bqm-3.  Approximately twelve per cent of the 

schools showed levels over 200 Bqm-3 and in 2% they were over 400 Bqm-3. 

In the radon prone areas of Luxembourg, a survey of 36 public buildings 

showed an arithmetic mean of 110 Bqm-3 and a median of 72 Bqm-3 (Poffijn 
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et al. 1992). Ten per cent of the buildings were over 200 Bqm-3 and 3% 

exceeded 400 Bqm-3. 

 

1.15.1. Surveys of Radon Background Levels in Other 

Countries 

 In Ireland, radon concentrations were measured in 1,762 schools 

using long term alpha track etch radon detectors (Radiological Protection 

Institute of Ireland, 2000) (RPIIr 2000; Fennell et al. 2002). Approximately 25 

percent of schools had one or more offices or classrooms with an arithmetic 

mean radon concentration over the Action Level of 200 Bqm-3. The maximum 

radon concentration measured in these schools was 2,700 Bqm-3.  

In Finland, a survey of schools and day care centres was undertaken in 

areas where a quarter of measurements of dwellings exceed 400 Bqm-3. A 

total of 271 measurements were presented, producing a mean radon 

concentration of 531 Bqm-3 with 34% of measurements over 300 Bqm-3 

(Radiation and Nuclear Safety Authority of Finland, 1998) (RNSAF 1998; 

Arvela 2002).  In some areas of Finland 10–25% of measurements for 

dwellings were over 400 Bqm-3, a total of 595 measurements in schools and 

day care centres produced a mean radon concentration of 294 Bqm-3 with 

19% of measurements over 300 Bqm-3. 

In a survey in Germany it was found that there were more than 60,000 

workers in workplace buildings with radon concentrations over 1,000 Bqm-3 

(CRP 1997). Approximately 2,300 workers in the municipal water supply and 

distribution industry in Germany are exposed to radon concentrations 

exceeding 1,000 Bqm-3 in the workplace.   
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An investigation was also undertaken in some workplaces in Greece 

including radon spas, a coal power plant and the Athens metro (underground 

railway). This study showed that the concentration of radon ranged from 50 

to 18,000 Bqm-3 in the radon spa area. Radon concentrations in two main 

metro stations were low, ranging from about 9 to 22 Bqm-3. Radon 

concentrations monitored at the coal power plant were shown to range from 

15 to 181 Bqm-3 (Dimitriou et al. 1998). 

In Italy, radon concentrations in 2,173 schools in six regions were 

monitored  (Gaidolfi et al. 1998) where the  variation in regional arithmetic 

mean was from 49 to 222 Bqm-3, while geometric means and standard 

deviations were seen to range from 38 to 129 Bqm-3 and from 1.9 to 2.7, 

respectively. Radon concentrations in schools ranged from less than 10 

Bqm-3 to as high as 1,450 Bqm-3.  

Educational buildings such as kindergartens, schools, universities, 

hospitals have attracted special interest, not only as workplaces for teachers 

and staff but as locations of high occupancy times for children (Vaupotic 

1992). In Yugoslavia, short term measurements were carried out in 460 

kindergartens; research showed that the radon concentrations ranged from 

10 to 180 Bqm-3, with a mean of about 100 Bqm-3.  A continuous survey of 

kindergartens with higher radon levels were undertaken with integrating 

detectors over three months, which demonstrated values 1.5–2 times lower 

than the short term measurements (Vaupotic 1992; Phillips et al. 2000). 

In Polish kindergartens, radon gas concentration measurements were 

made in play schools where they reported the geometric mean to be 23 Bqm-

3 and the geometric standard deviation to be 1.4 (Vaupotic et al. 1993b).  
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A survey of 3,600 Norwegian kindergartens showed that the range of 

radon concentrations was 5–2,800 Bqm-3 with an arithmetic mean of 88 Bqm-

3 and a geometric mean of 44 Bqm-3 (Birovljev 1998). Continuous radon 

concentration measurements in kindergartens with some of the higher radon 

levels have shown that the average radon concentration is less than the 

average suggested using alpha track radon detectors.  

In India, a radon survey has been done inside dwellings in some 

villages in Himachal Pradesh. The highest value of radon was found in the 

village of Samurkhurd with concentrations of 75,400 Bqm-3 and with a 

standard deviation of 2,620 Bqm-3 (Virk 1999). 

In Japan, a survey was carried out in indoor workplaces at 107 

locations from 1996 to 1998. The radon concentrations were evaluated for 

about one year at each location with passive detectors. The mean dose from 

radon was estimated as 0.051 mSvy-1 for indoor workplaces (Iyogi et al. 

2003). 

A nationwide study of 1,360 lung cancer patients, 1,424 population 

controls and 1,360 controls matched on vital statistics (excluding deaths from 

smoking-related diseases) was also undertaken in Sweden (Kotrappa et al. 

1992). Radon measurements were carried out over a three-month period 

during the heating season in 8,992 dwellings which had been occupied for 

more than two year by the study subjects. The number of lung cancers 

increased with time exposure and cumulative exposure. In another survey of 

150 workplaces in Sweden,  around 10% of the  workplaces had radon 

concentration over 400 Bqm-3 (SRPI 1998; Gillmore et al. 2002).  
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1.15.2. Surveys of Radiation Background Levels in Iran 

 
In Iran, the history of radiation survey goes back to 1959, although 

these early works are rather limited. A number of researchers and 

organizations such as the Ministry of Industry have done radiation surveys 

(Taghizadeh & Eftekharnejad 1968; Sohrabi et al. 1990). 

 In another research project focused on determining the radiation levels 

in the Babol city site near the Caspian Sea, carried out by Sohrabi et al., the 

results showed that the concentrations of radium in water had values of more 

than 110 Bql 1  or 110×10 3 Bqm 3 . A monitoring survey on indoor radon was 

carried out in Ramsar, using passive TLD detectors developed at the Atomic 

Energy authority of Iran.  The existence of radon in buildings in the Ramsar 

region is probably related to the concentration of 226Ra in hot springs and 

mineral waters, filtered by the soil. Indoor radon concentrations in the region 

were found to be higher than the mean global level (Sohrabi et al. 1993). 

In another survey radon levels were investigated for three rooms in 

each of the 16 schools in Ramsar, because these areas had previously been 

identified as having high natural background radioactivity (Sohrabi et al. 

1990). Here the values ranged from 15 to 1,400 Bqm-3. The arithmetic 

means for schools ranged from 19 to 560 Bqm-3. The geometric mean of the 

measurements was 60 Bqm-3. Another survey in Iran, examined hotel rooms 

in Ramsar, and showed  that the arithmetic mean for old hotel rooms was 90 

Bqm-3 with 50 Bqm-3  for new hotels (Sohrabi et al. 1990). 

 One of the most recently published research projects on radon levels 

in Iran is a two year survey of indoor radon monitoring in the four cities of 

Lahijan, Ardabil, Sar-Ein and Namin in North and Northwest Iran. In this 
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work, Hadad et al., (2007) used both passive and active measurements 

utilizing solid state nuclear track etch detectors (SSNTDs) with CR-39 

polycarbonate and a PRASSI Portable radon Gas Surveyor. A total of 1124 

tests in Lahijan, Ardabil, Sar-Ein and Namin were carried out. The average 

radon concentrations during the year in Lahijan, Ardabil, Sar-Ein and Namin 

were 163, 240, 160 and 144Bqm-3 respectively, with medians of 160, 168, 

124 and 133 Bqm-3, respectively. The maximum recorded concentration was 

2386 Bqm-3 during the winter in Ardabil and the minimum level was 55 Bqm-3 

during the spring in Lahijan (Hadad et al. 2007).  
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Chapter 2 Materials and Methods 
 

Chapter two provides information about the materials and methods 

concerned with measurement of radon concentrations used during this study. 

It includes measurement strategy, measurement device location selection, 

mechanism of track formation, radon measurements by passive nuclear track 

detectors (CR-39) and the nature of and real time active measurement using 

a Sarad Doseman. In this section materials and equipment used, such as the 

Radobath unit for the etching process and the type of automatic reading 

system used for the CR-39 detector, as well as setting the correct track size 

are discussed.  

 

 
2.1. Introduction to Radon Measurement  
 

Due to the fact that indoor radon is the second most common cause of 

lung cancer after smoking, considerable research has been carried out into 

monitoring, mapping, modeling and predicting such levels, and remedying 

them where possible and reasonable. As outlined earlier, the physical origin 

of radon and its progeny is rock and soil, and these gases are then 

transported through the soil and enter into dwellings. The movement of such 

materials can be controlled by many factors related to the environment, 

house construction and life habits. Hence it is difficult to effectively measure 

indoor radon (Rn) levels using short-time sampling. For example with active 

and grab sampling monitors, it is necessary to use sampling times of minutes 

or hours. In the activated charcoal method, sampling times of a few days are 

required, due to radon passively being adsorbed into charcoal. This can 
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substantially average away potentially dangerous radon peaks with a short-

time fluctuation.  

 It has been established that indoor Rn concentration is controlled by a 

cyclic (or periodic) day night component, and other periodic patterns 

produced by changing weather conditions that will be averaged away by a 

sampling period that extends over several days.  

These oscillations are at greatest risk of being lost by long-term 

measurements, as in (passive) alpha track-etch detectors, with a typical 

exposure times of several months. The second largest component of 

temporal variability is again a periodic one, which is associated with the 

seasons of the year. This component is averaged away only with sampling 

times of one year or more. Therefore, if radiation levels arising from short 

sampling periods are used it is necessary to adjust them by standardizing 

them to take account of known seasonal fluctuations, in order to obtain data 

that are strictly compatible with other data taken at other times.  However, 

this in itself poses potential problems if seasonal correction is not 

appropriately applied to data (EPA 1989;  1992). 

In order to identify radon gas concentrations in the dwellings of 

Hamadan, a long-term assessment of domestic radon concentrations was 

undertaken, using solid state nuclear track-etch detectors (CR-39). Seventy-

seven measurements in un-remediated dwellings in a high altitude region, 

approximately 1960 m above sea level, were monitored using track-etch 

detectors exposed for three-month periods. In parallel, one-hour 

measurements of radon were made in some wells near these dwellings, 

using Sarad Doseman electronic real-time detectors.  
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2.2. Measurement Strategy 
 

The development and use of a particular measurement strategy 

depends on the aims of the radon measurement and the type of dwellings 

where the monitoring is to be undertaken, such as a home, school or 

workplace. The US Environmental Protection Agency (EPA) suggested that 

ideally, for short-term measurements lasting between 7- 10 days or fewer, 

tests should be carried out under closed-building conditions. For at least 12 

hours prior to the radon gas measurement and during the measurement 

period, all windows, outside vents, and external doors should be closed 

(except for normal entrance and exit) (EPA 1992). To make conditions 

suitable for measurements, external doors should not be left open for more 

than a few minutes. Where Hamadan is concerned the hard winter climate 

means that such short term measurements could be carried out during the 

winter. 

Measurements where readings are taken under closed building 

conditions should not generally last less than four days, and  up to a week in 

duration is recommended (Sohrabi et al. 1990; Lubin 1994; Malanca et al. 

1997; Gaidolfi et al. 1998). Short-term tests lasting just two or three days 

should not be carried out if severe storms with high winds (more than 50 kph) 

or sharply changing barometric pressures are forecast during the 

measurement period. Weather forecasts available on local news stations or 

on the web can provide sufficient information to indicate if such conditions 

are likely. In hot climates measurements should be also be conducted during 

a warm season, in spite of the closed-building conditions not being the 

normal living conditions. 
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2.3. Measurement Device Location Selection 
 

Choosing a suitable area in a building in which, to place the radon 

monitoring devices is important. The following conditions should be used to 

define the location of the detector within a room. A position should be chosen 

where the detector will not be damaged during the measurement period. The 

measurement should not be carried out near wet areas or where there are 

draughts caused by heating, ventilating and air conditioning vent doors, fans, 

and windows. Normally, areas should not be selected for detectors that are 

near excessive heat, such as fireplaces or in direct sunlight, or near 

televisions or in areas of high humidity such as bathrooms or kitchens. 

The location of the detector should be 90 centimetres away from 

windows or other potential openings in the exterior wall. In situations where 

there are no opening windows in the exterior wall, then the measurement 

location should be 30 centimetres away from of the exterior walls of the 

building. The detector should be at least 50 centimetres above the floor, and 

at least 10 centimetres away from other objects. For detectors that are to be 

suspended, the best height for placement is in the breathing zone, i.e. about 

1.8 metres from the floor which should ensure that it is safely away from the 

hands of children. In general, measurements should not be taken in kitchens, 

laundry rooms, closets, or bathrooms unless there are special reasons for 

making such measurements. 

 

 
2.4. Methods of Radon Measurements 
 

Several methods have been used in the past to carry out radon survey 

measurements due to the different objectives of various investigations.  
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Examples of studies that have used a variety of approaches include:  the 

assessment of indoor and outdoor radiation exposure by various authors 

such as (Kumar et al. 1999; Hewamanna et al. 2001); the estimation of 

natural radiation exposure in the field area (Keskikuru et al. 2000; RPIIr 

2000; Erlandsson et al. 2001); and the measurement of radon concentrations 

in different materials (Cliff & Gillmore 2001; Phillips et al. 2004). 

The measurement of 222 Rn and its decay products is always based on 

the detection of the radiation emitted.  The most common detection 

techniques used in 222 Rn studies include the application of Solid State 

Nuclear Track etch Detectors (SSNTDs), scintillation and Thermo 

Luminescent Detectors (TLDs). Other methods may employ pulse ionisation 

chambers, charged electrets, semi-conductor diodes, solid and liquid 

scintillation phosphors, and activated carbon collectors. The choice of these 

techniques or methods depends on the specific application, information 

requirements, sampling duration, and sensitivity desirability (Nazaroff & Nero 

1988; NCRP 1988; George 1996). 

Many methods are available for measuring radon, thoron and their 

progeny (Lucas 1975). Radon progeny are involved in the majority of the 

radiation exposure of the lung tract. The amount of parent radon has 

considerable influence on the airborne concentrations of the progeny. 

Collecting time averaged values are of particular interest due to the known 

variability of atmospheric radon concentrations. In active methods (which 

require power for operation), which are based on the use of a scintillation 

cell, a sample of air is entered into the cell. Alpha radiation emitted by radon 

gas causes scintillations inside the cell which are counted (Planinic 1992). 
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These cells can be installed in appropriate counting and recording devices to 

produce a continuous monitor. Continuous monitors are essential where it is 

necessary to monitor the time dependence of concentrations of radon or 

radon progeny. Radon progeny can be measured by analysing the airborne 

radioactive material collected on a filter or with continuous decay product 

monitors. 

 

2.4.1. Radon Measurement by Nuclear Track Detectors 

 

A popular method for indoor measurement of 222 Rn, is the solid state 

nuclear track etch detectors (SSNTDs) using a small and inexpensive 

detector for measuring long-term alpha activity of indoor radon in homes. 

The measurement time takes from several months to a year. SSNTDs 

consist of a small piece of plastic or film enclosed in a container. Radon 

diffuses into the container where the detector is installed and alpha particles 

emitted by the radon and its decay products strike the detector and create 

sub-microscopic damage tracks. At the end of the measurement period, the 

detectors are returned to a laboratory where the number of tracks is 

determined.  

In order to determine the number of tracks detectors are put in a 

chemical solution that causes the damage tracks to become visible, so that 

they can be counted using a microscope or by an automated counting 

system. The number of tracks per unit area is correlated to the radon 

concentration in air, using a conversion factor derived from data generated at 

a calibration facility. The number of tracks per unit of analyzed detector area 

produced per unit of time (minus the background) is proportional to the radon 
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concentration. SSNTDs function as true integrators and measure the 

average concentration over the exposure period.  

Many factors influence the variability of SSNTDs results, such as 

instability in the detector response within and between batches of plastic, 

non-uniform plate-out of decay products inside the detector holder, variations 

in the number of background tracks, and lack of stability in etching 

conditions. Since the instability in SSNTDs results in decreases in the 

number of net tracks counted, to reduce the error margins it is necessary to 

count more tracks over a larger area of the detector, particularly at low 

exposures, which will reduce the uncertainty of the result. If it is assumed 

that the track density is proportional to the 222 Rn exposure, the radon 

concentrations in air can be evaluated by the following equation (Yeager et 

al. 1991): 

 

                                              C o  = D o  ∕ k  (2-1) 

 

Where C o  is express as the unit of Bqm 3 , D o  is the net detector track 

density of the radon alpha particles in tr cm 2  d 1 , and k is defined as the 

calibrated detector sensitivity coefficient with units of Bq 1 m 3  tr cm 2 d 1 . 

The variations between observed track density, which is obtained by 

counting the number of tracks per unit area, and obtaining an average track 

density, and background density found on unexposed material, is called net 

track density. The background shows that surface detector defects from the 

manufacture process and the presence of alpha emitters are likely 

contaminate the detector materials. Hence, it should be assumed that a 
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background correction is required as part of the calibration of detectors; 

which is not dependent on the exposure time, and may change with the age 

of the plastic detectors (Bonetti et al. 1991; Planinic 1992). Nuclear track 

detectors are basically electrical insulating solid materials – including 

minerals, crystals and plastics, where the passage of heavily charged 

particles create, along their paths, damage zones on an atomic scale called 

latent tracks. Treatment of these latent tracks using chemical or 

electrochemical etching allows their visualisation under optical microscopes 

or by a naked eye, respectively. Polymeric plastics are best suited to 

measure α-particles because they are durable, simple, stable, inexpensive, 

easy-to-use and highly sensitive. The polymer detectors commonly used in 

222 Rn, 220 Rn and their progeny measurements are cellulose nitrates (LR-

115), poly allyl diglycol carbonate (CR-39 0.1-20 Mev), and bisphenol-A 

polycarbonates (Makrofol). The two former detectors are more sensitive than 

the Makrofol detector (0.2-3Mev). However, the LR-115 (0.1-4Mev) has a 

limited layer of 13 µm, which makes the measurement of 222Rn and 220Rn 

decay products difficult since it detects only α-particles with energy below 4 

MeV (Cohen 1986; Nikolaev & Ilic 1999). Therefore, it has the inconvenience 

of a complicated track counting and presents a relatively high fading when 

the exposure duration is more than 4 weeks. On the other hand, the 

sensitivity and the background track densities of CR-39 vary with each batch 

of detector material. In spite of all these reasons, the CR-39 detector is 

chosen to be the most appropriate in this study. In this study detectors were 

exposed according to the NRPB protocol (Fleischer et al. 1975) which 

required the avoidance of areas of high relative humidity, e.g. bathrooms or 
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kitchens. This study used two detectors per dwelling: one placed in the main 

living room (generally at ground level) and one in the main bedroom on the 

first-floor.  

At the end of the exposure period taking into consideration the 

manufacturer‘s specifications, detectors were sealed into their foil bags, 

placed into additional sealed double plastic bags and mailed as soon as 

possible to the University laboratory or manufacturer for processing. This 

latter condition is essential for activated charcoal devices, since the 

adsorbed radioactivity continues to decay once the exposure is completed, 

and is best practice where CR-39 detectors are concerned. 

 

2.4.1.1. Track Formation Mechanism 

Due to the energy of ionising particles, when an ionising particle 

interacts with matter, it transfers some part or the totality of its energy to the 

electrons of the medium with a linear rate of energy loss dE/dx. When the 

particles are moved in media they lose their energy with a minimum, critical 

value (dE /dx) called the registration threshold, which is specific for the 

detector used. These transformations, in the case of polymers, can be 

explained in part by the energy needed to break apart the molecular chains. 

The latent track then formed has a typical diameter from 1 to 10 nm 

(Fleischer et al. 1975). Due to their size, latent tracks can only be visualised 

under an extremely high magnification by means of transmission electron 

microscopes or equivalent. However, if the detector is etched with the help of 

a suitable hot and concentrated chemical reagent, often a simple alkali 
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(NaOH or KOH) these tracks can be enlarged up to a diameter of a few µm 

(Figure 2.1). It is well-known that, after exposure, the latent track in 

polycarbonate detectors may grow with time reaching stability only after a 

given period (Khan et al. 1993). If the detector is etched when the latent 

tracks are still growing, these tracks will be seen as being produced by lower 

ionising particles. This can be avoided by waiting a given elapsed time 

between the exposure of the detectors and their subsequent etching. This 

fact leads to the importance of appropriate storage of the detectors, as they 

should be in a place under well-controlled conditions so that any parameter 

affecting the evolution of the latent track may take effect in a predictable 

manner. Some of the factors that might affect the evolution of the latent track 

are the presence of ultraviolet radiation, the presence or absence of oxygen 

as well as humidity in the detector environment, the exposure to gamma 

radiation, and the temperature of the detector (Cohen & Cohen 1983; Cohen 

1984; George 1984; George & Weber 1990). Normally the use of a 

refrigerator to store the detectors at around 4ºC, for at least one week in 

heat-sealed radon-proof bags (i.e. the use of thick aluminised plastic bags) is 

recommended, to substantially overcome this problem. 

 

 

2.4.2. The Sarad Doseman 

 
 The Sarad Doseman used in this study is an electronic active device 

which is used for more exact determination of the contribution of naturally 

occurring alpha emitting radioisotopes to the hourly exposure of a person at 

work and / or at home. This device consists of a si-semiconductor sensor 
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with a 150 mm² chamber with a milli pore filter, and sampling with a fixed air 

flow rate through the filter, for a spectroscopic resolution of sampled 

aerosols. Therefore sampling of attached and unattached fraction results can 

be calculated when exposed to inhaled daughter products.  

A clip designed to aid wearing and a key pad has been incorporated 

into the design which is shock proof. Due to its dimensions, which are similar 

in size to a large mobile phone with a weight of about 265 g, it is easy to 

wear during operational work, besides having the facility to transfer saved 

spectra and time distribution data to a PC.  The power supply is via a 

rechargeable battery, which ensures a full time use of more than 300 h. 

Alarm situations (which are user-defined) can be signalled by a flashing light 

and selectable sound. This device detects alpha-particles emitted by short 

lived 222Rn progeny collected on a filter with an energy range of 3 - 9 MeV. 

The Sarad Doseman is designed to work under a temperature range of -

10°C - +50°C with humidity: 0% - 98% (not condensing), and has a Liquid 

Crystal (LC) displaying results in Bqm-3 and mSv.  

 

 

2.4.3. Scintillation Methods 

 
Scintillation involves special materials emitting a short flash of light 

when irradiated. The light produced from these materials is very weak; hence 

this needs to be amplified by a photomultiplier. Each flash results in a voltage 

pulse that can be counted electronically. 
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The photomultiplier gives a very high sensitivity with an ultra-fast 

response, time and with a high bandwidth with very low noise- gain. This is 

ideal for the detection of low light levels or short pulses of light.  

Radon gas or radon decay product concentrations can be measured by 

such scintillation methods. The time measurements in such approaches may 

relate to an instant, or a few minutes, and often referred to as a grab sample.  

In scintillation methods, the surrounding air is sampled to measure 

radon concentration in a scintillation cell, and radon decay products removed 

together with dust after passing through a filter. As the radon in the 

scintillation cell breaks down, the radon decay products plate out on the 

interior surface of the scintillation cell. Alpha particles created by subsequent 

decays, or by the initial radon decay, strike the zinc sulphide (ZnS), which 

cover the inside of the scintillation cell, causing scintillations. The 

scintillations are observed by a photomultiplier tube in the detector which 

produces electrical pulses. These signals are processed by the detectors 

electronics and the data are presented to the operator via the monitor, and 

results are made available for recall or sent to a data logger or printer. 

 

2.4.4. Thermo-Luminescence 

 
Thermo-Luminescence is a method which is often used to measure the 

doses of ionising radiation received by radiation workers. When any form of 

ionising radiation such as alpha particles is in contact with a thermo-

luminescent material, it removes an electron from its normal position to a 

new position with higher energy. An electron returning from a new position to 

the previous location by heating thermo-luminescent material, releases its 
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excess energy in the form of light. The total light received during the heating 

process is a direct measure of a number of alpha particles. 

 

2.4.5. Canister Method (Charcoal) 

 
The canister method containing activated charcoal is suitable for rapid 

surveying, and is used for short term measurement for a few days of radon in 

air. This method collects ambient air, in a reproducible manner, in other 

words a fraction of the radon in the air that enters the canister is obtained. 

The quantity of radioactive material accumulated in the activated charcoal is 

determined by gamma spectroscopy or by liquid scintillation counting.  

Charcoal adsorption (CA) techniques are a passive method, where 

there is no need for power supply. The passive nature of the activated 

charcoal permits the detector to continuously adsorb radon. The 

measurement period takes typically two to seven days, during which time the 

adsorbed radon undergoes radioactive decay. Therefore, the method does 

not integrate uniformly radon concentrations during the exposure period. As 

with all devices that collect radon, the average concentration obtained using 

the mean exposure time is subject to error if the ambient radon concentration 

changes markedly during the measurement time. The details of the 

technique of testing with a charcoal adsorption device (CAD) are reported by 

George (George 1984).  

A device commonly used by several groups, consists of a circular, six 

to 10 centimetre (cm) diameter container that is about 2.5 cm deep and 

containing 25 to 100 grams of activated charcoal. One side of the container 

is occupied by a screen that holds the charcoal in but lets air enter into the 
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charcoal. In some devices, the charcoal container has a diffusion barrier over 

the opening. For longer exposures, this barrier improves the uniformity of 

response to change of radon concentration with time.  After preparation all 

CAD are sealed with a radon-proof cover or outer container. The sample 

measurement is initiated by taking the cover off the container to let radon in 

air enter into the charcoal bed where the radon is adsorbed onto the 

charcoal. At the end of the measurement time, the device is resealed 

securely and sent to a laboratory for analysis. At the laboratory, the CAD is 

analysed for radon decay products by placing the charcoal, still in its 

container, directly on a gamma detector. Corrections due to adsorbed water 

may be needed to account for the reduced sensitivity of the charcoal. This 

correction may be undertaken by weighing each detector when it is prepared 

and then reweighing it when it is back at the laboratory for analysis. Any 

increase in weight of the canister is considered to be water adsorbed on the 

charcoal. The weight of water gained is related to a correction factor, which 

is derived empirically by using a method expressed by George (Kotrappa et 

al. 1981b; Kotrappa et al. 1992). This correction factor is used to improve the 

analytical results. If the CAD is modified and the configuration of the CAD is 

changed to reduce significantly the absorption of water, theoretically there is 

then no need for correction. The CAD measurement systems are calibrated 

by analysing detectors exposed to known concentrations of radon in a 

calibration facility. The Kingston University metrology laboratory is equipped 

with such a system. 
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2.4.6. Electret Ion Chamber (EIC) 

 
The Electret Ion Chamber technique uses a device which is known as 

the Electret Passive Environmental Radon Monitor (E-PERM) which is used 

by many professional radon assessors to give rapid results on radon 

concentration particularly in the USA.  The Electret is a passive integrating 

radon detection system made of a charged Teflon disk (electret), with an 

open-faced ionisation chamber, a voltage reader and data collector. After 

placing the electret in the chamber, an electrostatic field is produced. Radon 

gas enters passively into the chamber. The alpha particles created from the 

decay of radon ionise the air molecules. The voltage of electrets absorbed 

the ions and it is therefore, reducing the initial charge of the electret. Using 

the voltage reader the initial and the final voltages are measured. The 

variations in charges on the electrets surface before and after radon 

exposure is related to the average radon gas concentration and exposure 

time via a calibration factor (Kotrappa et al. 1981a). The amount of change of 

the charge is proportional to the concentration of radon in the measuring 

area. It is necessary, however, to take into account background gamma 

radiation. For this purpose a second electret measuring only the gamma 

background is usually used.  

 Sensitive ‗electret‘ ion chamber (EIC) devices can also be applied for 

short term measurements (Bochicchio et al. 1995). Such electrets have small 

chambers in which the collecting voltage is supplied by an electrically 

charged insulator. Due to temporal differences in radon concentrations it is 

advisable though to take an average over as long a period as practicable 

regarding measurements of indoor radon or its progeny. 
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2.4.7. Solid State Nuclear Track etch Detector (SSNTD) 

 
The SSNTD material detectors are sensitive to alpha particles and 

therefore detect them. The plastic most commonly used as SSNTD materials 

in passive radon detectors such as CR-39 and LR-115, are made of 

polycarbonates and cellulose nitrate respectively (Durrani 1997; Nikolaev & 

Illic 1999). In order to prevent the entry of radon progeny and to delay the 

entry of thoron, within the plastic container there may be a filter. In some 

types of radon detectors which are widely used, the container is made of a 

high precision plastic moulding which has a very narrow entrance slit that 

acts as a diffusion barrier (the devices used in this study operate in this way), 

thus it is not necessary to have a filter (Durrani 1997; Durrani & Ilic 1997a).  

Some of the alpha particles from radon and its short lived progeny decaying 

within the sensitive volume of the device hit the SSNTD material and make 

sub microscopic damage tracks. After the exposure period the devices are 

sent back to a laboratory where the SSNTD material is etched either 

chemically or electrochemically in a strong caustic solution. The etching 

process changes the sub microscopic damage tracks into tracks that are 

able to be seen under optical magnification. The number of tracks can be 

calculated either visually or with an automated device. The number of tracks 

is related to the output of the radon concentration and exposure time by an 

adjustable factor which must be obtained experimentally (Doi et al. 1992) 

With the use of a special detector thoron concentration can be measured. 

This detector is also a SSNTD type within two interconnected detecting 

volumes, having been designed to measure both radon and thoron levels 

(Nikolaev & Ilic 1999). 
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2.4.8. Continuous Radon Monitors  

 
There are essentially three types of Continuous Radon Monitors (CR) 

used to measure radon concentrations. This kind of monitor makes use of 

either a flow-through cell or a periodic-fill cell. In the flow-through cell, air is 

pulled out continuously through the cell by a small pump. In the periodic-fill 

cell, air is entered into the cell once during each pre-selected time interval; 

then the scintillations are counted and the cycle repeated. A third type 

operates by radon flow through a filter area with the radon concentration in 

the cell changing with the radon concentration in the ambient air, after a 

small diffusion time delay. The radon concentrations measured by all three 

types of cells delay the ambient radon concentrations because of the intrinsic 

delay in the radon decay product breakdown process. A second kind of CR 

monitors works as an ionization chamber. Radon that exists in ambient air 

enters into the chamber through a filtered area so that the radon 

concentration in the chamber follows the radon concentration in the ambient 

air with some small lag. Within the chamber, alpha particles released during 

the decay of radon atoms create ions which are registered as individual 

electrical pulses for each breakdown.  These pulses are processed by the 

monitor electronics.  

A third kind of CR monitor functions in the way that the Sarad Doseman 

does, by letting existing air enter through a filter into a detection chamber. As 

the radon decomposes, the alpha particles are counted using a solid-state 

silicon detector. The measured radon concentration in the cavity follows the 

radon concentration in the existing air by a small time delay.   
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2.5. Detector Comparison 
 

A variety of methods are accessible for measuring the concentrations 

of 222Rn, such as the solid state nuclear track detector (SSNTD), CR-39 (0.1 

Mev- more than 20 Mev) previously described. Where these poly allyl 

diglycol carbonate (CR-39) or cellulose nitrate materials (LR-115 0.1- 4 Mev) 

are concerned, alpha particles released by 222Rn and its progeny strike on 

the detector leaving latent tracks within it. The tracks can be made visible by 

chemical or electrochemical etching, the density of the tracks being related to 

the average 222Rn concentration during the time exposure. 

Each method has its own characteristics with its own advantages or 

disadvantages depending on the purpose for their use.  

The Thermo-Luminescence Dosimeter (TLD) is an active system with a 

standard deviation of less than ±10 percent. The major advantages of a TLD 

are its accuracy and suitability for relatively long sampling periods. Another 

advantage of TLDs is the possibility of performing direct measurement of the 

absorbed dose, while their main disadvantage is the fact that they are 

normally sensitive to photons. Also an important drawback of this system is 

that it is expensive because of the use of a filter and its requirement for a 

constant flow rate of air. The main advantages of SSNTDs are that they are 

sensitive to α-particles, but not to β particles or to gamma-rays; they are 

mostly unaffected by environmental conditions (humidity, low temperatures, 

moderate heating and light), but in principle they do necessarily require 

relatively expensive instrumentation for their reading. Another important 

feature is that they have a selective response, so that they can only detect 

those particles able to produce damage in their structure above a given 
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threshold. This fact permits to a certain extent some selectivity in measuring 

which α-energies are to be measured. These are good reasons why the use 

of SSNTDs in 222Rn studies is wide spread and the number of laboratories 

and institutions using them is continuously growing (Khan et al. 1993; 

Durrani & Ilic 1997). 

A benefit of the LR-115 detector, in contrast with one of the other 

frequently used SSNTD (CR-39) based systems, is that it only sensitive to 

Rn and does not discover the 222Rn progeny which are left on the detector 

itself, that is, the plate-out. However, the sensitivity of a LR-115 detector is 

0.2–0.25 that of a CR-39 one. Only those alpha particles hitting the surface 

with energies lower than a definite limit leave visible tracks and for LR-115 

the reduction in alpha energy needed for this is more restricted than for CR-

39. For most regular measurements, a detector in a diffusion chamber is 

used as a replacement for a naked detector in order to minimize the 

influence of the unknown ratio between 222Rn and its short-lived progeny on 

222Rn measurements. The method of using the detector in a diffusion 

chamber has been extensively used and well explained in the literature 

(ANSI 1989; Durrani & Ilic 1997b; Nikolaev & Ilic 1999).  It is assumed that 

only gas will pass through the filter covering the diffusion chamber. 

 
 
2.6. The Radosys Rsv6 Automatic SSNTD Reading System  
 

The system utilized to read the CR-39 detectors in this study was a 

RadoSys RSv6 one.  Each CR-39 element is placed into a slide that holds up 

to 12 elements at a time. Each slide has to be fed into the automatic 

microscope by hand. Each etched element in turn is placed into the reading 
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position where a bright light is sent into one edge of the element. The light is 

internally returned from the internal faces of the element with the exception 

of where a fault in the material exists, in this case the light is refracted out of 

the element. The light returned from the element is observed using a 

specialized zoom microscope placed at normal incidence to the surface of 

the detector. If there is an overlap of tracks the enlargement of the viewing 

lens automatically increases by a factor of two. This magnification will 

increase up to 32 times if necessary, although multiple strikes on the same 

spot cannot be differentiated. A typical slide of 12 elements can be measured 

in 30 minutes. 

 

  
2.7. Determining Background Measurements  
 

The results of radon decay product measurements should be 

presented in Bqm- 3  in the SI System. The following list may be used for each 

of the measurement methods previously outlined:  

 The start and stop times and dates of the measurement. 

 The exact location of the device on a plan of the room and building if 

possible, giving other simply obtained data that may be valuable such 

as the style of building and heating method. 

 The sequential number and make of the detector, along with the code 

number or an explanation which individually classifies customer, 

building, room, and sampling position. 

  Background measurements are important both for permanent 

observations and for passive detectors that need laboratory analysis.  
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Passive detectors that need laboratory analysis require background 

measurements taken when they were produced, where CR-39 are 

concerned. Monitoring of background where the analysis is done is also 

important. Suppliers and testing laboratories should measure regularly the 

background of a statistically large number of unexposed detectors from each 

batch or lot to set up the laboratory background for the batch and the whole 

measurement method. In general, the laboratory base value is subtracted 

usually (by the laboratory) from the field sample results reported to those 

involved, and should be made accessible to the users for quality assurance 

purposes. According to a report by the American National Standards Institute 

(ANSI) (1989) based on background measurements, the organization 

performing the measurements should work out the lower limit of detection 

(LLD) for its measurement structure (ANSI 1989; Muirhead 1997; Magdalena 

et al. 2008)  This LLD is based on the detector and testing system‘s 

background and can limit the ability of some measurement systems to 

measure low concentrations. 

 

 
2.8. Materials and Methods 
 

A long term measurement of radon concentration in this study of indoor 

houses in Iran was carried out using SSNTDs type CR-39 detectors supplied 

by Radon One UK Limited and a Hungarian company, RadoSys Ltd.  

According to the manufacturer, this type of detector shows a lower limit of 

detection of about 10-20 Bqm- 3 with an accuracy of 20%. Radon levels in 

houses were measured for three month periods. The detector was left in the 

sitting and bedrooms about 50 cm above the surface floor. After exposure, 
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these detectors were transported to the laboratory and tracks counted after 

four hours of etching in the laboratory. The average radon concentration was 

measured by an automatic system, counting the number of tracks which are 

created by radon gas on the detectors. The basic idea of the solid state track 

detector radon measuring device is that there is a linear relationship between 

the radon activity concentration (RAC) and track density caused by its 

radiation. To calculate the RAC from the track density measured by the 

Radometer the data is passed to the computer base unit provided as part of 

the RadoSys RSv6 System, and a conversion factor has to be determined. 

This factor depends on many things such as, the geometry of the exposure 

container, and the position of the detector inside that container together with 

etching conditions. These factors can be slightly different and they depend 

on the actual measurement conditions. The Radometer gives track density 

(ρmm), in tracks / mm2 and the exposure value (E) is given in kBqm-3h. The 

exposure value (E) can be calculated by the following formula: 

 

             Ρvf  × 24 [hours/day]            

      E = α  --------------------------         (2-2)  

           1000 [kBq/Bq]           

                 

   ρmm  ×0.325 [mm2 / viewfield] × 24 

E = α  -----------------------------------------------  (2-3) 

     1000 

 

E = α×0.0078 ρmm      (2-4) 

 

The alpha multiplier (α) can be calculated as: 
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         128.2      

 α =   -------------     (2-5) 

              (E /ρmm) 

 

Where the fraction in brackets is the average value of the exposure, the 

value / track density factors must be calculated for each individual detector.  

 

 
2.9. The Radobath Unit 
 

This unit is an electrically powered etching unit included in the 

RadoSys package. The unit accessories are listed below: 

 Bath mixing motor power adapter 

 Bath preparation mixer accessory 

 Etching drums for fixing the Radoslide detector holder units 

 Etching drum / mixer lifter / removal accessory 

 Funnel for filling liquids and sodium hydroxide crystals into the bath 

 Spatula or spoon for filling the crystals into the bath 

 Laboratory tray for the basement of the main unit. The size of this tray 

should be 40 × 40 cm or diameter (φ) of at least 35 cm. This protects 

the desk or fume cupboard in this case against damage from any over 

pill from the Radobath. This tray can be made of plastic or stainless 

steel. 

 Laboratory tray for storage of basin contaminated items, which are 

bath mixer accessories, rod thermometer, or mixer removal 

accessory.  
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 Rod thermometer, this item is for checking the temperature of the bath 

and has a maximum temperature of 100◦C.  

 1,000 g (1kg) of crystalline sodium-hydroxide of pro-analysis grade is 

needed for the etching bath. The size of granulate should not exceed 

1 mm.  

 4,000 ml (4 litres) of finely distilled water is used for the etching bath. 

In processing the detector, application of any industrial quality, purified 

water is desirable. Ion-exchanged or reverse-osmotic purified water is 

not suitable. 

 300 ml (300 cc) of 20 v% or 400 ml (400 cc) of 15 v% vinegar solution 

of industrial / household grade is needed for washing and removal of 

waste materials on detectors.  

 Cotton gloves for detector handling. 

 Latex gloves for safe chemical treatment. 

 Suitable eye-wash in case of an emergency. 

 A 20 litre plastic bag for contaminated item waste disposal in the case 

of emergency. 

 4,000 ml (4 litres) of 20 v% vinegar solution or 20,000 ml (20 litres) of 

tap water for waste disposal is required. Synthetic product is 

recommended for the vinegar solution. The dilution rate of the waste 

product should be checked with attention paid to local environmental 

protection standards. 

 A 4,000 ml (4 litres) plastic container for the temporary storage of the 

neutralized basin waste solution. 
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 A 4,000 ml (4 litres) or two 2,000 ml (2 litres) high-temperature 

laboratory bottle for the drainage and storage of the hot etching bath 

solution is desirable. Nominal temperature of 150 ◦C is recommended 

for the bottle. Adding a pouring ring is also recommended. 

 

   
 2.10. Main Steps in the Etching Process 
 

 2.10.1. Preparation of the Etching Unit for the Etching 

Process 

First, during the batching process, one should be careful when 

handling slides because of the dense caustic sodium-hydroxide (NaOH), 

especially in its hot form when it is particularly hazardous. Any direct 

contact with this hot solution causes painful injuries. The Tray is present to 

collect some of the bath solution should it spill over. Generally, any overflow 

of the fluid is unexpected, if the usage is carried out correctly. However due 

to some leakage of the fluid occurring at the time of opening the bath cover 

after heating this small amount of fluid leakage is created by vapour 

deposition at the inner surface of the bath cover.  The tray should be 

capable of collecting one litre of fluid at least in the case of emergency 

overflow. After preparing the bath, the unit can be connected to the low 

voltage plug of the motor power adapter cord which is located on the bath. 

The main power cord should be connected to the adapter into the wall 

socket afterwards for safety reasons. In addition the low –voltage plug of 

the motor power adapter cord should be connected to the socket at the rear 

of the bath cover section. In this type of etching unit the motor power circuit 

does not contain any power switch; therefore the motor starts its operation 
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at the time of the power connection instantly. It is advisable to use a multi-

socket electric power distributor with the mains switch in order to switch the 

power on or off. Finally the mains cord of the bath heater unit should be 

connected to the wall socket or to the multi-socket power distributor. 

 

2.10.2. Preparation of the Detectors for Etching 

 
The plastic detectors are removed from the exposure containers and 

placed into the Radoslide detector holder unit. Cotton gloves are used to 

handle the detector elements. The Radoslide detector holders filled with the 

detector pieces are mounted into the etching drum. There are a series of 

mounting grooves at the bottom section of the disc of the etching drum. The 

detector holder also comprises of a matching groove. The detector holder 

can be inserted into the groove of the disc by a firm sliding motion. In order 

to properly orientate of the detector holder, there is a conic opening at one 

end of the detector holder groove for easy insertion. The proper orientation of 

the slide ensures that the mechanical force of the bath fluid motion during the 

etching process will push the plastic CR-39 detectors into the holder 

ensuring that they do not fall out during the etching process. 

 

2.10.3. Preparation of the Etching Bath 

 
In order to etch the detectors, the mixer accessory (see Figure 2-1) 

should be inserted into the Radobath unit, and the cover of the bath unit 

closed. A plastic funnel is inserted into the hole in the bath cover. 4,000 ml (4 

litres) of distilled water is poured into the bath together with an appropriate 
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quantity of pellets of NaOH. Alternatively, the NaOH solution can be 

prepared before hand and then poured into the radon bath.  The latter was 

the method followed at the Kingston laboratory. Then the plastic detectors 

are removed from polyethylene sachets and placed in their correct positions 

in the slide detector holder. Switch on the heater as well as the bath 

revolving motor. The heater will raise the temperature of the water gradually 

and wait until the temperature of the water reaches 50 ⁰C. This can be 

managed by the insertion of a rod thermometer. At the beginning the 

insertion of the thermometer should be carefully carried out to avoid any 

damage to it by the revolving mixer. 

 

 

    

Figure 2- 1 Radon Bath and accessories, used for etching the CR-39 

detectors.   

 
 

  The temperature of 50 ⁰C can be also controlled by the heater timer 

control. From the time of switching on the heater, the temperature of the 

water will be 50 ⁰C in 10 minutes at 220 volts mains power. Once the 

temperature of the water reaches 50 ⁰C, the dispensing of the solid sodium-
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hydroxide granules can be started. Due to the low dissolution rate of 

granules in cold water one should avoid adding granulate earlier in the 

process. Dispensing should be done using a 25 ml plastic spoon through the 

plastic funnel. For safety reasons the use latex of gloves is recommended.  It 

is also recommended that one spoonful of granules should be poured into 

the bath at every minute and not more frequently. The process of solution of 

the solid sodium-hydroxide is exothermic and therefore generates heat. Any 

unregulated provision of granules may cause the overheating of the solution 

with subsequent overflow of the fluid. This overflow may cause damage to 

the bath unit, and may even be harmful for the user. Applying the full amount 

of 1,000 g of sodium-hydroxide granules to the solution takes 40 minutes 

approximately. As stated above, at Kingston University, this solution mixing 

is done outside of the bath. This is because it was decided that the process 

of adding NaOH was easier to manage this way, and the solution could be 

prepared and stored if necessary. 

 

2.10.4. The Etching Process 

 
Due to safety reasons, before starting the etching process the use of 

latex gloves is recommended. First open the cover of the etching bath and 

then lift the mixer using the removal accessory and place the contaminated 

basin mixer onto a laboratory tray. Insert the detector holder into the etching 

drum; close the cover of the etching bath. The length of time for the etching 

process should be controlled precisely (i.e. 4 hours). Any inaccuracies in this 

timing, for example shorter or longer time periods, may create tracks on the 

sensitive plastic film that are of a different size, or indeed they may be etched 
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away entirely; hence this should be avoided. After finishing this process, 

switch off the heater and drain the basin into a heat-proof laboratory glass. 

The neutralization process should then be started immediately. 

 

2.10.5. Neutralization Bath 

 
In order to neutralize the process, a diluted vinegar solution should be 

prepared by adding 200 ml of 15 % or 20 % vinegar into 4,000 ml of distilled 

water. Pour the solution into the bath tank. After a few minutes, drain the 

neutralized fluid into a laboratory plastic container. Finally, pour 4,000 ml of 

distillated water into the bath tank. Drain as washing water into a laboratory 

plastic container. 

 

2.10.6. Rinsing and Drying 

 
In this step the cover door of the etching unit is opened and the etching 

drum removed. It is then placed on a laboratory tray for rinsing and drying. 

After waiting for an hour to let the detector holders dry, the plastic CR-39 

detectors can be taken for evaluation to the Radometer track evaluation unit. 

Alternatively, the detectors can be dried very careful with a jet of air. 

 

2.10.7. Storage of the Chemicals 

 
  The hot sodium-hydroxide solution should be stored in a heat-proof 

laboratory glass. The neutralization and final washing water bath can be 

stored in any plastic container. 
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2.10.8. Waste Chemical Treatment  

 
 In order to ensure a safe environment and prevent improper disposal 

of the used chemicals, the sodium-hydroxide solution should be treated with 

caution.  Because of environmental safety reasons, two different methods 

are recommended for the disposal of these materials. The chemicals can be 

disposed of either by neutralization or by proper dilution. One litre of sodium-

hydroxide solution can be neutralized by adding four litres of 15% vinegar 

solution. The second alternative method is to make up the proper dilution 

rate with tap water.  

 
 
2.11. Warnings 
 

 It is a general rule of scientific testing that the smallest details of 

practice may significantly influence the performance of any measurement 

system. In order to save time and cost, it is necessary to read carefully any 

guidelines and warnings published by the manufacturer. The key rule for 

achieving the best performance of a CR-39 radon test is the purity of the 

detector treatment. Any dust or impurity on the CR-39 detectors or inside the 

exposure container may reduce the accuracy and reliability of the radon test. 

Any open Radoset package to be assembled later should be stored in a 

refrigerator in order to reduce the diffusion rate of the atmospheric radon 

gas. For the storage of a factory closed Radoset package, it is also 

recommended to store it in a refrigerator if the expected storage time is 

prolonged. This was the case in this study as a variety of detector batches 

were used. In order to reduce the background radon gas concentrations it is 

recommended to choose a non –air conditioned room for the detector 
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assembly upstairs, since the radon activity is higher on the ground floor. The 

Kingston University radon laboratory is situated in such a location. Further 

more the windows and doors should be closed during the detector 

assembling and the exposure container drying period. In addition smoking 

should be avoided in the assembling room of the detector and of the 

exposure container preparation. 

 
 
2.12. The Process of Assembling the On field Detector  
 

 Open the plastic bag of the Radoset detectors using scissors. Take 

hold of the detector array by sliding off and remove the cling film 

cover. Be careful at this stage not touch the surface of the plastic 

detectors. 

 Remove a plastic detector using tweezers off the self-adhesive paper 

substrate. Be careful to grab the detector using the tweezers at the 

margin only, where the ID codes are.  It is important to try to avoid 

making any scratch in the middle part of the detector.  

 Place the detector into the circular area of the detector assembling 

stage. The front face of the detector, that is the direction where the ID 

code is readable, should be downwards. If this is placed incorrectly the 

ID code of the detector will be unreadable at the time of the evaluation, 

the exposure will also not take place on the right surface significantly 

increase the risk that the accuracy of the test being compromised. 

 Remove a small piece of the fixing adhesive material by using tweezers 

or fingers. The size of the adhesive ball should be 1mm. 
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 Suggest placing radon detectors at the site to be tested as soon as it is 

possible in order to avoid any increase of the radon background value. 

If the detector needs to be stored for a while, the air-gap in the 

exposure container should be covered before the start of the exposure 

period. A useful coverage tool for the closure of the air-gap can be a 

piece of celluloid self-adhesive strip.  

 

 
2.13. Setting the Correct Track Size 
 

The Radometer can work with various track sizes, in order to minimize 

the counting error, and the range of the track of the Radometer should be 

selected. Without the correct setting, the Radometer may not count some of 

the tracks if they are too small (see Figure 2-2), or the device may count one 

track twice, if it is too large (see Figure 2-4). The first principle is:  the 

Radometer should be set up to count all the tracks and should not count any 

other objects. 

 

 
2.14. Further Issues to consider 
 

Sometimes, there are some objects that are similar to tracks, but are 

not as dark when examined under the microscope. For example, the small 

objects not circled in figure 2-2 may not be tracks and should not be counted, 

but they may also be simply shallow tracts created by angled strikes with 

therefore lower contrast in the field of view.  
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Figure 2- 2 Medium Track size selected on the Radometer, note that some of 

the smaller tracks are not counted. 

 

The way recommended by the manufacturer to count reliably the 

maximum number of tracks is by selecting the medium range of track size 

(see Figure 2-3), because the smaller setting means higher sensitivity, which 

means that the Radometer will also be more sensitive to other objects. It may 

count non-track objects as tracks (figure 2-2) that can complicate this picture 

or other artefacts including crystals of sodium hydroxide if the slide has not 

been washed enough. Wertheim et al. (2009) are currently developing a new 

technique to visualize in 3D alpha tracks in CR-39 detectors that may help to 

reduce problems associated with multiple strikes, strike angles and shallow 

strikes (Wertheim et al. 2009).  
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Figure 2- 3 Small Track size selected on the Radometer, nearly all the tracks 

are counted.  

 
 
  

 

 

Figure 2- 4 Large Track selected on the Radometer, nearly all large tracks  

are counted, for the best results it is recommend to select the medium setting 

and lower contrast tracks have not been selected. 
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2.15. Method of Measuring Radon Inside Homes 
 

In order to calculate the amount of radon in a house in this study in 

Iran, long-term measurement devices (CR-39 alpha track - etch detectors) 

were placed in dwellings during 2005-2006. The CR-39 plastic detectors 

used were purchased from RadoSys in Hungary via Radon One (UK) Ltd, or 

directly by the university (a type of CR-39 detector is seen in Figure 2-4). A 

few detectors were purchased from Gammadata limited and processed in 

their laboratory. Details about how such detectors operate and their 

strengths and limitations were outlined by Cliff and Gillmore (2001) and 

Phillips et al. (2004). In total 77 detectors were left in old style dwellings in 

two storey buildings in Hamadan.  

 

 

Figure 2- 5 A CR-39 detector in its plastic container of RSFS type, supplied 

by RadoSyS (Hungary). 
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These detectors were left for 11 months (rather than 12 due to problems of 

access and removal) to measure radon concentrations in bedrooms and 

sittings rooms following the protocols established as far as possible by the 

UK Health Protection Agency (HPA). Insufficient local information meant that 

it proved impossible, to modify these data by applying appropriate seasonal 

modification factors. For example, in the UK, it is ordinary practice to 

measure radon concentrations for up to 3 months and then apply a seasonal 

correction factor to obtain a yearly average. After exposure, all detectors 

were wrapped in their protective aluminum foils and returned to the 

metrology laboratory for processing at Bradford University (and later at 

Kingston University, UK, which is a validated laboratory of the UK Health 

Protection Agency for domestic radon testing).  In the laboratory all detectors 

were removed from their containers and were chemically etched with 32% 

concentration by weight of NaOH solution at 60 °C for 4 hours and after that 

washed with distilled water and dried. The number of tracks for a given area 

on the CR-39 detectors was counted in order to calculate radon 

concentrations, using the automated RadoSys Radometer microscope and 

computer unit. The annual effective dose (D e ) for households was worked 

out using the following formula suggested by UNSCEAR (2000): 

 

D e = C Rn . F.T.D            (2-6) 

 

where, C Rn is 222Rn concentration (in Bqm-3), F is the 222Rn equilibrium factor 

indoors (assumed to be 0.4), T is the indoor occupancy time (0.8 × 24 h 
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×365.25 ≈7010 h y-1), and D is the dose conversion factor (9 × 106 mSv / h   

per Bqm-3).  

Assessing occupancy time consistently in this study was not straightforward, 

and this led us to adopt the UNSCEAR (2000) based formula. In Iranian 

homes, older women of the house do not usually go to work, with the result 

that their occupancy time is much greater than that of men and younger 

women (the latter working in government offices for example). Interestingly, 

Magdalena et al. (2008) suggested that in Slovakia, mortality risk from radon 

was higher for men than women, reflecting different physiology (men breathe 

more deeply than women) and smoking habits. However, Magdalena et al. 

(2008) did not note different occupancy time in less well ventilated houses as 

a factor  (Saccomanno et al. 1986; Magdalena et al. 2008) . 

 

 
2.16. Detectors 
 

Allyl diglycol carbonate (CR-39) is a detector with the chemical 

formula of C12 H18 O7 and with the mono-more chemical formula of:  

CH2=CH-CH2-O-CO-O-CH2CH2-O-CH2CH2-O-CO-O-CH2-CH=CH2  

The chemical formula of a CR-39 detector is shown in figure 2-6. This 

material is resistant to etching solutions, gamma radiation and ageing. It is 

continuously resistant at temperatures of 100°C and up to 130°C for one 

hour. When CR-39 is irradiated by radiation, the structure of the detector 

surface being damaged in places by alpha particles (see Figure 2-8). The 

number of tracks per given area can be calculated to present the 

concentration of radiation in the atmosphere using an automated scanner.   
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Figure 2- 6 The chemical formula of a CR-39 detector. 
 
 
 
 
 
 
 

 
 
Figure 2- 7 This shows the actual CR-39 detector with an approximate size 

of 1 cm × 1 cm taken using a photomicroscope. 
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Figure 2- 8 This shows the surface of CR-39 detector struck by alpha 

particles, the number with batch series coding and the frosted appearance 

showing alpha tracks. 

 

 

 
2.17. Chemical Etching (CE) 
 

The chemical etching of SSNTDs (CR-39) consists of solution 

materials, placed into a thermostatically controlled bath at temperatures 

ranging from 25◦C 60◦C, the commonest etchant being an aqueous 

dissolution of NaOH or KOH of molarities ranging from 2 to 8 M. Typical 

etching times range from 2 to 6 hours. In certain applications, ethyl alcohol 

(C2H5OH) may be added to the etchant in a certain proportion to enhance the 
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registration sensitivity of polycarbonate plastics (Durrani & Ilic 1997b; 

Nikolaev & Ilic 1999). 

 

2.17.1. NaOH (Sodium Hydroxide) with High Purity 

 
The NaOH solution is used for the etching process and for making the 

tracks visible on the plastic surface which has been created by alpha 

particles. To make the solution, sodium hydroxide with a purity of more than 

98% was purchased from BDH Technical Company (BDH Chemicals Ltd). 

The NaOH with 32% of weight concentration is mixed with distilled water; 

and filled 2/3 rds volume of a radon bath. 

 

2.17.2. The Application of Acetic Acid and Distilled Water 

 
After switching off the bath and the removal the detectors were washed 

with acetic acid and distilled water several times. This process removes all 

unwanted waste materials from the surface of the detectors.  

 

  
2.18. Automatic Microscope Scanner and Computer Unit 
 

Each slide holder contains 12 detectors which are placed into the 

carrier in the automated scanner (see Figure 2-9). It takes approximately 30 

minutes to read the tracks of the eight detectors in each slide holder. Radon 

concentrations are calculated and presented in Bqm-3. If, during the process 

of reading the detector I.D number etched on to the surface of the plastic the 

number is not read correctly by the scanner, the data base can be corrected 

by manually inputting the correct number. 
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Figure 2- 9 Shows plastic detector holder or slide, with 12 places for holding 

detectors 

   

It is also possible to change the number of days the detectors were 

exposed to radon gas in the database to make any necessary 

corrections. The results are then automatically saved in a named file on 

to the computer hard drive (see Figure 2-10).                                                                                  

                                  

  

Figure 2- 10 RSV6 Automated Microscope Scanner with the computer based 

at the Kingston University Metrology Laboratory. The scanner has a slot 

where detectors are placed for reading. 
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Chapter 3 Procedures in the Field      

 Chapter three provides an introduction to the selected study site, 

Hamadan in Iran, commencing with an outline of the prehistoric character of 

the city and nature of the geology of the Hamadan province. Information is 

also provided about Alisadr cave, which is located near Hamadan city. 

 

 
 3.1. Introduction 
 

Some areas in China, India, Iran, Sweden and the UK have high levels 

of natural radioactivity that give rise to high indoor radon concentrations. 

According to the ICRP‘s recommendations on radiation protection, areas with 

concentrations higher than the national Action Levels should undertake 

remediation to reduce the amount of indoor radon. These areas of interest 

create opportunities for long term studies on radon levels and the associated 

health risk of lung cancer. 

 

  
3.2. The Geography of Iran 
 

Iran is a large country which is located in the south west of Asia with an 

area of 1,648,000 km2, between 25º and 40° North latitude and from 44º to 

64° East longitude. The plateau of Iran is located within high folded and 

volcanic mountain chains with the Kopet Mountains (Kopet Dag) in the NW, 

the Elburz Mountains (rising to 5,771m at Mount Damavand, Iran‘s highest 

peak) in the north, and the complex Zagros Mountains in the west. Lake 

Uremia (Lake Orumiyeh), the country‘s largest natural body of water, is in the 

Zagros region of NW Iran. Narrow coastal plains are found alongside the 

coast of the Persian Gulf, the Gulf of Oman, and the Caspian Sea. At the 
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head of the Persian Gulf is the Iranian part of the Mesopotamian lowlands. 

Of the few constant rivers in Iran, only the Karun in the west is passable for 

large boats; other notable rivers are the Karkheh and the Sefid. 

Iran consists of 30 provinces with different climatic conditions. 

Hamadan is in the western part of Iran some 350 km from the Iranian capital 

Tehran and is one of the provinces of Iran. Its capital city is Hamadan (figure 

3.1).  

 

 

 

Figure 3- 1 Map of Iran with neighbouring countries and largest cities in Iran 

(Source: Google). 
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3.3. Location study 
 

Hamadan (also spelled Hamedan), is the oldest Iranian city and one of 

the oldest cities in the world (estimated to be from 3,000 BC). In Media (an 

ancient country and province of the Persian Empire in SW Asia in the NW of 

modern Iran) times, at the beginning of Iranian history, the city was called 

Hegmataaneh. In Greek texts, however; the city was named Ecbatana. The 

gorge of Hegmataaneh in the city holds many ruins of the Median Empire 

and the Achaemenid, Sassanid (Saassanian) and Islamic period civilizations. 

Hamadan is located in west-central Iran, at the north-eastern foot of the 3574 

metres high Alvand Mountain in the Zagros range. Alvand overlooks the 

Qareh Su River. 

 This provincial capital lies south west of Tehran, and 190 km east of 

Kermanshah and 530 km north-west of Isfahan. Hamadan province is 

located in the western part of Iran with an area of more than 19,000 square 

kilometres. It is surrounded in the north by the province of Zanjan, in the 

south by Lorestan, in the east by the central province and in the west by 

Kermanshah and Kurdistan (see figure 3-2). Hamadan is an attractive 

highland region with large mountains and green slopes, farmlands, grazing 

lands, snow-capped peaks and fertile valleys. 
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Figure 3- 2  A map of Hamadan Province, with the main city in the Province 

shown (Source: Google). 

 
 
 

 3.4. Climate and Population of Hamadan 
 

Hamadan is a cold area with extended winters where there is snow in 

the mountains for eight months of the year. It has long and hard winters from 

December to May with deep snow; however, in the summer its enjoyable 

weather attracts visitors trying to withdraw from the soaring temperatures 

elsewhere in the country. During the winter season temperature varies with 

ranges from -4ºC to -33ºC while the summer temperature varies from 20 to 

35ºC.  
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 The population of Hamadan consists of 700,000 people. The Ecbatan 

Dam provides a large part of the city‘s drinking water supply, whilst most of 

the remaing supplies are obtained from wells which have been sunk into 

the alluvial fan on which the city has been built.  

Due to its geographical position and associated local geology, 

Hamadan has a lot of caves the longest and most notable of them is 

Alisadr, which contains many passages which in total amount to about 60 

kilometres of passages.. Alisadr cave also contains several lakes, and large 

cavernous halls.. In some parts, the height of the cave reaches 40 metres. 

The cave has a lighting system, and one can go through the cave by 

recreational boats with a guide.  

 
 
 3.5. General Geology of Hamadan Province 
 

Hamadan is one of the western provinces of Iran with distinctive 

morphological and geological features. Physiographic features of this 

province range, from the Alvand high peak (3580m) to the Razan plain low 

lands. Rivers and streams in the Hamadan area enter into the Qom lake 

basin and the Persian Gulf. Drainage from the eastern slopes of the Alvand 

kuh flow to enter the Persian Gulf via the Bozorg, Gamasiab Qara Soo, 

Seymareh and Karkhe Rud rivers (Fisher 1968).  In terms of the structural 

geology, Hamadan province is located at the border between a numbers of 

structural zones. Crossing in a SW-NE direction the following structural 

zones can be noted (Maanijou & Aliani 2001). 
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 3.5.1. Composition of the High Zagros 

 
The high Zagros Mountains (figure 3.3) form the south western border 

of Hamadan province, and the latter is separated from other areas by the 

Borujerd-Morvarid, a young active fault. The primary lithology of Hamadan 

province includes limestones of Jurassic Cretaceous age which form much of 

the mountains. Layers of carbonate rocks have been placed on top of each 

other by the activity of thrusts; and south-western Hamadan‘s characteristics 

land forms are thrust fault features. 

 

 

   

Figure 3- 3 Map showing Iran with neighbouring Countries. Large cities in 

Iran and Hamadan marked in red (Source: Google). 
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 3.5.2. The Sanandaj – Sirjan zone 

 
  The majority of parts of Hamadan province belong to the north 

western part of the Sanandaj - Sirjan tectono-sedimentary zone which forms 

NW - SE trending heights around Hamadan. These regions are generally 

composed of metamorphic rocks of two ages: Palaeozoic to early Mesozoic 

and Mesozoic to early Cenozoic. It is considered that this metamorphism is 

the product of collisional tectonics and subduction, although it appears that 

hot intrusive bodies when intruded into local sedimentary rocks caused 

deformation and produced the heat needed for regional and contact 

metamorphism of older rocks. This type of intrusion and metamorphism is 

clearly displayed in the the Jurassic basic intrusions and Cretaceous acidic 

plutons (that is, the Alvand granite), which have been injected into and 

around the Hamadan Jurassic and Cretaceous rocks and form the high 

mountains such as Almoqoolaq and Alvand.  Injection of intrusive igneous 

bodies into Mesozoic shales (fissile rock) and rocks have produced 

metamorphic aureoles and related minerals.  The associated metamorphism 

has created ore bodies that have increased the mining potential of this 

province (Fisher 1968; Beaumont 1989). 

  

 3.5.3. Central Iran  

 
 The north-eastern parts of Hamadan are plain regions, which are 

constructed of Quaternary alluvial sediments. Lower Cretaceous carbonates, 

especially Oligo-Miocene Limestones (Qom formation) and volcanic rocks, 

outcrop in southern Razan with NW-SE trends. The border line between the 
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Sanandaj - Sirjan zone and the Razan plain is not clearly differentiated. 

General observations suggest that a part of the Orumiyeh -Bazman 

magmatic belt is made of these thick alluvial sediments (Laumanns et al. 

2001). 

 

 
3.6. Economic Geology  
 

 The most significant mineral raw materials of Hamadan province are 

as follows: 

 

 3.6.1. Decorative Stones 

 
  Hamadan has one of the richest decorative stone deposits in Iran, 

which are of two types. The first type, are often named ‗Granite‘ 

commercially, although in fact the majority of them are dark hornfelses. 

Gabbro-granite intrusions of Jurassic and Cretaceous age intruded into 

Jurassic shales (rock, formed by consolidation of clay) have been the main 

process responsible for the formation of these hornfelses The formation of 

muscovite (a form of mica, a sheet silicate mineral) and tourmaline (a 

borosilicate mineral) are present and form schists (a foliated crystalline rock).  

The second type, are coarse grained grey to light grey Alvand batholite 

materials, which are extracted as large blocks. 

 

3.6.2. Silica 

 
 Siliceous solutions were the product of the last phases of the Alvand 

granite intrusion, which were injected into Jurassic schists as quartz veins. 
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This quartz is used for the production of Ferro silicon, which is used as raw 

materials in the glass industry. Industrial minerals such as feldspar, lead, 

zinc, iron, gold, antimony, graphite, copper and semi precious materials are 

also extracted from these veins.  

 
 
3.7. Alisadr Cave  
 

One of the most attractive and unique natural occurrences in Iran is the 

Alisadr cave in Hamadan province, which attracts many visitors. This 

beautiful cave is located 75 km northeast of the city of Hamadan in the 

middle of the Subashi Mountains in Kaboudar-Ahang town (see Figure 3-4). 

After entering the cave one faces a large area, about 270 m2, where one can 

rest a while and wait in a queue. Passing along a wide path the tourist then 

arrives at a quay (the bank of a river). From there forwards boats are used 

for travelling inside the cave.  Along the water canals, which are between 2 

to 50 metres wide are a good number of complicated passages. All the 

routes of this cave end in a vast central square called The Island. This 

square, which has an area of approximately 750 m2, is located at a distance 

of 350 metres from the quay from which all the branches originate. One of 

these branches, through which the boats pass, has a length of 2.5 km. In this 

part of the cave system, the roof, is 10 to 20 metres above the water level, 

and is made of calcium carbonate sediments. Stalactites (icicle-shaped 

formations of lime) of various colours hang from the roof of a cave. 

Stalagmites (configurations of lime expanding upwards like a pillar from the 

floor of the cave) can also be observed. These can take on the shape of 



97 
 

cauliflowers, needles and umbrellas, in colours of red, purple, brown, green 

and blue (see Figure 3.4). 

 

 

Figure 3- 4 A view of inside Alisadr cave with stalactites. 
   

 

Figure 3- 5 A location map of the Alisadr cave system. 
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Alisadr is the only boating cave in Iran with waters so clear that it is 

possible to see to a depth of 5 metres even in a weak light. The water in the 

cave does not flow like a river but is similar to a long, crystal clear lake. The 

cave water has permitted the growth of calcite crystals on the walls (see 

Figure 3-6). They are 5 to 10 cm in size and cover the walls under water and 

up to about 3 m above the present water level. As mentioned earlier, 

uranium may become concentrated in the calcite deposits in such caves.  

 

 

 

 

 

 

 

 

 

 

 Figure 3- 6 Roof rocks and water level in Alisadr cave. 

 
              

For many million of years, outflow and diffusion of water has led to the 

deposition of rock formations within this cave system. Contemporary climatic 

conditions inside the cave maintain a mean temperature in the region of 12° 

Celsius (54.6°F) all the year round with the exception of the entrance area.  
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3.7.1. Geology of Alisadr Cave  

 
In December 2000 a German expedition undertook a new, state of the 

art survey of the cave system. This project was finished by a German / 

British expedition in summer 2001 and the result was a recognition of the full 

length of the cave system: about at 11kms (Dumas et al. 1994; Torabi-

Teherani 2000). This finding makes Alisadr the longest surveyed cave in the 

country. The main chamber is 100 to 50 m wide and 40 m high, and the 

second largest chamber inside the cave being not much smaller.  The cave 

provided a water pool for the people in the nearby village of Alisadr in the 

past. The non-natural entrance tunnel to the cave was made possibly during 

the reign of Darius I. (521-485B.C.), King of the Achaemenids. This is based 

on an old inscription found at the entrance area. This tunnel brings water to 

the surface.  

 The Alisadr Range is part of the western structural units of Iran, the 

Sanandaj-Sirjan formation (Torabi-Teherani 2000). This configuration is of 

Jurassic origin, with alternating bands of schist and sandstones along the 

base, a blackish-grey band of clay-like limestone combined with thin layers of 

schist, and a lighter crystallized limestone on top, which is a related to the 

high-temperature, high-pressure metamorphosis linked to volcanic activity in 

the west of the Alisadr Range (see Figure 3-8). The length of the Alisadr 

Range is around 2 km. The range peaks at 2,180 m, while the cave entrance 

is at a height above sea level of 1,980 m (see Figure 3- 7 and Figure 3-8) 

situated in the north of the Alisadr Range (Dumas et al. 1994b; Torabi-

Teherani 2000). 
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Figure 3- 7 shows the entrance to Ghar Alisa in summer and in winter with 

snow. 

 

 According to Torabi-Teherani (2000), the fracture density in the 

Alisadr Range is high with 2-3 fractures per metre, which will potentially 

have a significant impact on water permeability and gas penetration through 

the rocks. Additionally, several funnel-like sink holes of 2-3 m in diameter 

have been seen; also facilitating the fast penetration of surficial water. More 

than 4 km of the cave passages expose the water table with large lakes of 

crystal-clear water reaching depths of around 15 m. 
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Figure 3- 8 Topographic map of the Alisadr Ridge showing limestone outcrop 

and a large Shear zone.  

 

 
 
The primary source of water flowing in the cave is supplied by rainfall and 

depends on the quantities of rain falling in each year; therefore any 

extraction of water from wells dug within the radius of about one kilometre, 

of the cave directly affects the level of water inside the cave. The depth of 

water in the cave varies by half a metre to one metre annually. The water 

exits out of the cave in springs during the spring seasons. The water inside 

the cave contains light bicarbonate groups with a pH-value of 7 and the 
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water is usually close to being saturated with calcite. The pool is 

replenished by both diffuse surficial penetration along joints and cracks, 

which are channelled into blind avens and then replenish the lakes and also 

by a small watercourse entering the cave at the main sinkhole entrance.  

The main tourist entrance of Alisadr cave, is a large engineered 

corridor (5 to 10 m wide) leading down to near the water level, which is 

about 12 m below the entrance (Dumas et al. 1994b; Torabi-Teherani 

2000). All over the cave, a series of up to nine calcite / aragonite ledges 

can be found, which are situated approximately 2.5 m above the current 

water table. These show phases, where, in the past, the water levels in the 

cave has been much higher, than today, probably due to a wetter climate 

during the last ice age. Bones of prehistoric creatures have been found 

inside the cave that date from up to sixty million years ago (Dumas et al. 

1994; Torabi-Teherani 2000). 

Due to the material falling from the ceiling and walls into the water the 

depth of water changes rapidly over short distances, varying from almost 

zero to 15 metres in different parts (Figure 3-9). 
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Figure 3- 9 The Lion-Elephant Rock inside Alisadr cave. 
 

 
 

   
 

Figure 3- 10 A view of a bridge inside the Alisadr cave.   
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3.7.2. Radon in Alisadr Cave 

 
Radon measurements in Alisadr show cave were carried out, using 

CR-39 solid state nuclear track-etch detectors (SSNTDs). The CR-39 

detectors were placed at 12 locations. The mean radon concentrations 

during winter and summer seasons were determined to be 1504 Bqm-3 and 

2300 Bqm-3 respectively. The radon absorbed by guides and visitors was 

measured in the SI unit and were 34.23 mSv and 0.023 mSv for guides and 

visitors respectively. The exposure for guides is of concern.  

Alisadr show cave is very accessible to the general public and of 

considerable interested as a tourist attraction (see Figure 3-9). There is no 

way, other than using boat facilities that one can travel inside the cave (see 

figure 3-10 and figure 3-11) and there is currently no air ventilation system 

that exists to control radon levels.  

 

 

Figure 3- 11 Visitors can navigate through the cave using small pedal boats 

shown here. 
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This cave was selected for a study to monitor radon levels and develop 

policies aimed at protecting people working as guides and visitors, if radon 

levels were found to be high. The radon level is thought to be controlled by 

emanation and exhalation radon, transport paths within the rock matrix and 

moving water. Due to the relatively heavy weight of radon as compare to air, 

radon concentrations are frequently higher in caves than in domestic 

dwellings. In an area with high radon levels, this may create a significant risk 

to occupational cave users such as guides (and visitors) who spend 

considerable periods of time inside the cave. The geology and results of 

testing in Alisadr Cave are discussed in Jabarivasal and Gillmore (2008), 

(see appendix for a copy of the published article).  
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Chapter 4 Results 
 

Chapter four presents the results determined by measuring radon gas 

concentrations in houses, schools, hospitals, cave and wells of Hamadan 

city. It includes measurements of radon in sitting rooms and bedrooms in 

different seasons during 2005-2006, and data from measurements made for 

radon inside Alisadr cave with CR-39 detectors and a Sarad Doseman 

electronic device, as well as measuring radon concentrations in wells in 

Hamadan city. 

 

  
4.1. Results 
 

As mentioned earlier two detectors were used in each house, one 

placed in the main living room (normally at ground floor) and another in the 

main bedroom which in the type of houses investigated is also normally at 

ground level. The monitors were left in place for up to 3 months (90 days).  

At the end of the exposure time period, the detectors were collected 

according to the manufacturer‘s specifications, and packed in double plastic 

bags. Due to variation in detector suppliers, some detectors were mailed as 

soon as possible to their relevant manufacturers / suppliers (some 

gammadata detectors were used) for processing and the rest were 

processed at the laboratories of the University of Bradford and Kingston 

University. 

Radon concentration measurements in Hamadan houses, using CR-39 

detectors, were carried out for four seasons during the years 2005-2006. 

Hamadan was primarily chosen due to the possibility of obtaining residents 

permission to place detectors in homes, and a commitment by those 
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homeowners to take care of detectors and provide information on occupation 

habits. This is not straightforward in Iran for cultural reasons. As mentioned 

in a previous chapter, long term measurements of indoor radon 

concentrations of Hamadan houses were made for four different seasons. 

Results were derived from: 

 Long term measurements of radon gas concentrations using CR-39 

detectors inside houses of Hamadan dwellings in bedrooms and 

sitting rooms. 

 Radon levels inside Alisadr cave measured from the main entrance to 

the end of cave, with CR-39 detectors placed above the water level. 

 Estimations of radon levels in wells in Hamadan using a Sarad 

Doseman for a typical measurement time of 1 hour at a height of 20 

cm above the water level of selected wells. 

 

 
4.2. Results from Houses 
 

To measure radon gas concentrations inside Hamadan houses, with 

SSNTDs two rooms (sitting room and bedroom) were chosen. The reason for 

this is that the majority of people spend their time in both places (with the 

exception of the cooking area used by the women of the household in Iran). 

This latter area was omitted from measuring radon gas as the activity of 

cooking will cause frequent temperature changes and variation in humidity 

and due to the use of natural gas  some radon may well be introduced into 

the cooking area. 
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4.2.1. Radon Values from houses during the Autumn Period 

 
Table 4-1 shows results of radon concentration measurements in 

dwellings of Hamadan houses. These measurements were carried out for the 

autumn season period (October to December 2005). The location of tested 

radon concentrations in Hamadan houses are shown on the map for the 

autumn period (figure 4-1.) Histograms of radon concentrations in Hamadan 

city are presented in figure 4-2. The arithmetic mean value of radon gas 

concentrations is estimated to be 27 Bqm-3 with a geometric mean of 21 

Bqm-3. The geometric mean provides a measure of the average value of the 

type of distribution, whereas, the arithmetic mean is the average value of the 

individual measurements. According to the UNSCEAR formula for absorbed 

dose, the average absorbed dose considering the arithmetic mean and 

geometric mean is estimated to be 0.02 mSv and 0.015 mSv respectively per 

season. 
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Table 4- 1 Radon concentrations in Hamadan houses during autumn season 

Double glazed property marked with a*, and LLD is shown when the radon 

concentration is below the lower limit of detection of CR-39 detectors. 

 

   
  
 

The double glazed property marked with sign a* in the table, showed the 

lowest recorded value in the autumn period (also see Table 4-2 and Table 4-

3). 
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Figure 4- 1 Map of location of the Hamadan houses where radon 

measurements were made in the autumn. Red circle for bedrooms and black 

circle in the map is for sitting rooms that were monitored with radon 

detectors.  

 

 

4.2.2. Results for Sitting Rooms  

 
Table 4-2 shows radon concentration data for sitting rooms in dwellings 

of Hamadan city during the autumn period. Data values ranged from 4 (which 

is below the lower limit detection for CR-39 detectors) to 26 Bqm-3 with an 

arithmetic mean of 15 Bqm-3  and geometric mean for this measurement was 

14 Bqm-3. The difference between the arithmetic mean and the geometric 



111 
 

mean is more than 10%. The maximum and minimum absorbed dose 

acquired by spending 6 hours is in the sitting room  are 0.5 µSv / day 

(0.5×10-3  mSv / day) and 0.09 µSv / day (0.09×10-3 mSv / day) respectively. 

The mean absorbed dose for arithmetic mean and geometric mean is 

estimated to be 0.029 mSv / season and the value of 0.028 mSv / season 

respectively.  

 

Table 4- 2 Radon gas concentration in Hamadan houses during autumn 

season for the sitting rooms.  Double glazed property marked with a*, and 

LLD indicates that the radon concentration is below the lower limit of 

detection of the CR-39 detectors. 
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Figure 4- 2 Distributions of radon gas concentrations in Hamadan houses 

during the autumn period, red colour used for AM (arithmetic mean) and 

purple for GM (geometric mean). Double glazed property marked with green 

colour. 

 

4.2.3. Results for Bedrooms  

 
The ranges of radon concentrations for bedrooms varied from 13 to 91 

Bqm-3. The arithmetic mean of the radon concentration during the autumn 

season period (three months October to December 2005) was 39 Bqm-3 and 

geometric mean was 30 Bqm-3 (Table 4-3). The maximum measured value 

was 91 Bqm-3 in a ground floor bedroom during this period (autumn). The 

minimum, on the other hand was of 13 Bqm-3 belonging to a bedroom in the 

second floor. The maximum and minimum absorbed dose acquired by 

spending 8 hours is 2.6 × 10-3 mSv / day (2.6 µSv / day) and 0.37 × 10-3 mSv 

/ day (0.4 µSv / day) respectively. The mean effective dose for the arithmetic 

mean and the geometric mean is estimated to be 0.18mSv/season and 

0.11mSv/season respectively. In Figure 4-3 a view of a bedroom in a typical 

Hamadan house is shown. The differences in the average radon 
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concentrations between the sitting rooms and the bedrooms during the 

autumn period are shown in figure 4-4. 

 

Table 4- 3 A list of radon concentrations from bedrooms monitored during the 

autumn period. Double glazed property marked with a*. 

 

    
 
 

 

  

Figure 4- 3 A view of a bedroom in a typical Hamadan house. 
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Figure 4- 4 Illustrates the average radon concentrations for the bedroom and 

sitting rooms during the winter period. 

 

 

 
4.2.4. Radon Values from the Hamadan Houses in Winter  
 

Table 4-4 shows the results of radon concentration measurements in 

dwellings of Hamadan houses, using CR-39 detectors. These measurements 

were obtained during the winter period (January to March 2006). Histograms 

of radon concentrations in Hamadan houses during the winter period are 

shown in figure 4-5. The arithmetic mean value of radon gas concentrations 

is 155 Bqm-3 with a geometric mean of 128 Bqm-3. The maximum value of 

radon gas concentrations in this measuring period was 364 Bqm-3 in house 

No 19 for the bedroom and another maximum (which is over the UK Action 

Level value of 200 Bqm-3) is 360 Bqm-3 which was for the sitting room of 

house No 20.  The minimum radon amount was 34 Bqm-3. The differences 

between the arithmetic mean and the geometric mean is 16% (see Table 4-

4). Figure 4-6 shows histograms of the mean values of radon concentrations 

for bedrooms and sitting rooms, with the highest overall readings in the 
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bedroom and the lowest in the sitting room. The maximum absorbed dose is 

0.1mSv/day for a bedroom for one night sleeping during the winter period, 

using the absorbed dose formula suggested by UNSCEAR (2000).  The 

minimum absorbed dose is 0.01mSv/day. The total maximum and minimum 

absorbed dose for during 3 months of the winter season is 9 mSv (9 × 

103µSv) and 0.09 mSv respectively.  Figure 4-7 shows the location of the 

tested properties in Hamadan city during the winter period. 

 

Table 4- 4 Radon concentrations in Hamadan houses during the winter 

season. Double glazed property marked with a*. 

 

    
 
 
 

         

       

 

 

 

 

 

 

 

 

 

 

 

No 
 

I.D. 
Detector 

Housekeeper 
Name 

Radon 
(Bq m-3) 
 

1 GWB1 HHO           B 364 

2 GWS2 HHO           S 360 

3 GWB3 HJL            B 224* 

4 GWB4 HGO          B 210 

5 GWS5 HMO          S 184 

6 GWB6 HTU           B 180 

7 GWB7 HMO          B 176 

8 GWB8 HTU           S 169 

9 GWB9 HTB           B 165 

10 GWB10 HAJ            B 143 

11 GWB11 HJL            S 128 

12 GWB12 HGO          S 124 

13 GWB13 HTG           S 109 

14 GWB14 HTG           B 94 

15 GWB15 HDJ            S 71 

16 GWB16 HTB           S 60 

17 GWB17 HAZ           B 60 

18 GWB18 HDJ            B 56 

19 GWB19 HAZ           S 34 

 Average 
 

 AM  155 
GM  128 
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Figure 4- 5 Distributions of radon concentrations in Hamadan houses during 

winter period, red colour used for AM (arithmetic mean) and Purple for GM 

(geometric mean). Double glazed property marked with green colour.  

 

 

 

  
 
Figure 4- 6 Illustration showing average radon concentration for sitting rooms 

and bedrooms during winter period. 
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Figure 4- 7  Illustrated location map of houses tested radon in Hamadan for 

winter season, red colour for bedrooms and black for sitting room. 

 

 

4.2.5. Radon Values for Sitting Rooms during the Winter 

Period  

Table 4-5 shows the results of data collected for the winter period. 

The range of radon concentrations varied from 34 to 360 Bqm-3. The 

arithmetic mean radon concentration for winter seasons for 3 months 

(January to March 2006) was 134 Bqm-3 and the geometric mean value for 

this test was 106 Bqm-3. The maximum measurement was 360 Bqm-3 in a 
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ground floor sitting room during the winter. On the other hand a minimum of 

34 Bqm-3 was observed for a sitting room during the winter period. Figure 4-8 

presents the seasonal variations of radon concentration for the winter period. 

The maximum absorbed dose was calculated as 0.008 mSv / day for an 

adult in the sitting room for who spent 6 hours a day during the winter period, 

using the absorbed dose formula suggested by UNSCEAR (2000).  The 

minimum absorbed dose is 0.0007 mSv / day. The effective equivalent dose, 

with an arithmetic mean of radon concentration of 134 Bqm-3 to the 

population, is estimated to be equal to 0.3 mSv / winter. The effective 

equivalent dose, considering the geometric mean is 0.2 mSv.  

 

Table 4- 5 Shows a list of measures radon gas concentrations for sitting 

rooms in the winter period. Double glazed property marked with a*. 
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Figure 4- 8 Distribution of radon concentrations in the sitting rooms during 

the winter season. Double glazed property marked with green colour, red 

colour for AM and purple for GM. 

 

 
 

4.2.6. Radon Values in Bedrooms during the Winter Period 

 
Table 4-6 shows measured values for bedrooms in dwellings of 

Hamadan city during the winter period. The range of radon concentrations 

varied from 60 to 364 Bqm-3. The arithmetic mean of radon concentration for 

bedrooms during the winter seasons for 3 months (January to March 2006) 

was 171 Bqm-3 and the geometric mean value for this test was 151 Bqm-3. 

The maximum measurement was 364 Bqm-3 in a ground floor bedroom 

during the winter period. The minimum value of 60 Bqm-3 was observed for a 

bedroom during the winter period. The data shows that 20% of bedrooms 

have radon levels over the Action Level (200 Bqm-3). Figure 4-9 presents the 

seasonal variation of radon concentration for bedrooms for the winter period. 
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The maximum absorbed dose calculated was 0.01mSv / day for an adult 

person using this room as a bedroom during the winter season, following the 

absorbed dose formula suggested by UNSCEAR (2000) and the minimum 

absorbed dose was 0.002 mSv / day. The effective equivalent dose, with an 

arithmetic mean radon concentration of 171 Bqm-3 to the population, is equal 

to 0.44 mSv for the winter season. The effective equivalent dose, with a 

geometric mean of value of 151 Bqm-3 is estimated to be 0.39 mSv per 

winter season.  

 

Table 4- 6 Table showing radon concentration measurements for bedrooms 

in Hamadan dwellings during the winter season. Double glazed property 

marked with a*. 
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Figure 4- 9 Illustrates distribution of radon gas levels in bedrooms, red 

colour used for AM and purple for GM. 

 
 

4.2.7. Results for Houses during the Spring Period 

 
Table 4-7 shows the results of radon concentration measurements in 

dwellings in Hamadan. These measurements were obtained for the spring 

season combined with the summer period (April to July 2006). The arithmetic 

mean value of radon gas concentrations is 144 Bqm-3 with a geometric mean 

of 135 Bqm-3. The maximum observed value in a bedroom was a value of 

257 Bqm-3 and the second maximum is seen again for a bedroom with a 

value of 218 Bqm-3.  Figure 4-10 shows histograms of radon concentrations 

during spring period in Hamadan city. In this instance 25 percent of 

measurements were over the UK Action Level. The ratio between the 

arithmetic mean and the geometric mean values was 1.06. The average 

absorbed dose calculated for an arithmetic mean test for an adult person 

spending 14 hours inside home is estimated to be 0.65 mSv / season, using 

the formula suggested by UNSCEAR (2000).  Figure 4-11 shows location of 

tested radon concentrations for Hamadan city during spring period. 
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Table 4- 7 Shows measured radon concentration during the spring period. 

Double glazed property marked with a*. 

 

      
 
 
 
   

  
 

Figure 4- 10 Histograms of radon gas concentrations for houses during the 

spring  season with red colour for AM and purple for GM. Double glazed 

property marked with green colour. 
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Figure 4- 11 Shows map location of Hamadan houses tested radon in spring 

period. 

 
 
 

4.2.8. Radon Values for Sitting Rooms 

  
Table 4-8 shows the results of measuring radiation in sitting rooms 

during the spring combined with the summer period. The range of radon 

concentrations varied from 81 to 205 Bqm-3. The arithmetic mean radon 

concentration for sitting rooms during this test for 4 months (April to July 

2006) was 128 Bqm-3 and the geometric mean value for this test was 122 

Bqm-3.  Interestingly the maximum measurement value was 205 Bqm-3. It 

which was recorded in a house that was close to the mountains. 
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Table 4- 8 Results for sitting rooms during the spring combined with the 

summer season. Double glazed property marked with a*. 

 

   

 

 

The minimum value of 81 Bqm-3 was observed for a sitting room in a 

plain area which was far away from the hilly region with the maximum 

recorded value. The ratio between geometric mean value and arithmetic 

mean value was 0.9. In this test only one room has a radon gas 

concentration value of 205 Bqm-3 which is over the Action Level. Figure 4-12 

presents the seasonal variation of radon concentration for spring combined 

with the summer period for sitting rooms. The maximum absorbed dose 

calculated is estimated to be 0.004 mSv / day for an adult person, who uses 

the sitting room by spending 6 hours during the spring season in it. Using the 

absorbed dose formula of suggested by UNSCEAR (2000) the minimum 

absorbed dose is 0.002 mSv / day.      
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Figure 4- 12 Histograms of radon concentrations during the spring season. 

Double glazed property marked with green colour, red for AM and purple for 

GM.  

 

 

4.2.9. Radon Values for Bedrooms  

 
Table 4-9 shows data results for bedrooms during the spring combined 

with summer period. The range of radon concentrations varied from 101 to 

257 Bqm- 3. The arithmetic mean radon concentration for bedrooms during 

this test for 4 months (April to July 2006) was 162 Bqm-3 and with a 

geometric mean value of 153 Bqm-3.  Figure 4-13 presents the seasonal 

variation of radon concentration for this period. The maximum measurement 

was 257 Bqm-3 in a ground floor bedroom in a hilly area during this four 

month test period. The minimum on the other hand of 101 Bqm-3 was 

observed for a bedroom during the test period. This data indicates that 33% 

of bedrooms have radon levels over the Action Level in the UK (200 Bqm-3). 

The maximum calculated absorbed dose was 0.0074 mSv / day for a person, 

using this room as a bedroom, based on the formula suggested by 
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UNSCEAR (2000) and the minimum absorbed dose was 0.0029 mSv / day.  

The effective equivalent dose with a mean radon concentration of 162 Bqm-3 

to the population is equal to 0.42 mSv / season. 

 

Table 4- 9 Results for bedrooms during the spring season combined with the 

summer season. Double glazed property marked with a*. 

 

  

 

 

Figure 4- 13 Distribution of radon concentrations during the spring season. 

Double glazed property marked with green colour, red for AM and purple for 

GM. 
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4.2.10. Radon Values in Houses during the Summer Period 

 
 See Table 4-10 for results of radon concentration measurements in 

dwellings conducted for the summer season period (July to September 

2006). The range of radon concentrations varied from 10 to 140 Bqm-3. The 

arithmetic mean value of radon gas concentrations is 34 Bqm-3 whilst the 

geometric mean has a value of 25 Bqm-3. The maximum observed value was 

140 Bqm-3 for a bedroom which was in a basement without windows. The 

distribution of radon concentrations during the summer period is seen in 

figure 4-14. The differences between the arithmetic mean value and the 

geometric mean was 30% (see Table 4-10). The maximum absorbed dose 

calculated was 0.004 mSv / day for an adult person, who uses this room as a 

bedroom. The minimum value of absorbed dose is 0.29 × 10-3 mSv (0.29 

μSv). The total average absorbed dose during the three months of the 

summer season is 0.09 mSv with a geometric mean value of 25 Bqm-3 which 

is estimated to be a dose of 0.06 mSv respectively. Figure 4-15 shows 

location of tested radon concentrations during summer period.  

 

Figure 4- 14 Histograms of radon gas concentrations for houses during the 

summer season with red colour for AM and green for GM.   
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Table 4- 10 A list of measured radon concentrations during the summer 

period.           

 
  
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
   
 
 
 
 
 
 
 
 
 
 
 
 

No ID Detector Housekeeper 

Name 

Radon 

(Bqm-3) 

Location 

Room 

1 GSuB1 HNZ 140 B 

2 GSuB2 HSM 70 B 

3 GSuB3 HGM 70 B 

4 GSuB4 HHS 70 B 

5 GSuB5 HSO 60 B 

6 GSuB6 HMO 60 B 

7 GSuB7 HAK 60 B 

8 GSuB8 HMD 60 B 

9 GSuB9 HHC 40 B 

10 GSuB10 HGM* 40 B 

11 GSuS11 HTU 40 S 

12 GSuS12 HAB 30 S 

13 GSuB13 HRF 30 B 

14 GSuS14 HKS 30 S 

15 GSuB15 HMB 20 B 

16 GSuS16 HMR 20 S 

17 GSuS17 HTM 20 S 

18 GSuS18 HMF 20 S 

19 GSuB19 HPB 20 B 

20 GSuS20 HDS 20 S 

21 GSuS21 HHC 10 S 

22 GSuS22 HHB 10 S 

23 GSuS23 HAD 10 S 

24 GSuB24 HMM 10 B 

25 GSuS25 HTE 10 S 

26 GSuS26 HGS 10 S 

27 GSuS27 HVN 10 S 

28 GSuS28 HBM 10 S 

29 GSuB29 HKS 10 B 

30 GSuS30 HMS 10 S 

 Average  AM    34 

GM   25 
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Figure 4-15 Map showing areas in Hamadan measured for radon 

concentrations during summer period.  Red colour used for bedrooms and 

black colour for sitting room.  

 

 

4.2.11. Radon Values for Sitting Rooms  

 
Table 4-11 shows the results of measuring radon concentrations in 

sitting rooms of Hamadan city during the summer period. The range of radon 

concentrations varied from 10 to 40 Bqm-3. The arithmetic mean radon 

concentration for sitting rooms during this test for 3 months (July to 

September 2006) was 16 Bqm-3 and the geometric mean value for this test 

was 15 Bqm-3. The maximum measurement value was 40 Bqm-3 in a sitting 

room near to the mountain area. The minimum observed value of 10 Bqm-3 
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for a sitting room was in a plain area far from the hilly area. The ratio 

between geometric mean value and arithmetic mean value was 0.9. The data 

shows that all measurements are less than the UK Action Level.  Figure 4-16 

shows histograms of the radon concentrations in sitting rooms during the 

summer period. 

 
 
   

                   

 

 
 Figure 4- 16 Histograms of radon gas concentrations for houses during the 

summer season with red colour for AM and purple for GM.   
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Table 4- 11 A list of measurements of sitting rooms during the summer 

period. 

 

   
 
 
 

4.2.12. Radon Values for Bedrooms  

 
Table 4-12 shows the results of radon concentration measurements in 

dwellings that were carried out for the summer season period (July to 

September 2006). The range of radon concentrations varied from 10 to 140 

Bqm- 3 (LLD for such detectors over this measurement period is 10-20 Bqm- 

3). Figure 4-17 shows the distribution of radon concentrations for bedrooms 
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during the summer period. The arithmetic mean value of radon gas 

concentrations is 52 Bqm-3 while the geometric mean was 44 Bqm-3. The 

ratio between geometric mean value and arithmetic mean value was 0.8 (see 

Table 4-12). The maximum absorbed dose calculated was 0.36 mSv / 

season, and the minimum absorbed dose was 0.03 mSv / season. The 

effective equivalent dose during the summer season is estimated to be 0.14 

mSv for the arithmetic mean and 0.12 mSv base on the geometric mean 

value.  

 

 

       
 
Figure 4- 17 Histograms of radon gas concentrations for houses during the 

summer season with red colour for AM and purple for GM.   
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Table 4- 12 A list of radon concentration measurements in bedrooms during 

the summer periods. 
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4.2.13. Overview of Radon Results 

 
In order to verify experimentally the radon concentrations in Hamadan 

houses, in four seasons, a whole year of 2005-2006 measurements were 

evaluated. As can be seen in Table 4-13, there is variation between the 

arithmetic mean and the geometric mean of radon concentrations when 

comparing the winter, and spring seasons with autumn and summer 

seasons. This indicates that the ratio between the mean in summer and 

autumn is approximately 20% of the value of mean radon levels in winter and 

spring season. Table 4-13 shows the data relating to radon concentration 

measurements that were made for the whole year 2005-2006 (from October 

2005 to September 2006). The range of radon concentrations varied from 4 

to 364 Bqm-3 (where the lower reading range for CR-39 SSNTDs is 10-20 

Bqm-3). The arithmetic mean value of radon gas concentrations is 80 Bqm-3, 

while the geometric mean value was 48 Bqm-3. The maximum absorbed 

dose calculated was 1.7 mSv for spending 14 hours inside the home using 

the formula suggested by UNSCEAR (2000), with the minimum absorbed 

dose being 0.02 mSv / season. The annual effective equivalent dose for the 

12 month period (2005-2006) is estimated to be 1.5 mSv. The annual 

effective dose taking into account the geometric mean is estimated to be 0.9 

mSv. Season‘s variations of radon concentrations in housekeeper M (HMO) 

and HTU houses in Hamadan city are seen in Figure 4-18 and Table 4-14. 

The maximum radon concentrations are seen during winter and spring 

seasons and the minimum radon concentrations in autumn and summer. 

Table 4-15 shows an ANOVA (analysis of variance between groups) test 

between the autumn season and other seasons with P-Value (the P-Value is 
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the probability of obtaining a test statistic at least as extreme as the one that 

was actually observed). 

 

Table 4- 13  Measurements of radon concentrations for Hamadan dwellings 

during the whole year 2005-2006. 

 
 No Autumn Winter Spring Summer 

1 91 364 257 140 

2 77 360 218 70 

3 38 224 205 70 

4 38 210 163 70 

5 26 184 162 60 

6 26 180 123 60 

7 25 176 117 60 

8 14 169 114 60 

9 13 165 112 40 

10 13 143 101 40 

11 13 128 90 40 

12 13 124 81 30 

13 13 109  30 

14 13 94  30 

15 4 71  20 

16  60  20 

17  60  20 

18  56  20 

19  34  20 

20    20 

21    10 

22    10 

23    10 

24    10 

25    10 

26    10 

27    10 

28    10 

29    10 

30    10 

 Average AM    27 

GM    21 

AM  155 

GM  128 

AM  144 

GM  135 

AM    34 

GM  25 

 

 

http://en.wikipedia.org/wiki/Probability
http://en.wikipedia.org/wiki/Test_statistic
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Table 4- 14  This figure shows ANOVA test results (using the SPSS 

programme) relating to a comparison of the autumn and the other seasons. 

  

  
 
  
 
 
 
Table 4- 15 Radon concentrations in different seasons for HMO and HTU 

houses in  Hamadan.  

 

   
 
 
 
 

 

4.3. Radon Concentrations in Sitting Rooms and Bedrooms 
 

Table 4-17 shows all-year measurements of radon concentrations that 

were conducted in 39 buildings located in Hamadan city. In each building, 

two detectors, were exposed. The minimum value of exposure to radon gas 

in the examined buildings was 4 Bqm-3 in a sitting room and the maximum 

 Sum of 
Squares 

df Mean 
Squares 

f Sig 

VAR4 Between Groups 

      Within Groups 

              Total 

7774.771 

1167.667 

8942.438 

5 

10 

15 

1554.954 

116.787 

13.317 0.000 

VAR1  Between Groups 

             Within Groups 

              Total 

137116.275 

15736.883 

152853.158 

5 

13 

18 

27423.255 

1210.529 

22.654 0.000 

VAR2  Between Groups 

             Within Groups 

              Total 

31071.583 

3388.667 

34460.250 

4 

7 

11 

7767.898 

484.095 

16.048 0.001 
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value was seen in a bedroom with value of 364 Bqm-3. Arithmetic mean 

radon concentrations in the sitting rooms and bedrooms were 63 ± 60 and 96 

± 80 Bqm-3 respectively. Also geometric mean radon concentrations were 32 

Bqm-3 with a geometric deviation of 4, and 70 Bqm-3 with a geometric 

deviation of 2.4 for sitting rooms and bedrooms respectively. A T test were 

carried out using the SPSS programme between sitting rooms and bedrooms 

that showed differences between the two mean radon concentrations with a 

P-value <0.001 (Table 4-16).  

 

 
Table 4- 16 Statistical test result using SPSS programme for sitting rooms 

and bedrooms during 2005 to 2006.  

  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

One-Sample Test 

 T-Test                                        

 

t df Sig. (2-tailed) 

Mean 

Difference 

95% Confidence Interval of 

the Difference 

 Lower Upper 

VAR1 5.106 37 0.000 62.84211 37.9051 87.7791 

VAR2 7.380 38 0.000 95.51282 69.3143 121.7113 
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Table 4- 17  This table shows radon gas measurements in Bqm-3 for sitting 

rooms and bedrooms in Hamadan city. 

   

 
 
  
 

 

 
 

No Sitting  
Room 
 

No Sitting  Room 
 

No Bedroo
m 

No Bedroom 

1 26 21 114 1 91 21 163 

2 25 22 90 2 77 22 123 

3 13 23 81 3 38 23 112 

4 14 24 40 4 38 24 101 

5 13 25 30 5 26 25 140 

6 13 26 30 6 13 26 70 

7 12 27 20 7 13 27 70 

8 4 (LLD) 28 20 8 13 28 70 

9 360 29 20 9 364 29 60 

10 184 30 20 10 224 30 60 

11 169 31 10 11 210 31 40 

12 128 32 10 12 180 32 60 

13 124 33 10 13 176 33 60 

14 109 34 10 14 165 34 40 

15 71 35 10 15 143 35 30 

16 60 36 10 16 94 36 30 

17 34 37 10 17 60 37 20 

18 205 38 10 18 56 38 10 

19 162   19 257 38 10 

20 117    20 218 39 10 

 Average  AM   63 ± 60 

GM   32 ± 4 

 Average  AM  96 ± 80 

GM  70 ±2.4 
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Figure 4- 18 Variation in radon concentrations for seasons for HMO and HTU 

houses in Hamadan city. Means are shown with green colour and purple for 

whole year for AM and GM. 

 
 
 

4.4. Radon in Schools 
 

Radon concentrations in schools are important due to the fact that 

children are more susceptible to radiation induced damage (Toth et al. 1997). 

And they spend many hours in school. Due to the characteristic cold weather 

in Hamadan in the winter, children may be exposed to high radon 

concentrations and receive a high dose of radiation. 

In schools in Hamadan city, time averaged radon tests were carried out 

using CR-39 solid state nuclear track etch detectors which were left in place 

for 40 and 60 days, in a typical classroom, on a ground floor of the schools. 

These radon investigations were conducted during the spring of 2009.  

In total radon concentrations were measured in 9 schools. The results 

from these radon measurements in Hamadan schools are shown in Table 4-
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18. The minimum value recorded was 30 Bqm-3 and the maximum value a 

significant result of 639 Bqm-3. Pupils in schools in Hamadan city, whose 

ages range from 11-18 years, arrive at their schools at 7.30 a.m., and then 

spend 6 hours there. In each school, one SSNTD was put in an appropriate 

place out of the reach of the children. 

 In this assessment two styles of CR-39 detectors were used, 

purchased from Radon One UK limited (originally made by Gammadata) and 

Radosys, KU(Micro) Radon (the Kingston University lab is now called this) 

supplied from Hungary and Gammadata. After etching, the number of tracks 

on the detectors was read using the RadoSys automatic scanner. The radon 

concentration then is correlated with alpha particles emitted from radon gas 

which creates the initial tracks on the surface of the plastic film.  

The total annual collective dose to the average child as calculated in 

these schools is 2.1mSv and 1.1mSv for arithmetic mean and geometric 

mean respectively, for radon concentrations of 339 Bqm-3 and 178 Bqm-3 

respectively. The radon levels in the schools in Hamadan city measured in 

2009 show a notable spread of values. However, five schools in the northern 

part of the town were above the UK Action Level for workplaces (400 Bqm-3) 

and  four schools in the southern part were below the 200 Bqm-3 homes 

thresholds (figure 4-19). The spatial variation in radon activity in the soil 

causes variations in radon concentrations by as much as a factor of 30 over 

a distance of 10 metres (Beaumont 1974;  1993). Therefore, this may be a 

contributory factor causing the radon levels to vary in different schools and 

even in different classrooms of the same school. The maximum dose and 

minimum dose received by pupils are 4 mSv and 0.2 mSv. Figure 4-21 
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shows a distribution map of the schools in Hamadan city where 

measurements were taken.  

 

 

Table 4- 18 A list of radon concentrations measured in schools in Hamadan 

city. 
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Figure 4- 19 Histograms of radon results for schools in Hamadan city, red 

colour for AM and purple for GM. 

 

 
 

A total of 9 measurements of indoor radon gas concentrations in 9 

schools, were conducted in selected dwellings after gaining permission from 

the responsible authorities. 

 Another possible reason why there was variation between schools 

where the radon is concerned could be the condition of the buildings, with a 

number having cracks in foundations / floors etc. It was interesting to note 

the extent of variation highlighted above with results being either high or low. 

This could mean that some of the detectors may have been stored 

incorrectly prior to exposure, but this is difficult to prove. 
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Figure 4- 20 Map showing location of schools tested for radon in Hamadan 

city, the blue colour is for low radon concentrations (60 Bqm-3) and the red 

colour represents high radon concentrations (more than 500Bqm-3). 

 

 
 
4.5. Radon in Hamadan’s Hospitals 
 

Indoor radon concentration measurements were carried out in 4 

hospital buildings in Hamadan city in Iran. Figure 4-22 shows the hospitals 

where measurements of radon radion were made.  

The oldest hospital-the Ecbatan Teaching Hospital, at the Medical 

University of Hamadan, was built about 60 years ago, and is represented in 

Table 4-19 as HE I. The modern hospital Besat, (Hospital II in the table) was 
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built four years ago / or at least the construction was completed at that time. 

The third, Mobasher Teaching Hospital, Medical University of Hamadan, was 

completed 25 years ago (when it changed from being a government building 

to hospital) and is labelled as HM III .The fourth hospital was built 20 years 

ago near the mountainous Alvand area and is labelled as HA IV on the table. 

Hospital I was constructed with traditional brickwork and the use of stone and 

cement. The old style was kept and most windows and doors have never 

been changed, which were made with traditional methods using woodwork 

and steel. Hospital III was built using a reinforced concrete framework filled 

in with bricks. Single glazed windows and doors were used in this hospital.  

Hospital II is built mainly with a concrete with steel frame and the windows 

are energy efficient (of high air tightness). All four hospital buildings are 

equipped with central heating systems and a ventilation system. 

The measurements of the radon concentrations in the ground floor 

level in the hospitals were made at 4 sites. The results obtained ranged from 

60 to 862 Bqm–3. The arithmetic mean (AM) radon concentration in these 

hospitals was 516 Bqm–3 and with a geometric mean (GM) value of 360 

Bqm–3. The results are shown in Table 4-19 and in figures 4 -21. 

 The minimum radon concentration is seen in HA IV near the 

mountainous area with 60 Bqm–3 and the maximum values were found in the 

new modern hospital in the city. These differences may be explained by the 

underlying geology but may also be influenced by the construction of the 

buildings and (at least in part) by the use of different detector suppliers. This 

needs more investigation, but if this difference is due to geology it strongly 

suggest the important role that the porous alluvial fan deposits may be 
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playing. It may be significant that the alluvial fan thickens from the Alvand 

mountain area. Another factor to consider is natural air circulation within the 

buildings, which may be retricted in the new hospital which has modern 

windows.  

The quantity of radon flowing in from the ground to the ground floor in 

individual hospital buildings also appears to depend to some extent on the 

tightness of the foundations and the concrete layer which makes up the floor 

in the hospital. Although the building technologies were different in each 

hospital, radon concentrations in the three of the hospitals were similar, and 

higher than the Action Level that is defined by the UK HPA. Other 

technological differences between the different hospitals particularly between 

the oldest and the newest hospitals (Hospital I and Hospital II) such as the 

nature of building materials in walls, different kinds of plaster, glazing, and 

terracotta and window tightness also merit further attention. 

In three hospital buildings, the measured indoor radon concentrations 

were particularly high, for two months during the spring season of 2009. Low 

values of indoor radon concentration are very favourable as regards 

radiological protection. On the other hand, it is very difficult to observe any 

small differences in radon concentration resulting from the buildings‘ age 

when the values are so high. Hospital II, the newest one, was built in 2007 

using new technologies and the materials available on the Hamadan market. 

It could be expected that this distinctiveness of building techniques and 

materials would cause noticeable differences between radon concentrations 

registered in this new hospital and the older ones. 
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 However, the obtained results show that there are noticeable 

differences in radon concentration measured on the ground floors in all the 

hospitals and homes examined (see Table 4-19 and Figure 4-21). The data 

that has been obtained from this work has shown that more than 75% of 

hospital buildings have radon concentrations of more than 400 Bqm-3. The 

annual effective doses for staff spending 11 months (taking into account one 

month annual holiday leave) working in hospitals is 3.5 mSv.  

 

Table 4- 19 A list of radon concentrations measured in hospitals in Hamadan 

city. 

  

  
 
 

 

 

This annual radiation dose is calculated from the geometric mean value 

of 335 Bqm-3 assuming that workers spend 8 hours per day in the hospital. If 

the dose is taken into account for individual hospitals, doses received by 

hospital staff are, 5.35, 8.31, 5.64 and 0.58 mSv for radon concentrations of 

values 555, 862, 585 and 60 Bqm-3 respectively (see figure 4-21).  
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Figure 4- 21  Radon concentrations illustrated for main hospitals in Hamadan 

during the spring periods, red colour for AM and purple for GM. 

 
 
 

   
 
Figure 4- 22 Location of hospitals tested for radon in Hamadan, red colour 

for high radon concentrations (more than 500Bqm-3) and blue for low radon 

(less than 100Bqm-3). 
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4.6. Radiation Values Recorded Within Alisadr Cave 
 

 4.6.1. Measurements Made with the Sarad Doseman 

 
In order to measure the radon gas concentrations inside the Alisadr 

show cave, a preliminary check was made, using an electronic device. The 

Sarad Doseman is an electronic detector which is sensitive to alpha particles 

and adjusted for one hour measurement periods. This detector was placed 

on the soil surface, above the water levels inside the Alisadr show cave. The 

results for four locations in the cave were obtained and are shown in Table 4-

20. The short-term screening data collected from Alisadr show cave 

demonstrates that the minimum radon concentration registered was in the 

entrance area, with a concentration value of 600 Bqm-3. The maximum 

concentration of 4800 Bqm-3 was at the end of cave, far away from the 

entrance. The arithmetic mean value was 2400 Bqm- 3 and the geometric 

mean value was 1915 Bqm-3 (see Table 4-20).  

 

Table 4- 20  Sarad Doseman measured radon gas concentrations in Alisadr 
cave.  
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4.6.2. Radon Measurements Taken Within Alisadr Cave 

Utilizing CR-39 Detectors 

 
The results of radon gas concentration measurements in Alisadr show 

cave shows that values have significant variations in different locations in 

the cave system.  Measurements were taken at the main entrance and then 

sequentially at 100 metre intervals progressively entering deeper and 

deeper into the cave. In total 12 detectors were located in the cave, 

extending over a distance of 1,000 metres into the cave system. CR-39 

detectors were used at each location so that long-term radon gas 

concentration measurements inside the show cave could be obtained.  

These long term radon concentration measurements indicated a minimum 

value of 493 Bqm-3 and 574 Bqm-3 for the entrance area in the winter and 

spring seasons respectively.  

In general the data obtained from the detectors showed that 

concentrations increased progressively as the distance into the cave 

system increased. The  maximum concentrations  were present close to the 

end of  the cave  where values of  values of 2689 Bqm-3  and 4317 Bqm-3  

for winter and spring respectively were obtained The relationship between 

the distance from the main entrance and radon concentrations is shown  in 

figure 4-22 and 4-24. 

The arithmetic average radon concentration in the winter and spring 

were 1541 Bqm-3 and 2280 Bqm-3 respectively (see Tables 4-21, 4-22, and 

4-23 as well as histograms figure 4-23, 4-25).  

The absorbed dose for visitors, who spent 4 hours queuing for a boat 

to travel inside the cave and spent a typical amount of time inside the cave 
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was 0.072 mSv per visit in the spring and 0.049 mSv per visit in the winter. 

Hence, the average absorbed dose by visitors is 0.06 mSv.  However, the 

staff who guide visitors in the cave and typically work for a12 hour day in 

the busy season and a 7 hour day at other times such as the winter  when 

there are fewer visitors, the absorbed dose was estimated to be 14.48 mSv 

in the spring season and 2.45 mSv in the winter. This is based on an 

assumed 800 hours spent in the cave in the spring season and 200 hours in 

the winter season. During the summer season they are likely to be exposed 

to aboutt 2400 Bqm-3 (based on 12 hours work/ day for 6 days a week). 

Calculations for the autum indicate that they will receive a dose of 

about17.1 mSv and for the autumn season (when they are likely to work for 

about 400 hours), the indicated dose is equal to 0.16 mSv. The average 

seasonal absorbed dose is 4.3 mSv while the average annual effective 

dose for guides is 34.2 mSv, due to the fact that summer and spring are 

busy seasons; whilst inwinter and autumn they will spend less time in the 

cave as there will be fewer visitors.  

The absorbed dose based on  the geometric mean value is 0.14 mSv, 

2.2 mSv, 12.05 mSv and 13.7 mSv for the autumn, winter, spring and 

summer seasons (45, 1396, 1898, 1915 Bqm-3).  
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Table 4- 21 Long-term (CR-39 based) radon concentrations in Alisadr show 

cave during the winter season. 

 

   
 

 

 

 The average annual effective dose for guides determined using the 

geometric mean value is 28.1 mSv. Figure 4-27 shows map of location of 

tested radon concentrations inside Alisadr cave. 
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Table 4- 22 Long-term (CR-39 based) radon concentrations in Alisadr show 

cave, during the spring season. 
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Table 4- 23 Radon gas concentrations through the year in Alisadr cave. 
 
 

 
 

 
 
 

 

  
 

Figure 4- 23 Histograms of radon concentrations inside the cave during the 

spring.  
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Figure 4- 24 Distributions of radon concentrations inside the Alisadr cave 

during the spring. 

 
 
 
 
 

  
 

Figure 4- 25 Histograms of radon concentrations in the Alisadr cave during 

the winter. 
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Figure 4- 26 Radon concentrations in the Alisadr cave during the winter 

period. 

 
 
 
 
 

 

 

Figure 4- 27 Map of locations of CR-39 detectors in Alisadr Cave, blue colour 

represent water and red the detectors locations.  
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4.7. The Qanats System in Iran 
 

Due to the lack of modern energy sources and the nature of past 

technology, people living in the arid zone of Iran have been challenged by 

the need to obtain water for drinking and irrigation. Because of the existence 

of relatively small amounts of water in many parts of Iran, cover is sparce 

and large areas of bare ground are present. According to Beaumont (1993), 

Iran‘s arid zone may be divided into four regions: namely, the uplands, the 

alluvial fans, the alluvial plains and the salt lakes (salt desert). These regions 

can be observed very clearly in Iran. 

The uplands zone is characterised by the presence of resistant rock 

types and steep slopes and experiences severe climatic conditions in winter. 

The alluvial plain is situated at the margin of an alluvial fan zone with 

approximately zero slopes and the final region is the salt desert. The alluvial 

fan zone is seen at the margin of the uplands and commonly has angles of 

slope between 3° and 15° and is covered with coarse sedimentary materials. 

Due to water shortages in the arid zone of Iran, in areas such as Yazd, 

Kerman and Khorrassan provinces, qanats have been used to resolve water 

supply issues. Increasing population together with agricultural expansion, 

has greatly increased the amount of water required for domestic, industrial, 

and agricultural (especially irrigation) purposes. Local surface and 

subsurface water resources are insufficient to meet growing needs 

throughout many regions in Iran. In urban and rural areas water demand for 

drinking and irrigation continue to grow and a lack of irrigation water will 

probably force farmers off the land and increase food imports into the country. 

Qanats are gently sloping subterranean tunnels constructed on the slopes of 
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alluvial fans and along alluvial valleys through permeable sedimentary rock 

to intersect the underground water table and penetrate the aquifer beneath 

the surface (Beaumont 1993). Qanats are essentially groundwater collection 

systems which bring water to the surface and support settlement in regions 

where no other traditional water technology would work. Most of these 

gravity-flow tunnel-wells are about five kilometres or less in length (English 

1966; English 1998). The longest, however, extend 40 or 50 kilometres 

beneath the ground surface  before surfacing at a settlement (Beaumont 

1974,  1993). The cross section of a qanat tunnel is roughly one-and-one-

half metres high and one metre wide, large enough to provide room for men 

to work.. Every 50 to 100 metres along its route, vertical shafts are dug from 

the surface down to the qanat which may be at a depth of anywhere from 

<10 to >100 metres. These shafts allow air to enter the qanat and also 

enable excavated soil to be removed from the tunnel and lifted to the surface. 

Recent estimates suggest that around 10–12% of 70 billion cubic metres 

(BCM) of total groundwater supply in Iran, (8.6 BCM) is supplied by qanats – 

and that this water supports over 14% of the total agricultural production in 

the country. Thus, restoration and maintenance of qanats plays an important 

role in improving productivity and incomes of communities and settlements 

dependent on qanat systems. 
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Figure 4- 28 Schematic cross section through a typical qanat 

 
 
 

4.8. Radon Values Recorded in Wells in Hamadan City 
 

Throughout Hamadan city there are a substantial number of wells 

associated with qanats. Frequently these wells desend to the groundwater 

table and are used as a source of water for the local population. As radon 

gas is known to move in groundwater, it seems likely that radon may be 

entering the city through this hydraulic system. Therefore mesurements of 

the radon levels in a number of these well has been undertaken.   

 The atmospheric radon concentration in wells immediately above the 

water surface was found to be between 3,000 Bqm-3 to 36,600 Bqm-3.  This, 

according to the NRC (1999), could translate to a radon in water 

concentration between 30,000 and 366,000 Bql-1. These are very high 

concentrations and would pose a significant health threat if ingested. Table 

4-24 and 4-25 shows the average radon concentrations found in the wells. 

As the wells that were investigated were of different depths the data has 

been arranged by well depth.  The maximum radon concentration was noted 

at 7 metre depths (see Figure 4-29). The arithmetic mean radon 
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concentration was 11261 Bqm-3 while the geometric mean value was 7435 

Bqm-3.  Figure 4-31 shows a plan layout of the city with measured wells 

marked.  It can be seen from the latter figure that there is a spatial 

distribution of the radon concentrations with the highest value in the area 

where ground water levels are roughly between 6 and 7 metres below the 

surface (see Figure 4-29). Although the radon concentration in tap water 

varies, wherever well water was being used in houses the indoor radon 

concentration near bathrooms increased rapidly. This strongly suggesting 

that radon from the domestic water supply strongly influences the indoor 

concentrations of radon that have been observed. [See appendix for two 

copies of the article published by Jabarivasal and Gillmore (2008) and 

Gillmore and Jabarivasal (2010)].  Figure 4-30 shows that there are low 

radon concentrations in dry and dead wells when compared with used wells 

in which groundwater is still present.  
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Table 4- 24 Measurement results showing atmospheric radon 

concentrations for wells in Hamadan. Those marked with * are still in use 

for drinking water extraction. 
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Table 4- 25 Atmospheric radon concentrations for wells in Hamadan, well 

water with marked with a*used for drinking. 

   
 
   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  
  
 
 
 
 
 
 
 
 
 
 
 
 

No Radon (Bqm-3) Depth(m) Location 

1 1800           dry well         4 AJR 

2 10200     flowing well 4 EHM 

3 10200 4.4 MNM 

4 1200           dry well 4.5 HMM 

5 1200           dry well 4.5 TJM 

6 3300          dead well 4.5 SJS 

7 1000           dry well         5 PES 

8 3000          dead well 5 SHM 

9 4000          dead well 5 AHD 

10 4600       flowing well 5 MJS 

11 5100 5 OGF 

12 9900 5 HOC 

13 10200 5 THB 

14 11100 5 HAS 

15 12000 5 MJD 

16 21100 6 HGD 

17 9100 7 PBO 

18 11100 7 HAC 

19 14500 7 MJD* 

20 21900 7 NAM 

21 24100 7 MHM 

22 28200 7 HNM 

23 29400 7 GRM 

24 36600 7 TJM* 

25 3900         dead well 8 AJB 

26 13300 8 AJB* 

27 10600 10 AJB** 

28 2700          dead well 12 APB 

 AM         11261 

GM         7435 
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 Figure 4- 29 Histograms of radon concentrations in wells associated with 

Hamadan dwellings. 

 
 
 
 
 
 

 
 
Figure 4- 30 Distribution of radon concentrations in wells in Hamadan. Wells 

that appear in the red line area in the figure have low radon concentrations 

and represent dry or dead wells. 
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 Figure 4- 31 Map showing areas where detectors were placed in Hamadan’s 

wells. The blue colour represents dead wells; black circles represent dry 

wells: green depicts flowing water wells with medium radon concentrations 

(below 10,000Bqm-3), and red represents wells with high concentrations of 

radon gas (above 10,000Bqm- 3).  

 

 

 

 

 



164 
 

 

 

   
 
Figure 4- 32 This map shows low radon concentrations areas (below 10,000 

Bqm-3) and high radon concentrations (above 10,000Bqm-3) in Hamadan 

wells. 
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Chapter 5 Discussion  
 

Chapter five focuses on a discussion of the results obtained from 

houses, schools, hospitals and wells as well as Alisadr cave, and compares 

those results with values obtained by other researchers. Comparisons are 

made of the measurements of radon concentrations in the winter season with 

other seasons. Results are discussed regarding measurements of radon 

concentration and equivalent effective dose in the Alisadr cave for visitors 

and cave workers. 

 
 
5.1. Introduction 
 

The presence of highly radioactive radon gas concentrations in some 

types of mines has been known as a work-related hazard for several 

decades, but during the last few decades the exposure of the public to radon 

gas typically existing in houses and other dwellings has been a cause for 

some concern (Nero 1988; Miles et al. 1992; Phillips et al. 2004; Darby et al. 

2005; Miles & Appleton 2005).  

This concern has prompted this research because there was no 

information about radon levels in housing in Hamadan city, or about the 

possible sources of radon in the region.  This research project has been 

primarily aimed at investigating the presence of radioactive radon gas 

concentrations. It has covered; the methods of measurement; sources of 

radon; and the levels of radon observed in homes; methods of reducing 

levels in homes; and estimating from the indicated radiation dose the lung 

cancer risk.  
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5.2. Maps Showing Radon Concentrations 
 

Maps of radon-prone areas are an important tool where programmes 

intended to decrease risk or avoid high exposures to radon are being 

considered. Several mapping schemes have been suggested (Miles 1994; 

Miles & Ball 1996; Miles 1998; Miles & Appleton 2005), but the majority of 

them now select radon measurements in houses as their beginning point. 

The results of aerial gamma-ray spectrometry and geological data where it is 

accessible in an appropriate form at a satisfactory resolution, can help to 

improve and organise these data (Al-Tamimi & Abumurad 2001; Baykara et 

al. 2005; Gillmore et al. 2005). Where such information is not obtainable, 

only house radon measurements can be used to map radon prone-areas 

directly. 

Due to huge variations in style and design of buildings, it is difficult to 

predict and model the quantity and the distribution of radon entering into a 

particular building. In spite of constructing buildings with the same design on 

similar foundations they will have variations as regards the entry points of 

radon soil gas. Cracks in the floor and gaps around the mains cold water 

supply pipes, sewage pipes or gas pipes that run through the floor slab or 

concrete floor slab will differ from building to building constructed on the 

same site. In fact many factors are involved in the entry of radon inside 

buildings such as: 

 The concentration of radon in the soil air; 

 The natural and mechanical ventilation of the building; 

 The heating system used; 

 The structural and material design of the building; 
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 The pattern of occupancy; 

 The behavior of occupants; 

 The weather 

 The orientation of the building with respect to prevailing winds. 

 

 

 5.3. Geology  
 

 An important and practical application of geology is to identify 

dangerous natural conditions or events that create potential health risks, so 

that appropriate actions may be taken to safeguard communities. According 

to the United States Geological Survey (USGS), the average economic cost 

arising from natural hazards in the United States is estimated to be $52 

billion each year. The most obvious natural geological phenomena are 

earthquakes, landslides, subsidence, and volcanic eruptions, but the less 

obvious but more insidious exposure to radon also presents substantial 

hazards.  

 Variations in geological conditions such as variation in rock types or 

the presence of geological faults will affect radon concentrations. In areas 

where faults and earthquakes are common, the entry of radon gas from the 

floor or soil into the indoor environment will be increased, because of the 

formation of cracks. A comparison between radon levels in areas with faults 

and without faults shows that the radon levels in the two areas are often 

significantly different from each other (Varley & Flowers 1998; Gillmore et al. 

2005).  

With respect to geology the indoor radon concentration is often high 

where concentrations in the soil are also high, as is often the case in granite 
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regions, such as Hamadan. According to Varley and Flowers (1998) and 

Man and Yeung, granite areas have considerably higher levels of radon in 

the built environment (Man & Yeung 1998). Not surprisingly therefore, 

houses in high radon prone areas such as these will generally have higher 

levels than those buildings in areas where the geology is less likely to 

generate radon (Thompson et al. 1998; Kendall & Macpherson 2002; EPA 

2003; Darby et al. 2005). One should also consider that regions that 

experience cold climatic conditions may well be prone to high concentrations 

of indoor radon as house in such regions will normally be sealed against the 

cold and have less ventilation than houses in warmer areas. The cold climate 

in Hamadan in the winter season will certainly increase the chance of raised 

radon levels in the city‘s houses schools and hospitals. For both private 

home owners and the community at large realizing the potential hazard that 

may be present in such areas and improving such areas is very important. In 

countries such as the UK areas of elevated risk have been linked to the 

underlying geology. For example in Devon, Somerset, Derbyshire and 

Northamptonshire, the geology is known to correlate with raised radon levels 

and in these areas geological consultants and engineers, in theory at least, 

provide assessments regarding the likely risk and support building 

contractors in designing structures that will be suitable  to ameliorate the risk 

concerned (Denman et al. 1997). Such a network of information and advice 

does not exist in the same way in Iran.  
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5.4. Earthquakes and Radon Release 
 

Every year, many earthquakes occur worldwide but most of them are 

low in magnitude. In the UK for example, there are approximately 25 

earthquakes per year, but they are generally below a magnitude of 2.5. 

Earthquakes are generally concentrated along tectonically active plate 

boundaries where several faults exist, usually near the edges of continents. 

The geologic activity in the area is generated by the shifting of the plates 

underneath the adjacent region.  

The recognition of the role of plate tectonics within the field of geology 

is a key step in explaining how and why earthquakes occur. The significance 

of earthquakes is that radon peaks have been noted both prior to and post 

earthquake activity. (Khan et al. 1990; Waltham 1991; Gillmore et al. 2001; 

Crockett et al. 2006). As earthquake activity is known in the Hamadan region 

it is likely that it may influence radon level in the area (Gillmore & Jabarivasal 

2010). 

 

5.5. Radon Hazard 
 

One of the natural pollution hazards that can be found inside the home 

is radon gas. As exposure to radon can result in fatal lung disease many 

countries have made or are making efforts to reduce the exposure of their 

population to this gas. Radon and the parent element radium in rocks that 

have high uranium content, such as granites, some shales, and metamorphic 

variations of these rocks. According to the EPA, radon is a carcinogen to 

humans, and its existence in indoor air is responsible for approximately 

15,000-20,000 lung cancer deaths each year in the United States and 
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between 2,000 to 3,000 deaths in the UK (Nero 1986; Wrixon et al. 1988; 

Lubin 1994; Lubin et al. 1994).   

Although there is little work published on indoor radon concentrations in 

Iranian homes and workplaces in the international scientific literature (an 

exception being Hadad et al., 2007), some data can be found via less readily 

available sources, examples being Taghizadeh and Eftekharnejad, Sohrabi 

et al., and Samavat (Taghizadeh & Eftekharnejad 1968; Sohrabi et al. 1990; 

Samavat 2002). To improve the amount of information on radon levels in 

iran, a series of long-term measurements of radon concentrations have been 

carried out in western Iran , in and around the centre of the city of Hamadan ( 

See Figures 3.2), Prior to this research Hamadan was a city not known to 

have a radon problem.  

The indoor radon concentrations measured in the dwellings of 

Hamadan, are shown in Table 4-15.  Observations have been taken from 

September, 2005 through to August 2006. This table presents the results of 

the radon measurement concentrations in two-storey houses for one full year. 

It can be noticed from this table that the average annual radon 

concentrations are higher on the ground floor (all radon measurements for 

sitting rooms and bedrooms were made on ground floors) in winter seasons 

than other seasons. The highest radon concentrations of 364 Bqm-3 was 

observed on the ground floor in winter and the lowest of 4 Bqm-3 was 

observed during the autumn season. The first 3 month exposure period was 

from October to December, the second from January to March, the third from 

April to June, and the fourth from July to September.   
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The average temperature in Hamadan during the first quarter (October 

to December which equates to winter) was about -10⁰ C with a range of +10 

to minus 32°C.  During the second quarter (spring) the average temperature 

was about 15°C with a range of +5°to +30°C during the third quarter 

(summer) mean temperatures were about +30°C with a range of +25° to 

+40°C along with dry weather. Finally, during the fourth quarter (July to 

September representing the autumn) temperatures Averaged +20°C with a 

range from+10° to 30°C. The ratios of the mean radon concentrations 

between the winter quarter and other seasons in the two-storey buildings 

were 5.7, 1.1, and 4.6 for autumn, spring and summer respectively. The 

maximum mean radon concentrations were found inside houses during the 

winter season. This has been attributed to the reduced amount of ventilation, 

during the cold weather. The reduced ventilation of houses is an important 

factor in the build up of radon concentration inside the dwellings. In contrast, 

during the summer and autumn the weather is warm and the residences are 

more frequently ventilated with people opening windows and doors to 

improve the indoor environment.  

There is also another very important factor to consider in Hamadan city 

which is the wind. The wind blows during the autumn increasing ventilation 

inside the houses. Winds are thefore likely to reduce indoor radon 

concentrations, though under certain circumstances the wind may induce low 

pressure in houses and draw more radon from the underlying soil.  

In the houses where the radon measurements were made there were 

no artificial ventilation systems, ventilation ducts or fans. The decrease of 

indoor radon levels from June–August. i.e. during the period of  hot and dry 



172 
 

weather, could be explained by an increased frequency of opening windows 

by the residents (Doi et al. 1994).  

It is evident from Table 4- 4 from GWB1, GWS2, GWB3, GWB4, and 

from Table 4-7 GSpB1, GSpB2 and GSpS3 that these dwellings in Hamadan 

show comparatively high concentrations of radon. In total 10% of the houses 

in the survey possessed radon concentrations greater than the UKAction 

Level which is defined as a yearly averaged value of 200 Bqm-3or more. The 

high values found in Hamadan may be because the floors in these dwellings 

are covered with low quality materials and they have quite poor ventilation. In 

more modern houses with, concrete floors there may well be reduced 

opportunities for radon to entering in to the rooms from the soil, thus giving 

comparatively lower radon concentrations.  

The buildings that were examined are located in a mountainous areas 

and the weather these high altitude areas experience is cooler than on the 

plains The differences in temperature between the two areas is about 10 °C 

and this variation in temperature will undoubtedly changes the times and 

frequency of opening and closing doors and windows and will therefore 

change the pattern of ventilation. The radon concentration in the winter 

season, (Table 4-4) varies from 34 to 364 Bqm-3. The dwellings of GWB1 

and GWS2 show the highest concentrations (364 and 360 Bqm-3) as 

compared to all other dwellings in the city where the radon concentrations 

have been measured.  Because of quite poor ventilation conditions and the 

use of using low quality materials for the floors, it is not that surprising, that 

high radon concentrations are present.  
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Radon concentrations measured during the spring season in Hamadan 

city (Table 4-7), shows variation from 81 to 257 Bqm-3. The dwellings GSpB1, 

GSpB2 and GSpS3 show high radon concentrations compared to all other 

dwellings in the spring. This may be because of their location in the 

mountains where conditions will be cooler so that the residents keep 

windows and doors closed more frequently during the spring season. As 

spring in Hamadan city has more rain than in the earlier season, it might be 

expected that there would be a change in the radon concentrations when 

compared to the summer and autumn values.  

Radon concentrations in the summer season (Table 4-10), range from 

10 to 140 Bqm-3. The maximum value was found in household GSuB1. This 

value was measured in a bedroom basement in a house near to the 

mountainous area. Borak et al., 1989 in the United States America shows 

that basements often have higher radon concentrations when compared with 

ground floor rooms (Borak et al. 1989). 

 In the autumn season the radon concentrations range from 4 to 91 

Bqm-3. The highest value was recorded in a bedroom in house GAB1 which 

is located in the mountainous area (Table 4-1). This is probably because of 

its quite poor ventilation conditions (it has only a single door and no other 

ventilation) whereas in a similar house (GAS16) less radon is present 

because of its relatively good ventilation conditions (with opening windows 

and doors). 

 The large variations of indoor radon concentrations between different 

dwellings in Hamadan city can be mostly explained as being due to different 

ventilation rates, variations in the nature of the soil underneath the houses 
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and particularly as a consequence of local geological and hydrological 

condition. 

The ANOVA test performed using the SPSS programme between 

seasons, shows that there is significance at a 99% confidence level with a P-

Value < 0.001 between mean radon concentrations in the autumn and other 

seasons. Because of wind strength and direction during the autumn season 

and high temperatures during this season most residences had open doors 

and windows during the day and night, therefore ventilation is increased 

which leads to a reduction in amount of radon inside the house (Table 4-14). 

When compared to the spring, this seaon has more rain and the radon 

concentrations are lower. The main factor involved in producing differences 

between radon levels in these two seasons is probably the wind, which blows 

from the west to the east, i.e from the mountainous area towards the plain. 

  The results presented in Table 4-17 shows that average radon 

concentration in the bedrooms in dwellings of Hamadan, is 1.5 times higher 

than that of the sitting rooms: the relevant values being 97 and 65 Bqm-3, 

respectively. The radon concentrations in the bedrooms were statistically 

significantly higher than in sitting rooms. The significant differences between 

mean radon concentrations in sitting rooms and bedrooms has a 99% 

confidence level with a P-value <0.001. (Table 4-16). Since the outdoor 

radon concentrations are generally lower than those in buildings, ventilation 

in houses plays an important role inmodifying the accumulation of indoor 

radon inside homes. Houses with more residents will usually have more 

people moving in and out of sitting rooms as compared with bedrooms. Thus 

because of the greater movement of people in and out of sitting rooms,  
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radon concentrations are often lower in sitting rooms than than in bedrooms, 

because the rate of ventilation is lower in the bedroom.  

Marley (1999) has reported that forced fresh air (mechanical 

ventilation) significantly decreased the radon concentration (Marley 1999) in 

the buildings he examined. 

On the other hand, the relatively high-radon concentration of 364 Bqm-

3detected in a bedroom of one building is probably related to restricted 

ventilation and the different geology in the area. On the whole, radon 

concentration varies from one room to another by a factor of 1.5 - 2 and may 

be explained by human activities and/or the building characteristics (i.e. room 

volume, presence of water pipes, chimney ducts, and similar features). 

During a sleeping / resting period, windows and doors are usually 

closed and the radon concentration can rapidly increases as radon will 

continue to enter the room whilst little will be able to leave owing to the 

reduced ventilation. Radon concentrations will decreases again if windows 

are opened. 

In cases where the occupants ignored recommendation to open 

windows as much as reasonably practical, it may be the case that occupants 

including children will spend long period of time in rooms with enhanced 

radon concentrations. In a similar study in India Khan et al., 1986 observed 

that the radon concentrations in dwellings varied ranging from 76 Bqm-3 on 

the ground floor to a value of 54.5 Bq m–3 (Khan et al. 1986).  Borak et al., in 

a study that measured radon concentrations in the ground floors of houses in 

the USA showed that the mean radon gas concentration was around 80 

Bqm–3 (Borak et al., 1989). These results are similar to the results obtained 
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in Hamadan. They also showed that there was a large variation in radon 

concentrations, between the basement and ground floors.  

In general, the radon levels in both the bedrooms and sitting rooms of 

houses in the mountainous area was higher than the radon levels recorded 

in similar properties in the other parts of the  city. This behaviour may be due 

to variation in the geology and soils in the west and south-west of Hamadan 

city when compared to the geology and soil materials present in the north 

and east. In most locations, radon concentrations in the winter season are 

higher than its concentrations in the summer season. As mentioned before, 

this may be due to ventilation processes during the summer time and heat 

energy conservation during the winter. 

The aim of measuring radon gas concentrations in schools was to 

gather primary information about radon levels in this city, to which children, 

who are more sensitive to radiation than adults, are exposed. A Workplace 

Reference Level of 400 Bqm- 3  is set down in international legislation and 

applies to schools, hospitals etc.  However in the case of schools, the 

national legislation of some countries due to children being more sensitive to 

radiation, has recommended that, wherever possible, radon concentrations 

should be reduced to below 200 Bqm-3. In Iran up to date no Reference 

Level (Action Level) has been suggested. 

The measurements of radon concentrations in 9 schools of Hamadan 

were carried out in 2009, and indicated a mean value of 339 Bqm-3. In some 

areas the 222Rn concentrations were higher than Action Levels which is here 

defined as 400 Bqm-3. The results of radon concentration surveys in schools 

in Hamadan in this study shows 56% of the readings were higher than 400 
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Bqm-3 and 11% more than 600 Bqm-3. The results (Table 4-18) reveal a 

maximun value of 639 Bqm-3 and a minimum value of 30 Bqm-3. The 

indicated arithmetic mean is 339 Bqm-3 and the geometric mean 178 Bqm-3.  

Cracked floors in older schools could account for the higher radon level 

noted in them. In five cases, high radon concentrations were found in 

schools in the mountainous area. These levels are proabaly a consequence 

of the geology linked with cracks in the concrete floor slab. In contrast the 

four schools with low radon concentrations were located in the plain areaof 

the city. 

 Any old building is likely to allow radon to enter from the sub-soil as it 

is known that cracks through the building shell, caused by shrinkage, ground 

packing or earthquakes, represent important routes of radon gas entry (Scott 

1988), and the presence of cracks will almost certainly increase as the 

buildings get older. Thus, it is reasonably to expect that old buildings are 

likely to present larger and more numerous cracks than modern ones 

(Malanca et al. 1993).  In 1992, Malanca et al., showed that radon levels in 

castles and other ancient buildings are higher than levels measured in 

ordinary edifices (Malanca et al. 1992). 

The annual effective equivalent dose taking into account the arithmetic 

mean, is estimated to be 2.8mSv in this study and if the geometric mean is 

used  this is estimated as 1.5mSv. Therefore, if one takes into account these 

mean it is clear that the annual home exposure dose experienced by many 

people is considerably in excess of the ICRP recommended maximum dose 

for a member of the public.  
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In the four main hospitals measurements of the radon gas 

concentrations made in this study indicated that, the mean radon 

concentration was 516 Bqm-3 with total effective equivalent doses of 2.5 

mSv. Only one hospital measurement was lower than the UK Action Level 

(Table 4-19).  

It is important to note that , Hamadan is built on alluvial fan deposits 

(Gillmore & Jabarivasal 2010).  Solomon (1993), and Black and Solomon 

(1996)  have noted that there was potential for higher indoor radon levels on 

Holocene (Quaternary era) alluvial fans which are derived from black shales 

and metamorphic bedrocks along the Wasatch Range Front, Provo-Orem 

area, Utah, USA (Black & Solomon 1996; Solomon et al. 2005; Smethurst et 

al. 2008). Recent reports have highlighted the importance of other superficial 

deposits (e.g. fluvio-glacial sands / gravels) when constructing radon 

potential maps from geological data. Quaternary sediments in the Sudetic 

Mountains in Poland have been classified as having intermediate radon 

potential (Przylibski et al. 2008) whilst in the UK superficial sediments are 

described as being responsible for 5% of indoor radon variability with 

bedrock geology responsible for 24% (Appleton et al. 2008). Concettina et al. 

(2008) go as far as to state that the texture of the rock / sediment 

(granulometry as they describe it) is the primary control of indoor radon 

concentrations, rather than lithological (rock formation) type (Concettina et al. 

2008).  

Breitner et al. (2008) noted that homes built on Finnish eskers 

(elongated sinuous ridges of fluvio-glacial sands and gravels) were radon 

prone, and that 59% of homes built in their study area on the Hollola esker (a 
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sand deposit), were above the Finnish reference level of 400 Bqm-3 (Breitner 

et al. 2008). The latter authors also attempted to characterize the source of 

radon from these eskers (in this case uranium and thorium bearing minerals, 

monazite (phosphate of thorium) and xenotime (yettrium orthophosphate), 

and concluded that non-leachable radium (which made up 56% of in situ 

radium) contributed 32% of the radon emanation, whilst the emanation from 

the leachable radium (which was 44% of the total) contributed 68% to the 

emanation (Auvinen et al. 1998). Significantly, in situ (natural) radium could 

not fully account for the radon concentrations recorded in the homes in their 

study. The nature of the source rocks in such deposits may be significant, 

with granitic, metamorphosed and mineralized material (as in the case of the 

Hamadan fans) providing a potential source for uranium / radium  (Miles et 

al. 1992; Ball & Miles 1993; Maanijou & Aliani 2001).   

The underlying geology of Hamadan consists of Quaternary porous 

sands and gravels with silts deposited by alluvial fans, which overlie solid 

bedrock geology. The latter consists of Oligo-Miocene karstic (irregular 

limestone) limestone which outcrop (rock formation at surface) as higher 

ground to the south-east, within the city. To the south and west the surface 

geology is represented by Jurassic schists (crystalline rock) and hornfels, 

with high ground being made up of intrusive igneous rocks, mostly granites 

dated to the Late Cretaceous (Berberian & Berberian 1981).  Hamadan is on 

the Sanandaj-Sirjan plutonic belt and within a 100 km north-east of the Main 

Zagros Reverse Fault (Berberian 1981), along and to the south of which 

many shallow earthquakes occur (Ambraseys & Melville 2005). According to 

the latter author, Hamadan lies in his zone 2 earthquake risk region, where 
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earthquakes of magnitude 7-8 are possible, although rare.  The city has a 

history of earthquake activity (Gillmore & Jabarivasal 2010). The last 

earthquake, in Hamadan province was in March 2009 and had a magnitude 

of 2.7. It is interesting to note then that Crockett et al. (2006) highlight the 

potential value of atmospheric radon testing in earthquake prediction 

(Crockett et al. 2006). Indeed, there has been an increased interest in very 

recent years in raised radon levels being used as a possible earthquake 

precursor (Hiromasa 1978; Metz 1989; Fleischer 1997; Planinic et al. 2004).   

Hamadan has a large population of more than 700,000 living in a 

variety of different house styles. Most of the dwellings are constructed as two 

storey buildings. Three types of houses can be observed. Modern buildings 

are built on a solid concrete base, with open clay tile / brick walls, a steel 

framework and sometimes clad on the outside with slices of polished 

decorative stone such as granite. In contrast, the older buildings are 

constructed of stones and fired bricks. In the poorer areas some buildings 

are made from mud brick (adobe) and the rest are made with stone and fired 

bricks. Modern buildings often have their walls covered with clay and lime on 

the inside and then painted. Many modern houses utilize double glazing, but 

the older homes are usually only single glazed (see Tarhá-e taws Hamadan, 

1984, for details on Hamadan housing and households).  

More than 80% of the total dwellings in Hamadan are of the older style 

and such buildings will naturally have more cracks in the floor at ground level 

when compared to relatively new buildings. Therefore, it is reasonable to 

expect higher radon concentrations in such buildings. If many homes are 

found with high radon concentrations, this would suggest that the bulk of the 
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housing stock in Hamadan should at the very least be tested to determine 

the quantity of radon present within them.  The evidence from this research 

indicates that many would need to be remediated if current UK guidelines 

were applied. (Remediation would be recommended if the annual average 

indoor radon concentrations were above 200 Bqm-3 for homes and 400 Bqm-

3 in workplaces). 

The climate of Hamadan might suggest that radon concentrations in 

the winter period, in most buildings could be raised (due to cold 

temperatures, closed doors / windows etc).  However, a counterpoint to this 

is that in older buildings with clay floors there is a strong possibility that the 

floors  might dry out and crack, in the summer  so that higher radon levels 

might be expected in the summer.  Hamadan (at an elevation of around 1850 

m) is found in a semi-steppic climatic zone which forms a narrow band 

around the Zagros Mountains. This zone typically experiences precipitation 

between 200-230 mm and 450 mm (the average being 315 mm, with almost 

no rain between June and September and the highest mean monthly 

precipitation in March and April (Beaumont, 1973), while winter temperatures 

can vary considerably, the coldest being around -32oC, with the average 

December temperature being -4oC (see Fisher, 1968).  In the windy and 

rainy periods that generally occur in the autumn the weather is not 

particularly cold in Hamadan itself, with average autumn temperatures in the 

region of 10ºC, with many homes maintaining open doors and windows for 

ventilation. The short summer period may experience temperatures as high 

as 39oC, but average temperatures in July are around 30oC. Strong winds 

can affect the region throughout much of the year, with north and north-west 
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winds in the spring and winter periods which are often humid. Persistent 

westerly winds occur in the autumn and there are also local winds that 

develop due to air-pressure differences between elevated areas and the 

lower plains (see Beaumont, 1973; Faraji, 1987 and Metz, 1989).  

Work published in the international scientific literature on radon in 

homes in Iran is limited as previously stated, but does include a substantial 

recently published study by Hadad et al. (2007) in northern Iran on four cities 

(Lahijan, Ardabil, Sar-Ein and Namin, also see figure 5-1).  

The average radon concentrations in these cities were (in order) 163, 

240, 160 and 144 Bqm-3. These cities are  in a region close to an area known 

for its high background radiation levels (Ramsar with its associated hot water 

springs and 226Ra / 222Rn content (Sohrabi et al. 1993; Hadad et al. 2007).  
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Figure 5 - 1 Map of Iran showing locations of Lahijan, Ardabil, Sar-Ein and   

Namin  

 

 

 The mean radon levels in houses in this study are somewhat lower 

than those present in the aforementioned cities: with the indicated values for 

Hamadan found in this study to be 80 ±79 Bqm-3 with the highest 

concentration of 364 Bqm-3 (see Table 4-4). The lowest value found in 

houses in this study was observed in a ground floor bedroom which had a 

floor covered with a better engineered clay material.  
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The double glazed property in this study (most of the data was 

obtained from single glazed properties) showed some of the lowest results in 

the Autumn, with higher results in the winter,  and spring and lower results in 

the summer period (see Table 4-2, 4-4 and 4-9).                   

 
 
5.6. Radon in Water 
 

One of the sources of the natural radiation load that affects the 

population is radon in domestic water supplies. The effective dose absorbed 

into the human body through consuming water with an activity level of 100 

Bql-1 (100,000 Bqm-3) is estimated to be 0.45 mSv / year due to inhalation 

and ingestion of radon (Hursh et al. 1965; USEPA 1985; EPA 1999c). 

Ingestion of water which includes elevated levels of radon can result in a 

significant risk of stomach cancer (Allen-Price 1960). Allen-Price (1960) 

undertook a study on the distribution of cancer in west Devon (UK) and noted 

activity in drinking water of around 500 Bql-1 (500,000 Bqm-3) due to 222Rn 

(DETR 2000; HPA 2001). Gillmore et al. (2002) measured radon in water in a 

number of mines in this region, which were in the order of 10,000 Bql-1 

(10,000,000 Bqm-3). The Health Protection Agency in the UK have noted 

radon in drinking water in Devon as occasionally being above the then 

proposed European Union Action Level of 1,000 Bql-1(1,000,000 Bqm-3) 

(Åkerblom & Lindgren 1996; HPA 2001).  International and national 

organizations have suggested limits for radon concentration in drinking 

water. The World Health Organization (WHO) recommended a reference 

level of committed annual effective dose of 0.1 mSv consumption of drinking 

water for a member of the general public (WHO 1993). In Sweden, where 
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more than 10,000 wells have a radon in water concentration above 1,000 

Bql-1 (1,000,000 Bqm-3), the mandatory boundary is 100 Bql-1 for the public 

and 500 Bql-1 (500,000 Bqm-3) for private water supplies, respectively.  

Finland has a mandatory limit of 300 Bql-1(300,000 Bqm-3), while the Czech 

Republic specifies 50 Bql-1 (50,000 Bqm-3) (EPA 1999a;  1999b). The 

Environmental Protection Agency in the USA has suggested an Alternative 

Maximum contaminant level of 150 Bql-1 (4,000 pCil-1, or 150,000 Bqm-3) for 

radon in drinking water (USEPA 1985). As the traditional measurement of 

radon dissolved in water involves sample collection followed by laboratory 

analysis (USEPA 1985; Cliff & Gillmore 2001; Green 2005), which can be 

expensive, time consuming and unreliable (with the risk of loss of radon 

during sampling) (Cothern et al. 1986), and presents practical difficulties this 

study  has measured the radon concentrations arsing from de-gassing from 

the groundwater in order to determine the radon levels in wells within 

Hamadan city (Gillmore & Jabarivasal 2010).  

 Groundwater supplies in the United States have been investigated for 

radon levels. In superior aquifers, average radon concentrations were 

registered to be 8,800 Bqm-3 radon in water, whereas in smaller aquifers and 

wells average levels were significantly higher with 28,900 Bqm-3  222radon in 

water or degassed from soil (Sundal et al. 2004; Gillmore et al. 2005; 

Gillmore & Jabarivasal 2010). These variations in radon levels between small 

and large groundwater supplies are influenced by the kind of rock which 

bounds them. The maximum atmospheric radon concentration in Hamadan 

wells was recorded as 36,600 Bqm-3. This result for Hamadan is similar to 

that found by Cothern et al. (1986) in that differences in radiation in levels 
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aquifers / wells relates to differences in geology in an area (Cothern et al. 

1986).  

The most important component of the radiation dose received by a 

member of the public from radon comes from its short-lived decay products. 

These are isotopes of solid elements, which readily migrate in water and 

gases. 

 Radon can move without restraint through permeable media such as 

soil, sand and gravel or fractured rock (Tanner 1964; Andrews & Wood 

1972). It is also relatively easily dissolved into the ground water and is then 

moved about as the water moves around. The amount of water-saturated soil 

depends on rainfall and the porosity of the soil, while the amount of radon 

present depends in turn on the radium concentrations. Radon is released 

into ground water from a radium source mainly by spreading along 

microcrystalline imperfections within the rock (Wanty et al. 1991). In ground 

water, the movement of radon through a permeable material or through 

cracks in the rock take places mainly by flow transport (EPA 1999a). The 

transport and concentration of radon in an anisotropic medium, such as 

bedrock, is extremely inconsistent and depend on the rock type, the physical 

form of the rock (i.e., cracks, joints, and porosity), and the aquifer‘s 

geochemistry.    

Surveys in the United States (EPA 1999c; Hutton et al. 2003) have 

revealed that radon concentrations in surface waters are generally very low, 

typically well under 1 Bql-1 (1,000 Bqm-3). Radon concentrations in ground 

water on the other hand vary from 1 to 50 Bql-1 (1,000 to 50,000 Bqm-3). 

Rock aquifers in sedimentary rocks may show a range of concentrations 
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from 10 to 300 Bql-1 (10,000 to 300,000 Bqm-3) for wells dug in soil, and from 

100 Bql-1 (100,000 Bqm-3) to 50,000 Bql-1 (50 × 10 6 Bqm-3) in crystalline 

rocks. The maximum concentrations are generally associated with high 

uranium concentrations in the bedrock. Radon in home water sources leads 

to human exposure through ingestion and inhalation pathways. Radon can 

be ingested by direct consumption of tap or fresh bottled water. Radon from 

tap water can be released into indoor air which gives exposure to humans by 

inhalation (UNSCEAR 1993; WHO 1993). UNSCEAR (1993) suggested that 

the committed effective dose from ingestion of radon in water is about 

10 8 SvBq 1  for an adult and somewhat higher for a child and an infant due to 

their greater sensitivity to radiation. UNSCEAR (1993) has also proposed 

that, on the whole, radon in tap water causes increased radon in room air at 

a concentration 10-4 lower than that in the water (NRC 1999). The NRC 

(Hutton et al. 2003) indicate that radon in drinking water at 1,000 Bql-1 

(1,000,000 Bqm-3) would cause increase in radon in room air of about 0.1 

Bql-1 (100 Bqm-3).  Between 1995 and 2000, about 16% (approximate 50 

million people) in the United States consumed drinking water from domestic 

wells. In contrast in Iran, according to a report by Hutton and Haller (2004), 

98% of Iranian people living in cities use drinking water that has been taken 

to their homes by public water suppliers (Esfandiari & Aryan 1998; Farshad & 

Zinck 1998; Hutton & Haller 2004). In village areas, however, that figure falls 

to around 83%. It is estimated that approximately 20% of Iranians use 

domestic wells to supply their own drinking water (Esfandiari & Aryan 1998; 

Hutton & Haller 2004). Private ground water wells are irregularly scattered all 

over the country area due to the patchy accessibility of public water services 
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in some locations. Therefore, measuring the atmospheric radon 

concentrations in water wells in Hamadan city is important as this will provide 

some insight into the source of indoor radon together with an indication of the 

extent to which domestic well water supplies may contain dissolved radon.   

In Hamadan, the wells are dug into alluvial fan materials which are 

highly porous. In order to form a more complete understanding of the overall 

pattern of radon in Hamadan, radon measurements in the wells undertaken 

in this study have been spatially linked with radon measurements in selected 

homes, which are underlain by the sediments from which water is obtained. 

In addition a study was made  of radon concetrations in nearby caves  that 

occur in ;  limestone similar to the rock that underlies parts of Hamadan, 

beneath the alluvial fan material. 

As already mentioned, the superficial geology under much of Hamadan 

is Quaternary alluvial fan sediments. These are highly porous / permeable 

materials through which radon gas and water (with dissolved radon), can 

pass relatively easily.  Further gravels and sands as well as finer clays and 

silts (Sundal et al. 2004) have been deposited over more ‗solid‘ bedrock 

geology.  

 Sundal et al. (2004) suggest that areas of high radon risk in Norway 

consist of regions underlain by highly porous relatively unconsolidated 

sediments derived from numerous rock types. These sediments are fairly 

permeable (in their case tills) and were derived from radium rich rocks. They 

also suggested that sands and gravels (through which gas can circulate 

without restraint) give rise to considerably larger amounts of radon in indoor 
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air than less porous materials, with the depths of the permeable layer being 

of particular importance (Sundal et al. 2004).  

The fan deposits in this study in Hamadan are the source of the local 

water supply (which is the case in many Iranian settlements). There are 

many vertical well shafts penetrating through the alluvil material and these 

well shafts  may be influencing the flux of radon  from the sediments 

(Beaumont 1971; 1972). Some of the well shafts are connected to qanats 

through which water flows. The qanats typically have  average tunnel 

dimensions of 1.2 m in height and 0.8 m in width, and frequently have a 

lengths of up to 5 km (Beaumont 1974). These tunnels provide easy 

pathways for radon. The mother wells for these qanats are normally at depth 

between 10 m and 50 m (maximum recorded 250 m) (Faraji 1987; ONSI 

1996; Farshad & Zinck 1998). 

 It has been found that the wells of Hamadan possess high 

atmospheric radon concentrations near the water surface (maximum 36,600 

Bqm-3,) strongly suggesting that radon-rich groundwater may be playing a 

significant role in the transportation of radon through the alluvial fan system. 

Various authors note that Hamadan is well supplied (in Iranian terms) with 

underground water, with over 1,500 qanats, 3,000 springs, 6,000 deep wells 

and 5,000 semi-deep wells (Beaumont 1973).  

Gomes et al. (2008) highlighted the fact that, in northern Portugal 

groundwater from coarse geologically young sediments (Tertiary-Quaternary 

terraces) will be likely to contain significant quantities of radon despite their  

low uranium content (Black & Solomon 1996; Gomes et al. 2008).  Black and 

Solomon (1996) suggest that soil permeability and the presence of deep 
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groundwater are key factors that influence soil-gas migration and radon 

hazard potential (Black & Solomon 1996).  

In Hamadan, the atmospheric radon concentration in wells immediately 

above the water surface recorded values between 1,000 Bqm-3 and 36,600 

Bqm-3. This, according to the NRC (1999), could translate to a radon in water 

concentration of between 10,000 and 366,000 Bql-1 (10,000 ×103 Bqm-3 and 

366,000×103 Bqm-3). These are very high values that would pose a 

significant health threat if ingested.  Table 4-24 shows average radon 

concentrationsin wells arranged in order of the deptht from the surface at 

which the samples were taken. Note that all samples wer taken close to the 

surface of the water in the well: that is the values were obtained close to the 

water table. It is intesting to note that there is a clear pattern with the highest 

radon levels recorded in the wells occurring at 7 metre depth (see Figure 4-

29 and Figure 4-30). The average radon concentration was 11,261 Bqm-3. At 

present it is not clear why this is the case, but there is clearly scope for 

further investigation to determine the significance of this pattern. 

As there was a considerable difference in the measured radon 

concentration between the investigated wells the spatial variation in the 

recorded radon concetrations has been investigated.  Figure 4-31 shows a 

plan of the city on which is shown with the location of the wells where radon 

levels were measured. 

 It can be observed from the latter figure that there is a spatial 

distribution of the radon concentrations with the highest value in the area 

where ground water levels are at the 6 and 7 metre depth region (Figure 4-

30 and Figure 4-32). The variations in radon concentration in the atmosphere 
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within well shafts, clearly demonstrates that the underlying geology of the 

region has a significant influence on radon behavior and may well be linked 

to variations in indoor radon concentrations in the houses. 

 

 
5.7. Radon in Caves  
 

A survey of radon levels in the caves of Alisadr, in Hamadan has 

revealed that the caves have elevated radon gas levels (490-4800 Bqm-3). In 

general the radon concentration increased with increasing distance from the 

cave enterance. This characteristic probably reflects cave ventilation and 

geological conditions. The data presented on radon concentrations in Alisadr 

show cave, reveals variation over short distance, some of which is expected 

to be a result of watercourse flow, aeration and dead air zones. However, 

local topographic variation is insufficient to fully explain the observed pattern 

of radon concentration (Gillmore et al. 2002). 

Alisadr show cave is normally accessible to the general public as a 

tourist attraction. There is no way, other than by, using the boat facilities, to 

travel inside the cave. The cave also has no engineered air ventilation 

system to control radon levels. This cave was selected to monitor radon 

levels in order to attempt to determine the risk to people working as guides 

as well as visitors, if radon levels proved to be high.  

The radon concentration is likely to be controlled by radon emanation 

transport paths within the rock environment and water within the cave 

moving out of the cave system. Due to the relatively high density of radon 

compared to air, radon concentrations in low points in cave systems are 

usually expected to be higher than in other portions of the cave. In areas with 



192 
 

high radon levels, occupational cave users such as guides together with 

visitors spending prolonged period of time inside the cave are at risk.  

Preliminary work was undertaken measuring radon gas concentrations 

with the real-time electronic Sarad Doseman (see Table 4-20). As can be 

seen from Tables 4-20 and 4-21, the amount of radon gas increased with 

increasing distance from the cave main entrance. This correlation shows 

linearity with R2=0.96 (n=12) and R2=0.93 (n=11) for spring, and winter 

season respectively (see Figure 4-24 and 4-26). In most parts of the cave the 

amount of radon gas appears to be directly related to increasing distance, 

but this relationship was not seen in all places. This is because there are air 

shafts at certain points inside the cave together with access points for power 

and light used for the visitors, creating airflow and exchange in these areas. 

The air movement will have changed the amount of radon gas in these 

areas. Air temperature and wind direction are essential in cave airflow and 

hence are expected to control radon concentrations within these and other 

similar caves (Apte et al. 1999; Gillmore et al. 2000).  

The minimum and maximum radon concentrations noted in this study, 

are higher than the workplace Action Level for the UK, which is defined as 

400 Bqm-3.  Many caves in most European countries fall into the category of 

a workplace if they are tourist attractions and may have radon levels above 

400 Bqm-3. It is helpful to make a general model to better understand 

expected radon circulation based on geological properties in such 

environments. Models that have been used to predict radon distribution 

outside built up areas are very general and are of no particular application in 

a cave environment. Models based on geologic data to model indoor radon 
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concentrations are few but one has been proposed by Apte et al., (Ball et al. 

1991; Appleton & Ball 1995). Similarly Gillmore et al., (2000) produced a 

mind-map style diagram to outline the numerous interacting factors that 

control cave radon levels. 

The limestone in which the cave system occurs is the most important 

aquifer in the area of the Alisadr village and the neighboring area due to high 

winter snow fall and the permeability of the limestone. The water infiltrates 

through this limestone fairly easily and is stored in a complex system of 

fractures and caves. 

According to Brill et al. (1994) an important source of radon gas is out – 

grassing from water. Water in caves is commonly kept in a complex system 

of fractures and cavities within the limestone. The water penetrating through 

such a permeable rock will be inclined to bring in radon. According to Ball et 

al., (1991) radon dissolves in water and may be moved large distances from 

its generation site by flowing water. Many factors are involved that control 

radon levels in water, such as the inconsistent nature of uranium 

mineralization, and the time that the groundwater has to make contact with 

the limestone (Bonnotto & Andrews 1997; Veeger & Ruderman 1998), 

together with porosity, emanating efficiency, and rock density (Bonnotto & 

Andrews 1997).  

Another factor which influences the radon levels inside the cave, is the 

water continuously percolating through the overlying layers (Bottrel 1991; 

Gillmore et al. 2001). The instability of the water falling down cataracts 

generated by bedding planes could cause the release of radon gas, the 
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quantity discharged depending on the radon content of the water 

(Jabarivasal & Gillmore 2008). 

As noted previously the solid geology consists in part of limestone of 

Oligo-Miocene age which outcrop as high ground in the south-east of the city 

(see Figure 3-4, 3-8  small area highlighted), and are known to contain caves 

to the north, some of which have been shown to contain high radon levels. 

For example, Jabarivasal and Gillmore highlighted a maximum concentration 

of 4317 Bqm-3 with cave guides receiving an estimated yearly dose of around 

34.2mSv in the Alisadr caves (Jabarivasal & Gillmore 2008). To the south 

and west, the solid geology cropping out at the surface is represented by 

Jurassic spotted schists (crystalline rock), mica schists and hornfels (fine-

grained silicate rock) with high ground being made up from intrusive igneous 

rocks in the form of granites. The granites of nearby Alvand Mountain, a 

3,574 m high topographic expression of an igneous intrusion, have been 

dated as 65-75 million years old (Faraji 1987; Maanijou & Aliani 2001; 

Gillmore et al. 2007). Tectonites in the region have undergone plastic 

deformation with the development of microfolds with wavelengths in the 

order of a few millimetres. Some metallic ore mineralization has taken place 

in the area, with deposits of gold and antimony being noted (Berberian & 

Berberian 1981; Berberian 1981; Maanijou & Aliani 2001). Gillmore et al. 

(2005), Grattan et al. (2004) and el-Rishi et al. (2007) noted elsewhere that 

raised indoor radon concentrations can occur in regions that have been 

mined partly because of the presence of associated uneconomic uranium 

minerals and partly because of introduced ground permeability (Grattan et al. 

2004; Gillmore et al. 2005; El-Rishi et al. 2007). 
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In the Hamadan area there are many active mines ( in total 142) 

although mostly for building materials (Maanijou & Aliani 2001 pers. comm. 

August 2001). The igneous and metamorphic material noted above may well 

be a source for uranium, radium (and hence radon gas), and this is currently 

being considered for further investigation in the future. The folded (and 

fractured) nature of the bedrock geology (with significant faults) will 

contribute to the transport of radon gas to the partially overlying alluvial fan 

sequences (Solomon et al. 2005; Gillmore et al. 2007). By way of a 

comparison, the Wasatch Front region in the USA has a fault zone which is 

earthquake prone, as are the faults to the south of Hamadan, with overlying 

alluvial fan sediments (Solomon et al. 2004; Solomon et al. 2005). 

A large survey in North American cave systems was carried out by 

Eheman in 1991 (Eheman et al. 1991). He observed significant variations in 

radon concentrations within caves. The radon levels he noted were in the 

region of 2390 to 4490 Bqm- 3 with a mean of 3100 Bqm- 3 .  A survey of radon 

gas in UK caves, including caves in the Mendips, was carried out in 1994 

which showed mean levels as high as 8868 Bqm-3 (Hyland & Gunn 1994; 

Gillmore et al. 2000).  

Analysed data obtained from Alisadr cave show that radon levels 

increase with increasing distance into the cave excluding the air exchanged 

that exists in some parts of the cave, highlighted previously. 

The sediments deposited within the Alisadr cave may also add to the 

radon levels within the cave. Due to very low variation in temperature in 

Alisadr cave, which is less than 0.5 ºC (except at the entrance area), 

temperature variations alone are not likely to be capable of accounting for 
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the degree of variation registered in radon concentrations. Smithson in 1982 

showed that a cave with variations in temperature has no significant increase 

in radon levels (Smithson 1982). 

The radon levels in caves are thought to vary both with the 

meteorological circumstances and with the seasons. These compound 

factors are believed to be considerable and it needs additional work to 

observe their effect on the collected radiation dose by cave workers. The 

arithmetic mean for the 222Rn gas concentration inside the cave during the 

summer period utilising short term measurement methods was 2400 Bqm-3 

and with a geometric average of 1915 Bqm-3. Mean radon concentrations 

were 2400, 2280, 1540 and 49 Bqm 3  recorded in the summer, spring, 

winter, and autumn seasons, respectively.  As the Alisadr cave is one of the 

most famous in Iran and the world, attracting several hundred thousand 

tourists per year, the quantification of effective doses to staff and visitors was 

an issue of importance. Doses less than 0.03 mSv per visit were calculated 

for tourists and around 17.3 mSv during summer season for staff for 900 

hours working which is a significant dose when one considers the IRR (1999) 

suggested maximum dose to the public of 1mSv. Alisadr cave has more than 

500,000 visitors a year and it can be seen from the dose absorption, and 

calculating the effective absorbed dose for guides and visitors, it is of special 

scientific interest. 

In Alisadr cave, in the entrance section where the visitors stand for 

information low radon concentrations occur when compared with the middle 

and end of the cave (C7, C12). The highest level of radon gas (4300 Bqm- 3 ) 

is found at point C12. The minimum average value of radon is found at point 
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C1 near the main entrance, which is 494 Bqm- 3 . Even this minimum value is 

above the UK Action Level for the workplace. Figure 4-24 and 4-26 show a 

clear relationship between increased radon concentrations and distance into 

a cave. This cave has a reasonably elevated radon gas levels (493-4800 

Bqm-3) by international cave standards (see Gillmore, et al., 2001), which 

normally increases with increasing distance into the cave from the main 

entrance (see Table 4-21, 4-22). This finding is compared to that of Gillmore 

et al. (2002).  

As can be seen from the results in Table 4-21, 4-22, and figures 4-23, 

4-25 the radon concentrations in this cave demonstrates seasonal variability. 

The radon level was observed to be less in the winter in comparison to the 

spring, because during the spring period the snow covering the mountains 

around melted and water percolated inside the caves and this perhaps 

increased radon levels inside. There is a lack of natural ventilation in the 

cave, because only one significant entrance exists although there are minor 

ones and therefore radon concentrations are concentrated inside the cave 

where visitors visit. The number of detectors placed inside the cave was 

limited for practical reasons (e.g. access and security).            

              Radon is a noble gas that readily dissolves in water and 

may be circulated to large distances from its creation site by groundwater 

(Ball et al. 1991). Due to the variations in the depth of water within the 

Alisadr cave, with 0.5 metres at the entrance way and 14 metres in the 

centre of the system, the increasing concentration of radon in the cave may 

be related to the solubility of radon gas in water (IRR 1999; Jabarivasal & 

Gillmore 2008). 
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This study shows that mean radon levels in this cave are much higher 

than those of Action Levels defined in Europe. There is a considerable 

variation in radon levels at different parts of cave, which should also be 

considered when measuring the health impact of radon gas levels for guides. 

Regulations made under health and safety laws such as  in the Work 

Act of 1974 in the UK, and the by IRR (1999) make a distinction between 

staff chosen as Radiation Workers (Guides) and members of the public 

(Visitors). The risk of radon exposure for visitors is observed by this study to 

be small in the Alisadr show cave, with a value of 0.02 mSv / visit. These 

levels for visitors drop under the 1mSv maximum dose per annum 

recommended for a member of public by the IRR (IRR 1999). Therefore 

remedial action is only needed to reduce radon levels for guides, for whom 

the received dose is much higher than the 5 mSv maximum dose per annual 

recommended for Radiation Workers by the IRR (1999), and so this needs to 

be an action to reduce radon levels. However some remediation works such 

as reduction in working time, establishment of a ventilation system and the 

creation of ventilation holes in the walls of the cave should be considered 

(although the latter could entail damage to the cave itself, so would probably 

be impractical and undesirable). 

 Comparing this dose to the IRR recommendation of an Action Level of 

400 Bqm- 3 for worker's annual exposure (8 h per day, over 200 days per 

year) which equates to 5mSv, the dose absorbed by cave workers is very 

high. 
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5.8. Mitigation 
 

Perhaps one of the first steps, after it has been decided that a building 

needs to be mitigated, is to investigate possible radon sources. For that 

purpose a building can be examined visually. Particular consideration should 

be given to walls and floors which are in contact with the ground. Even 

though the geology of the ground determines  radon concentrations in soil air 

(Vaupotic et al. 2002) the nature of walls and floors,acting  as barriers to 

radon entering the room, has been established as also being an important 

factor in keeping indoor radon concentrations low (Phillips et al. 2000). 

Therefore in addition to measuring radon in the room air, the air from cracks, 

holes and sinks in the floor as well as from sub-floor channels, if present, can 

be sampled and analyzed for radon. Finding the primary radon source 

greatly facilitates designing mitigation measures. 

 

5.8.1. Reducing Radon Risk  

 
There are many ways to reduce radon risk. Most are cheap and simple 

and include:  
 

 Improving the ventilation of rooms e.g.  by opening windows. 

 Installing air bricks in walls just above ground level  

 Fitting an air pump (to pump the gas out)  

 Reducing access pathways for radon to enter e.g. by sealing cracks in 

floors. 

 Pressurise buildings by blowing air into the house (usually from the attic)  

 Excluding soil air e.g. by installing a gas impermeable membrane.   
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 Installing a sump beneath a building to collect gases, which can then be 

pumped away? 

 

5.9. Preventing Radon Entering Houses 
 

Radon comes naturally mostly from the ground, mostly in certain 

regions, for example, in particular regions with granitic soils. Not all granitic 

regions though give rise to high rates of radon exhalation. Much depends on 

how buildings are constructed and on the lifestyles of the population. Some 

countries in the European Union suggest that action should be taken where 

concentrations of 400 Bqm-3 for old houses and 200 Bqm-3 for new ones are 

recorded. The United States Environmental Protection Agency (USEPA) 

recommends action for any house with a concentration higher than 148 Bqm-

3 (given as 4pCil-1). Approximately one in 15 homes in the United States has 

a high level of indoor radon according to government statistics, but  an 

acceptable level has not been determined in Iran due to a lack of information: 

hence this study. The U.S. Surgeon General and the EPA recommended that 

all homes should be monitored for radon and since 1985 millions of homes 

have been tested for radon in the United States. A wide diversity of methods 

are exercised to reduce indoor radon levels, many of which have been listed 

in section 5:81. Further details of some particularly effective methods are 

provided below.One simple system, referred to as sub-slab depressurization, 

uses pipes and fans to eliminate radon gas from beneath the concrete floor 

and foundation to prevent it from entering the home. Radon is then released 

above the roof, where it safely scatters. 



201 
 

Other methods may also be appropriate for the home / workplace, such 

as designing built in remediation. In order to reduce radon concentrations 

there are several recommendations, particularly for reducing the radiation 

entering from the ground into the building and increasing the fresh air to 

other enclosed areas where radon accumulates. Opening a window can help 

to reduce the concentration of radon in a room, although  in certain 

circumstances, such as when it is windy, it can also make the situation worse 

by lowering the room‘s air pressure so that more radon gas is drawn into the 

room from the subsoil.  However in most cases the radon concentration is 

lowered when the inside air is allowed to escape and fresh air can enter the 

building.  

As already mentioned, all cracks and holes in basement floors should 

be caulked and sealed with appropriate sealants to help prevent the release 

of radon from the ground into the building. Another way that has been 

suggested to reduce the amount of radon is painting basement floors and 

wall surfaces. Epoxy paints have been used to try to reduce radon emission, 

but simply painting may not reduce radon levels as radon can diffuse through 

solid concrete and normal types of paint. Polyethylene sheets can also serve 

as an adequate barrier to radon emission, but these can be easily punctured 

by building works or home alternations and sheets need to be of an 

appropriate gauge. 

In cases where high radon levels exist due to for example uranium mill 

tailings being used as landfill, it may be necessary to replace the fill. On the 

other hand, reducing radon concentration to an acceptable level by coating 

the surface of the building foundation may be possible. Covering walls with 
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gypsum plaster (hydrous calcium sulphate), or wallpaper does not reduce 

radon emission.  

Air exchange can moderate the radon daughter concentration by as 

much as 90 percent. Most of the radon daughters are attached to airborne 

particles in the building. Removing particles by exchanging air helps to 

reduce radon daughter concentration in the air.  

In order to reduce radon levels in homes ventilation or improved damp-

proofing is needed. Ventilation equipment requires air bricks and fans to 

remove under floor air. Thick PVC plastic sheeting can provide an effective 

damp-proof membrane across the whole footprint of the ground floor; and 

can also prevent radon rising into the dwelling space. Using PVC is cheaper 

than ventilation systems and it costs only 10% of providing ventilation if it 

installed at the time of building.  

There is considerable debate in the scientific literature over what does 

or does not constitute an appropriate radon barrier (Denman & Phillips 

1998). In the UK, houses built in Radon Affected Areas (where >1% of the 

homes are above the Action Level), such as Northamptonshire, will usually 

have both a radon proof membrane installed when first built and a sump to 

be activated if high radon levels are noted  (Denman et al. 1997b; Denman & 

Phillips 1998). In areas with high concentration of radon, all cracks or vents 

must be identified and then they should be blocked.   

 

 

5.10. Future Work to be undertaken on Radon in Iran 
 

Where radon is concerned in Iran it is important to continue monitoring, 

to establish a representative data base into which the data collected for this 
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thesis may be incorporated and to use the data base to identify areas where 

radon presents a hidden danger to the health of the population. 

To encourage the understanding of radon testing in Iran it is hoped that 

a campaign will be commenced (by the government / authorities) to give 

essential information to solicitors, estate agents and surveyors. By this 

approach it is anticipated that more of the public will understand that 

remediating a home may make it easier to sell at a time when increased 

numbers are becoming aware of the problem and looking to avoid 

purchasing a house that is affected by high radon concentrations. 

The future success of the radon programme lies in convincing the 

public that they need to take radon seriously and remediate the high radon 

concentrations in some buildings. However, getting people to remediate is a 

problem even in countries such as the UK where there is a reasonable 

knowledge about the risks associated with radon In general there are four 

common issues about radon that have at times been observed in the media. 

These are: 

 To inform the occupants that radon is a natural radioactive element 

and may be found everywhere. 

 High concentrations of radon in homes and workplaces may be a 

health problem. 

 That there is good evidence high concentrations of radon are 

associated with enhanced incidence of lung cancer.  

 That radon induces lung cancer in smokers and that people who 

smoke and live in high radon have a 16% greater risk of contracting 

lung cancer. 
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 That there is no safe lower limit, as any exposure to radon may 

potentilly damage people‘s health. 

It is essential to continue to educate the general public about radon 

in an effort to improve the remediation rate (Lee & MacDonald 1994). The 

scientific community has much useful information to give to the public. It 

is therefore very desirable to ensure that the media are used more 

effectively so as to continuously make the general public aware of the 

need to take action to ameliorate a range of environmental risks, such as 

those presented by radon. 
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Chapter 6 Conclusion 
 

Chapter six is an overview of the measured radon concentrations in the 

Hamadan city, Iran based on chapter 1, chapter 2, chapter 3 and results 

reported in this study. The chapter is organised around results for Hamadan 

dwellings, wells and the Alisadar cave. 

 

 
6.1. Conclusions 
 

 In summary, the results of this study carried out in the sitting rooms 

and bedrooms of Hamadan dwellings show that the average threat from 

222Rn in both city buildings and dwellings is at an intermediate level and 

lower than the action level suggested by EPA in the UK (Gillmore & 

Jabarivasal 2010). Those levels, however, are not negligible being much 

higher than the international mean levels of 40 Bqm-3. Indeed, about 10 

percent of the radon concentrations measured in rooms were higher than the 

Action Level recommended in UK domestic buildings (200 Bqm-3) with a 

ranging from 4-364 Bqm-3 (where the lower limit of detection for CR-39 

based SSNTDs is 10-20 Bqm-3).  

Therefore, it is suggested that some remediation work be undertaken 

on the structure of Hamadan‘s dwellings due to the increasing ages of its 

buildings and the increasing number of cracks from earthquakes. Due to 

various geographical locations and associated geology the radon 

concentration is high where the soil gas is high, such as in cold areas and 

some granite regions, e.g. Hamadan will see higher concentrations of radon 

entering buildings than will areas with lesser radon. According to reports by 

Varley and Flowers (1998), and Man and Yeung (1998), granite areas have 
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significantly elevated levels of radon in the built environment. This does not 

mean that all houses in high radon areas will have higher levels than those 

buildings in low radon areas as other factors affect the amount of soil gas 

sucked in.  

In general, Hamadan‘s people are exposed to mild to moderate indoor 

radon levels from soil and built materials, as shown by the average radon 

levels found in the monitoring places. The arithmetic mean radon 

concentration ranges from 15 Bqm-3 to 134 Bqm-3 for sitting rooms and from 

39 Bqm-3 to 171 Bqm-3 for bedrooms during 2005-2006.  

The geometric mean radon levels for sitting rooms range from 14 Bqm-

3, low concentrations of radon, to a high value of 122 Bqm-3. The geometric 

mean radon levels for bedrooms were from 30 Bqm-3 to a high value of 153 

Bqm-3. 

The relatively high radon concentrations in some rooms may be 

explained in part by geographical area, ventilation and also the age of 

buildings, with cracks occurring through some buildings due to shrinkage, 

ground foundations and earthquakes, providing significant routes for the 

entrance of radon gas, as well as some building materials for these recorded 

with relatively high radon levels. 

In Hamadan‘s schools, 55.6% have radon concentrations above the 

Action Level limit in the UK (200 Bqm-3) with ranges from 30- 639 Bqm-3. A 

likely explanation for the higher radon concentrations in these schools may 

be partly due to the number of pupils attending in the classes and causing 

more damage to the building and the partly due to cracks in the foundations / 

floors.  In hospitals, 75% of the radon concentrations measured in four main 
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hospitals in Hamadan was over the UK indoor Action Level, which has been 

recommended at 400 Bqm-3 for the workplace hospitals through Hamadan 

city recorded ranges from 40 - 862 Bqm-3. Radon gas has a variable level in 

the hospitals and schools, depending on underlying geology. The maximum 

dose received by the staff in one hospital was 8.3 mSv and the minimum 

dose value was 0.6 mSv for radon concentrations of 862 Bqm-3 and 60 Bqm-3 

respectively. 

 This study has shown that the maximum average dose received by 

students and staff was 3.8 and 8.3 mSv respectively. If this amount of dose 

is added to the dose received from living in a Hamadan house the dose 

received by students and staff of a hospital is high compared with the ICRP 

recommendation. This finding is important as the data provides information 

for local government and central authorities to plan measurement and 

remedial programmes in the future.and to undertake an education 

programme to inform the inhabitants of the desirability of taking remedial 

actions. In the Alisadr cave, the data recorded varies from 493 - 4,800 Bqm-3. 

All of these radon concentrations are over the Action Level of 400 Bqm-3 

suggested for workplaces in the UK. These high radon levels may pose a 

significant risk to the health of the guides who work inside the cave, for more 

than 10 hours a day during busy seaons. The dose received by guides 

during the busy summer season is approximately 16.5 mSv. This value when 

compared with the recommendations of the ICRP for those who are working 

with radiation due to their jobs (5mSvy-1) is very high. The measurement of 

the radon gas concentrations in wells in Hamadan city has found that radon 

concentrations vary from 1,000 Bqm-3 to 36,600 Bqm-3. The maximum value 
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was seen in a dug well at a depth of 7 metres in the plain area some 

distance away from the mountainous area. Radon levels increased in those 

wells that had a flowing current of water. It was noted that radiation values 

were much lower in wells that lacked a flow of water and in general lowest in 

dry wells (see Table 4-22). Hamadan state has not been recognized as an 

area with a marked problem of lung cancer. Based on the Iranian Ministry of 

Health information in 2003, the number of deaths due to lung cancer in the 

state was only 6-9 deaths per 10,000 deaths.  As the statistics on deaths due 

to cancer are not very remarkable, no specific investigation of radioactive 

hazards such as radon has been undertaken in the Hamadan area previous 

to this study. 

From the present study measurements, an average indoor annual 

effective dose equivalent experienced by the Hamadan city population is 

about 1.5 mSv. The extrapolated value of the annual effective dose 

equivalent to the Hamadan population is nearly 2 times greater than that 

quoted in the literature for the world.  It is noted that the world average 222Rn 

concentration value is reported to be 40 Bqm-3 (EPA 1992), which 

corresponds to an annual effective dose to the population of about 1 mSv.  

Within the city‘s houses the indoor 222Rn concentrations show a 

correlation with the geological formations on which the buildings and 

dwellings stand. The highest 222Rn concentrations were found in buildings 

and dwellings erected on clay and limestone (CaCO3) substrata.  

The nature of the geology of the area is probably the primary control on 

indoor radon concentrations. Indeed Appleton (2005) suggests that this is the 
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single most important factor controlling indoor radon distribution and this 

certainly seems to be the case in this area. 

The presence of highly porous ground materials, which act as a local 

water conduit, together with the extensive construction and use of qanats 

provide substantial routes for gases and water containing radon gas to move 

through the alluvial fans. The general importance of the existence of 

permeable ground materials, where radon concentrations are concerned was 

noted by Gillmore et al. (2005) in the UK,  Solomon (1993) in the USA (the 

latter with respect to alluvial fans), and Smethurst et al. (2008) in Norway.  

As a result of this study, it is therefore recommended that a more 

extensive study of radon in dwellings in such regions (particularly on alluvial 

fans) should be undertaken to find more information on the risk to 

householders and to members of the public. Local authorities can then take 

appropriate action through a targeted response to reduce the threat in areas 

of risk in the highest areas of jeopardy. 
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Abstract: CR-39 passive 

integrating Solid State Nuclear 
Track etch Detectors (SSNTDs) 
were used to measure 
atmospheric radon concentrations 
in the Alisadr show cave in 
Hamadan province, Iran. This was 
done in order to assess the risk 
from natural environmental 
radiation to tourists and cave 
guides. The study was carried out 
in 12 locations in the winter and 
spring periods. The mean radon 
concentration during the winter 
period was 1504.6 Bqm–3 and the 
highest value was 2280.4 Bqm–3 
during spring. The average 
absorbed dose for visitors and 
guides was estimated as 0.02 mSv 
per visit, and 4.32 mSv per season, 
respectively. The annual average 
absorbed dose is rather more 
significant for staff, being in the 
order of 16.50 mSv. 
 
Keywords: radon gas; Alisadr 
Cave; Iran; absorbed dose. 
 

1 Introduction 
 
222Rn is a naturally occurring 
radioactive element, which decays 
through the uranium-238 series 

and is present in trace amounts 
throughout the Earth‘s crust. 
222Rn has a half-life of 3.825 days 
and decays by alpha emission. 
The decay products are 
radioactive elements, and two 
progeny, 218Po and 214Po, also 
decay by alpha emission. 222Rn 
decay products attach to dust 
particles in the air shortly after they 
are produced (NRC, 1990; Jacobi, 
1993; UNSCEAR, 2000; Gillmore 
et al., 2001). When these products 
are inhaled, they are deposited in 
the lung which receives a dose 
from alpha particles emitted during 
the decay process. It is estimated 
that indoor 222Rn exposure may 
be responsible for more than 2500 
UK lung cancer deaths (Thompson 
et al., 1998). It is also estimated 
that the human population receives 
an average annual effective 
equivalent dose of 2.4 mSv, 
primarily to natural sources. 
Approximately 1.15 mSv per year 
is associated with the inhalation of 
radon and its decay products 
(UNSCEAR, 2000). This average 
effective dose from radon is 
related to the average global 
population-weighted radon 
concentration of approximately 40 
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Bqm–3 indoors and 10 Bq m–3 
outdoors, according to Magalhaes 
et al. (2003). The solid charged 
particles released from radon 
during inhalation interact with lung 
tissue and cause significant health 
concerns. It is the intention that the 
results of this study will be used to 
explore possible health 
consequences of exposure to 
radon gas for Alisadr cave staff, 
who work more than ten hours in 
busy seasons for at least six days 
per week. As a show cave, it is 
also important to evaluate the risk 
for the members of the public and 
for the wider community 
associated with such tourist 
attractions (e.g., Alisadr tourist 
community) in Iran who help to 
maintain such places with elevated 
radon levels. 
 
1.1 Study area 

 
Alisadr cave is one of the ten most 
important show caves in the world. 
It is located 65 km from Hamedan 
city. This is one of the most 
ancient cities in Iran, and is set in 
the foothills of the Alvand Mountain, 
which forms part of the Zagros 
Mountain range, and was 
established 3000 years ago. The 
geologists believe that Alisadr 
cave was formed during the 
Jurassic era (130 million years 
ago). What makes the cave so 
distinctive in Iran is the fact that it 
contains large water bodies. This 
is striking for tourists to observe, 
and boat trips are taken through 
the caverns. The Alisadr water is 
clear with a temperature of nearly 
12ºC and neutral pH (no acidity). 
The depth of the water varies from 
0.5 m to 15 m. The cave also 
contains many stalactites and 
stalagmites in the shapes of 
cauliflowers, together with 

umbellate forms, and distinctive 
spiked structures. The length of 
the cave that tourists may see is 
estimated at 2100 m, and nearly 
1500 m of this distance can be 
travelled by boat and the rest on 
foot. 
 
 

2 Measurement techniques 
 

Short-term assessments of radon 
concentrations were carried out 
with a Sarad Doseman for one day 
in Alisadr show cave. The 
Doseman was left for one hour at 
each sample site. Long-term 
measurements of radon levels 
were carried out, using CR-39, 
passive integrated solid state 
nuclear track etch detectors that 
were left in 12 locations throughout 
Alisadr cave. The CR-39 plastic 
film was placed in the middle of an 
especially made cylindrical plastic 
container with size of 0.5 × 0.5 
cm2 supplied by Radon One UK 
Limited. The detectors were placed 
above the water surface inside the 
cave. After the detectors were 
exposed for a set period of one 
time (one month), they were 
removed from their locations and 
placed back into their protective 
radon proof polythene sachets in 
order to limit further exposure to 
radon gas. These exposed 
detectors were then processed. All 
detectors were chemically etched 
in a bath filled with 32% weight of 
NaOH solution at the temperature 
of 60ºC for 4 h in a Radobath. After 
removing the detectors from the 
Radobatch all detectors were 
washed with distilled water and 
dried. The effects of alpha particle 
emission from exposure to radon 
gas on the detector surfaces were 
associated with tracks counted 
using a Radosys (Electronika) 
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system. Those exposed detectors 
were processed by the University 
of Bradford in the UK, rather than 
locally, owing to a lack of 
equipment in the study site. 
 

3 Results 
 

The short screen data collected 
from Alisadr cave demonstrates 
that the minimum radon level 
registered was in the entrance 
area, with a concentration of 600 
Bqm-3 and the maximum 
concentration 4800 Bqm-3 was at 
the end of cave with mean of 2250 
Bqm-3 (see Table 1). The long term 
radon concentration 
measurements indicated a 
minimum of 493 Bqm-3 and 574 
Bqm-3 for the entrance area in the 
winter and spring seasons 
respectively, with a maximum level 
for end of cave with concentrations 
of 2689 Bq/m3 and 4317 Bqm-3 for 
winter and spring respectively. The 
average radon air concentrations 
were 1504.6 Bqm-3 and 2280.4 
Bqm-3 for winter and spring 
measurements respectively (see 
Table 1). The absorbed dose for 
visitors, who spent four hours 
queuing for a boat to travel inside 
the cave and spent time also 
walking inside the cave was 0.022 
mSv per visit in the spring and 
0.017 mSv per visit in the winter. 
Hence, the average absorbed 
dose by visitors is 0.02 mSv. For 
staff, who work ten hours a day in 
the busy season and seven hours 
in a normal season inside the cave, 
absorbed dose was estimated to 
be 5.91 mSv in the spring season 
and 2.72 mSv in the winter. The 
average seasonal absorbed dose 
is 4.32 mSv and average annual 
absorbed dose for guides is 16.50 
mSv, due to the fact that summer 
and spring are busy seasons; 

winter and autumn are non busy 
seasons. 
 
Table 1 Shows mean radon levels for 
long term and short term in Alisadr cave 

 

 
 

4 Discussions 
 

Alisadr cave has more than 500 
000 visitors a year and it can be 
seen from the dose absorption, 
calculating absorbed dose for 
guides and visitors is important in 
this site of special scientific interest. 
Figure 1 and 2 shows a clear 
relationship between increased 
radon concentrations and depth 
into a cave.  
This cave has moderate to raise 
radon gas levels (493–4800 Bqm-3) 
by international cave standards 
(see Gillmore et al., 2001), which 
generally increase with increasing 
distance into the cave from the 
main entrance (see Tables 2 and 
3). This finding is compared to that 
of Gillmore et al. (2002). Radon 
studies in caves face a number of 
difficult issues, which include the 
security of radon detectors and the 
difficulty of designing the 
placement of detectors (Gillmore et 
al., 2000). 
As can be seen in the results in 
Table 1, and Figures 1 and 2 the 
radon concentrations in this cave 
demonstrate seasonal variability. 
The minimum radon level was 
observed in the autumn, because 
there are strong winds outside the 
cave. The radon concentrations 
are low in comparison to spring 
and winter seasons.  
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There is a lack of natural 
ventilation in the cave, because 
only one significant entrance exists 
and therefore radon concentrations 
are increased the further inside the 
cave one goes. The number of 
detectors placed inside the cave 
was limited for practical reasons 
(e.g., access to detectors). 
Radon is the most water-soluble of 
the noble gases and may be 
transported large distances from 
its generation site by groundwater 
(Ball et al., 1991; Miles et al., 
1992). Radon levels in water can 
be controlled by the variable 
nature of uranium mineralisation 
and for example, the time that 
groundwater is in contact with, for 
example, limestone, together with 
rock porosity, emanating efficiency, 
and rock density (Ball et al., 1991; 
Appleton and Ball, 1995; Bonotto 
and Andrews, 1997). Due to the 
variations in the depth of water 
within Alisadr cave, with 0.5 m at 
the entrance way and 14 m in the 
central part, the increasing radon 
level into the cave may be related 
to the solubility of radon gas in 
water (Ball et al., 1991). 

 
 

 
 
 
 

5 Conclusion 
 

Mean radon concentrations of 
1504 Bqm-3 and 2200 Bqm-3 were 
obtained during winter and spring 
period inside Alisadr cave 
respectively. This amount of radon 
gas in comparison with the UK 
Action Level of 400 Bqm-3 for 
workplace which is defined by 
National Radiation Protection 
Board (NRPB) is high. Radon 
concentrations are increased with 
increasing distance from main 
entrance towards the end of the 
cave. 
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Abstract: This paper presents 

results of a reconnaissance study 
that used CR-39 alpha track-etch 
detectors to measure radon 
concentrations in dwellings in 
Hamadan, western Iran, significantly, 
built on permeable alluvial fan 
deposits. 
The indoor radon levels recorded 
varied from 4 (i.e. below the lower 
limit of detection for the method) to 
364 Bq/m3 with a mean value of 108 
Bq/m3 which is 2.5 times the 
average global population-weighted 
indoor radon concentration these 
data augment the very few 
published studies on indoor radon 
levels in Iran. The maximum radon 
concentration in Hamadan occurs 
during the winter period (January to 
March) with lower concentrations 
during the autumn. The effective 
dose equivalent to the population in 
Hamadan is estimated from this 
study to be in the region of 2.7 
mSv/y, which is above the 
guidelines for dose to a member of 
the public of 1 mSv/y suggested by 
the International Commission on 

Radiological Protection (ICRP) in 
1993. This study supports other 
work in a number of countries that 
indicates such permeable ―surficial‖ 
deposits as being of intermediate to 
high radon potential. In western Iran, 
the presence of hammered clay 
floors, the widespread presence of 
excavated qanats, the textural 
properties of surficial deposits and 
human behaviour intended to cope 
with winds are likely to be important 
factors influencing radon 
concentrations in older buildings. 
 

1   Introduction 
 
The presence of radon (222Rn) and 
its decay products in some dwellings 
in North America (Lubin et al., 1994) 
and Europe (Darby et al., 1998), 
together with an increased 
understanding of the carcinogenic 
effects of this gas on the human 
population, has prompted many 
countries to assess the extent to 
which they also might have an 
indoor radon problem. 
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Published studies demonstrate that 
radon is the largest single 
contributor to natural radiation 
exposure for the general public 
(UNSCEAR, 1993). However, there 
is limited work published in the 
international scientific literature on 
indoor radon concentrations in 
Iranian homes and workplaces (one 
exception being Hadad et al., 2007), 
although some data can be found in 
less readily available sources 
(Taghizadeh and Eftekharnejad, 
1968; Sohrabi et al., 1993; Samavat, 
2002). These though were focussed 
on High Level Background Radiation 
Areas (HLBRAs) in northern Iran. 
Iran is one of the most mountainous 
countries in the world (Metz, 1989). 
Thus the topographic setting and 
associated climate of Hamadan (at 
an elevation of 1850 m) suggest that 
radon concentrations in the winter 
period in most buildings could be 
raised (due to temperatures falling 
as low as -32 ºC, with consequently 
closed doors /windows etc.). In 
windy and rainy periods that occur in 
the autumn, average temperatures 
are in the region of 10 ºC, with many 
householders opening doors and 
windows for ventilation. The short 
summer period may experience 
temperatures as high as 39 ºC, but 
averages in July are around 25 ºC.  
Strong winds can affect the region 
throughout much of the year, with 
north and north-west winds in the 
spring and winter periods which are 
often humid, persistent west-east 
winds in the autumn and local winds 
that develop due to air-pressure 
differences between elevated areas 
and the lower plains (Beaumont, 
1973; Metz, 1989). 
 

 
 

 
 
The behaviour of radon gas in 
buildings constructed on alluvial fan 
sequences is not well known, and 
most previous studies with a 
geological interest have focused on 
the significance of near-surface 
bedrocks. Beneath the 
unconsolidated materials at 
Hamadan the bedrock geology 
consists, in part, of limestones of 
Oligo-Miocene age which crop out 
as high ground to the south-east of 
the city, and in the south, eastern 
and western parts, granites, diorites 
and contact and regional 
metamorphic rocks occur.  
A potential for higher indoor radon 
concentrations on Holocene alluvial 
fans along the Wasatch Range 
Front (Utah, USA) was suggested 
by Solomon (1993) and Black and 
Solomon (1996). Lico and Rowe 
(1992) noted that Quaternary alluvial 
fan material (acting as an aquifer, as 
in Hamadan) occurred at the base of 
the Carson Range in Nevada, USA, 
and contained raised radon 
concentrations because of its 
contact with fractured Cretaceous 
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granitic bedrocks with high uranium 
content. A significant normal fault 
also probably acted as a conduit for 
deeper radon enriched groundwater 
in the area. Other reports have 
highlighted the importance of 
surficial deposits more generally 
(e.g. fluvio-glacial sands/gravels; 
see Smethurst et al., 2008) in the 
construction of maps of radon 
potential from geological data. 
Breitner et al. (2008) noted that 
homes built on Finnish eskers 
(elongated sinuous ridges 
composed of fluvioglacial sands and 
gravels) were not only radon prone, 
but that 59% of homes built in their 
study area on the Hollola esker were 
above the Finnish national reference 
concentration of 400 Bq/m3. In the 
UK, unconsolidated surficial (i.e. 
―superficial‖ or ―drift‖ in UK 
terminology) deposits are 
responsible for 5% of the variability 
of indoor radon, with bedrock 
geology responsible for 24% 
(Appleton et al., 2008). 
In the case of the Hamadan alluvial 
fan, the gravels (and sands) are 
mostly derived from the Alvand 
granites and the associated 
metamorphic aureole, laid down in a 
poorly sorted clay matrix (H. 
Mohseni, personal communication). 
This provides potential source 
material in the form of uranium 
enriched minerals and rock 
fragments. Many cities are built on 
surficial sediments whose 
significance in terms of their 
permeability associated sedimentary 
texture, and hence their ability to act 
as a store, transport pathway and 
exhalation source in some cases, is 
not well understood. This work 
presents data obtained for radon 

levels in Hamadan city, Hamadan 
Province, western Iran (see Fig. 1). 
This city is not currently known to 
have a radon problem. It is built 
mostly on poorly sorted alluvial fan 
deposits, which is a common 
scenario in Iran (Fisher, 1968; 
Beaumont, 1989; Gillmore et al., 
2007). 
Hamadan (population greater than 
700 000) has a variety of dwelling 
styles. It is one of the oldest cities in 
the world and has undergone 
significant urban development at 
different times (Hiromasa, 1978; 
Metz, 1989). The dwellings are 
mostly constructed of two storeys, 
the most modern of which have a 
solid concrete base, with open clay 
tile/brick walls, a steel framework 
and often clad with polished 
decorative stone slices. Older 
buildings are constructed of stones 
and fired bricks with clay/earth floors, 
whilst the oldest historic buildings 
are made from mud brick (adobe). In 
the modern buildings, the walls are 
covered with clay and lime on the 
inside and then painted. Many such 
dwellings utilize double glazing, but 
the older homes are usually single 
glazed (Mohandesin-e moshaver-e 
Mozh‘deh, 1984). 
One of the aims of this 
reconnaissance study was to 
determine the average indoor radon 
concentrations, focussing on the 
brick built dwellings with single 
glazing which make up more than 
80% of the total dwellings 
(Mohandesin- emoshaver-e  Mozh‘ 
deh, 1984). Such buildings have 
more cracks in the floor when 
compared to relatively new buildings. 
As a result, it is reasonable to 
expect higher radon concentrations 
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in such buildings, than in the newer 
styles. 
If many homes were found with high 
radon concentrations by this 
reconnaissance study, this would 
suggest that the housing stock in 
Hamadan should at the very least 
be tested further. As the adobe built 
dwellings in Hamadan are mostly 
abandoned and derelict 
(Mohandesin-e moshaver-e 
Mozh‘deh, 1984) they were not 
tested. 
 

2   Measurement method 
 
CR-39 alpha track-etch detectors 
were placed in homes (and 
workplaces) between 2005–2009. 
The detectors used were supplied 
mostly by RadoSys (Hungary) and 
details about how such detectors 
operate and their strengths and 
Detector Household Bedroom (B) 
Radon level limitations are outlined 
by Cliff and  Gillmore (2001) and 
Phillips et al. (2004). 
Over a total time period of 11 
months (rather than 12 due to 
problems of access and recovery), 
70 detectors were left for time 
periods that reflected various 
seasons, measuring radon 
concentrations in bedrooms and 
sittings rooms following as far as 
possible the protocols established 
by the UK Health Protection Agency 
(HPA). One detector was also 
placed in the open atmosphere for a 
3 month period to assess whether 
any radon was present. This 
returned a result that was below the 
lower limit of detection.  
After exposure, all detectors were 
wrapped in their protective 
aluminium foils and returned to the 

metrology laboratory for processing 
at Bradford University (and later at 
Kingston University, UK, which is a 
laboratory validated by the UK 
Health Protection Agency for 
measurement in domestic 
properties). In the laboratory 
detectors were chemically etched 
with a 32% concentration by weight 

of NaOH solution at 60 ⁰C for 4 h 

and then washed with distilled water 
and dried. The tracks for were 
counted using an automated 
RadoSys RadoMeter microscope 
and computer unit. The typical 
sensitivity of this system for a 
RadoSys alpha track-etch detector 
is 45 tracks per square mm per one 
hour exposure to a level of 1 
kBq/m3. The annual effective dose 
(D e) for households was calculated 
using the following formula 
suggested by UNSCEAR (2000): D 
e=C Rn F.T.D. Where, C Rn is 
222Rn concentration (in Bq/m−3), F 
is the 222Rn equilibrium factor 
indoor (assumed to be 0.4), T is the 
indoor occupancy time (0.8×24 
h×365.25=7010 h/y), and D is the 
dose conversion factor (9×106 
mSv/h per Bq/m3). 
 

3 Results 
 
Tables 1 to 3 show the results of 
data collected and Fig. 2 the 
location of homes measured. The 
range of radon concentrations 
varied from 4 to 364 Bq/m3 for 
homes. The mean radon 
concentrations for autumn, winter 
and for the spring combined with the 
summer seasons for 5 months (April 
to August 2006) was 145 Bq/m3. 
The mean radon concentrations for 
the autumn (October to December 
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2005) and winter (January to March 
2006) were 25 Bq/m3, 153 Bq/m3, 
respectively. 
 

 

 
 
The maximum measurement was 
364 Bq/m3 in a ground floor 
bedroom during the winter. The 
minimum on the other hand of 4 
Bq/m3 was observed both for a 
bedroom and a sitting room during 
the autumn respectively, but it 
should be noted that this is below 
the lower limit of detection (LLD) for 
CR-39 SSNTDs, which is in the 
region of 10– 20 Bq/m3 for around 
100 days exposure. 
The radon levels in the winter 
season were found to be higher than 
in the windy autumn season. The 
double glazed property (most of the 
results were for single glazed) 
showed some of the lowest results 

in the Autumn, with higher results in 
the winter, and lower results in the 
spring and summer period. 
 

 

 
 
The effective dose equivalent, for 
those living in Hamadan homes, 
with a mean radon concentration of 
108 Bq/m3 to the population, is 
equal to 2.7mSv/y. 

 
4   Discussion 
 
The expectation that radon 
concentrations would be relatively 
low in the autumn in homes, due to 
windows / doors being open was 
proved correct by these new data. 
The maximum mean level was 
observed during the winter period, 
as one might expect from UK data 
(see Phillips et al., 2004). In the 
winter season, due to the relatively 
cold weather (typically below minus 
10ºC) windows and doors are closed, 
with more restricted air ventilation 
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(together with heating), and hence 
accumulated radon concentrations 
in rooms are higher. It is interesting 
to note that radon concentrations in 
the summer and winter are not 
dissimilar.  
 

 

 
 
This may be because of inhabitants 
closing doors and windows in the 
summer to keep hot air from 
entering the buildings, although in 
the year of measurement the 
summer was wetter and cooler than 
in the previous year. 
A recent study of radon in homes in 
Iran was published by Hadad et al. 
(2007) focussed on four northern 
cities (Lahijan, Arbadil, Sar-Ein and 
Namin, see Fig. 1). The average 
radon concentrations in these cities 
were (in order) 163, 240, 160 and 
144 Bq/m3. These were in a region 
close to an area known for its high 
background radiation levels 
(Ramsar, with its associated hot 

water springs and 226Ra/222Rn 
content, Fig. 1; Samavat, 2002). The 
mean radon concentration in this 
study for Hamadan was 108 Bq/m3: 
the highest concentration of 364 
Bq/m3 being observed in a ground 
floor bedroom with a simple mud 
floor, and the lowest observed in a 
ground floor bedroom which had a 
floor covered with a better 
engineered clay material. Earth 
floors may crack easily (through 
drying out or shrinking and swelling 
if they contain bentonite) and allow 
radon gas to permeate through the 
ground to the floor level inside of 
such homes. Seasonal variation 
showed that during the winter period 
due to the closure of entrance doors 
and windows, radon gas 
accumulated in the more restricted 
spaces and led to increased radon 
levels. 
The Quaternary fan deposits in this 
study in Hamadan are in part the 
source of local water supply (which 
is the case in many Iranian 
settlements; Beaumont, 1974), with 
many vertical well shafts. This may 
be influencing the flux of radon. 
Some of these are connected to 
horizontal qanats distributing water, 
with average tunnel dimensions of 
1.2m height and 0.8m width, 
stretching for typically 0– 5 km 
(Beaumont, 1989; see Fig. 3), and 
also providing easy pathways for 
radon. 
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The mother wells for these qanats 
are normally at depths of between 
10m and 50m (maximum recorded 
250 m) (Beaumont, 1974). A survey 
by the authors of atmospheric radon 
down some of these vertical well 
shafts, near to the homes measured, 
noted high concentrations (with a 
maximum of 36 600 Bq/m3, 
measured near the water surface), 
suggesting that radon-rich 
groundwater may be playing a 
significant role in the transportation 
of radon through the alluvial fan 
system. Various authors (Faraji, 
1987; Farshad and Zinck, 1998) 
note that Hamadan is well supplied 
(in Iranian terms) with underground 
water, with over 1500 qanats, 3000 
springs, 6000 deep wells and 5000 
semi-deep wells. Rivers also 
discharge from the mountains 
around Hamadan and are utilised in 
agriculture, but their flow can be 
highly variable (Beaumont, 1973). 
Gomes et al. (2008) highlighted the 
fact that groundwater from coarse 
geologically young sediments show 
radon potential based on 
groundwater measurements, despite 
low uranium content, in northern 
Portugal. 
The limestones of Oligo-Miocene 
age which crop out as high ground 
in the south-east of the city of 
Hamadan, (see Fig. 2  small area 
highlighted by contours) are known 
to contain caves to the north, some 
of these have been shown to 
contain high radon levels. 
Jabarivasal and Gillmore (2008), 
highlighted a maximum 
concentrated of 4317 Bq/m3 with 
cave guides receiving an estimated 
yearly dose of around 16.5 mSv in 
the Alisadr caves. This is significant 

because Oligo-Miocene limestone 
partly underlies the permeable 
alluvial fan sands and gravels that 
underlay the city.  
Some metallic ore mineralization 
has also taken place in the area, 
with deposits of gold and antimony 
(Maanijou and Aliani, 2001). 
Gillmore et al. (2005), Grattan et al. 
(2004) and el-Rishi et al. (2007) 
noted elsewhere that raised indoor 
radon concentrations can occur in 
regions that have been mined, partly 
because of the presence of 
associated uneconomic uranium 
minerals, partly because of 
introduced ground permeability 
(Appleton, 2005). In the Hamadan 
area there are 142 active mines, 
although mostly for building 
materials (Markaz-e aamaar-e Iran, 
1996). The igneous and 
metamorphic bedrocks may well 
also be a source for uranium, 
radium (and hence radon gas). The 
folded (and fractured) nature of the 
bedrock geology (with faults such as 
the Keshin Simin and the Tafrijan-
Mangavi-kandelan) will contribute to 
the transport of radon gas to the 
partially overlying alluvial fan 
sequences. Appleton (2005) notes 
that drier permeable soils and 
bedrock such as limestones and 
coarse glacial deposits and 
fractured /cavernousbedrock 
together with hill slopes, are usually 
associated with high levels of indoor 
radon, whilst Solomon et al. (2005) 
noted that alluvial fan sediments act 
as storage and transport conduits 
for 222Rn enriched groundwater. 
     Pleistocene alluvial fans exist in 
the UK in areas known for high 
indoor radon concentrations, such 
as at the edge of Dartmoor and the 
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Mendip region in SW England 
(Gillmore et al., 2001). The fans in 
Dartmoor are rich in coarse 
sediments, span the boundary 
between granites and metamorphic 
aureole rocks, and are overlain by 
head deposits (aeolian and 
solifluction in origin) (Gilbertson, 
1973). However, no attempt has 
been made to correlate indoor radon 
with such surficial deposits in the UK. 
Although there are similarities 
between the geological setting of 
Hamadan and regions around 
Dartmoor for example, the Iranian 
fans are much larger in scale, and 
occur in a semiarid as opposed to a 
temperate climate. 
 
 

5    Conclusions 
 
The mean radon concentration in 
Hamadan‘s dwellings, noted in this 
reconnaissance study, is relatively 
high when compared with the 
average global population-weighted 
radon concentration of about 40 
Bq/m3 indoors (Magalhaes et al., 
2003). This may be due, in part, to 
the construction style of the majority 
of buildings in Hamadan, where the 
floor is covered with clay rather than 
concrete, together with the 
prevalence of older brick buildings. 
The presence of these clay/earth 
floors may play a significant role 
regarding raised indoor radon gas 
concentrations, with gas being 
released through the floor and 
penetrating inside such buildings. 
The geology of the area though is 
probably the primary control on 
indoor radon. In particular the 
surficial geology, that is, the 
presence of highly porous ground 

materials, which act as a local water 
conduit, together with the extensive 
construction and use of qanats 
providing additional gas pathways. 
The movement of water through the 
fan sequence will also influence 
transport of the gas. The importance 
of the existence of permeable 
ground materials where radon 
concentrations are concerned was 
noted by Gillmore et al. (2005) in the 
UK, Solomon (1993) in the USA (the 
latter with respect to alluvial fans), 
and Smethurst et al. (2008) in 
Norway. 
The annual absorbed dose is 
estimated in the city of Hamadan, in 
this reconnaissance study, to be 2.7 
mSv. This dose when compared 
with the ICRP recommendation of 1 
mSv/y for a member of the public is 
relatively high (ICRP, 1993) , 
although it is lower than that 
observed in Ardabil, northern Iran, 
by Hadad et al. (2007) which was 
5.00 mSv/y. 
As a result of this study, it is 
therefore recommended that a more 
extensive study of radon in 
dwellings in such regions (in 
particular on alluvial fans) should be 
undertaken to more fully quantify the 
risk to householders. Local 
authorities can then take appropriate 
action through a targeted response 
to reduce risks in areas of risk. 
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Abstract:  
As part of a project measuring indoor 
radon in Hamadan, western Iran, a 
survey was undertaken of atmospheric 
radon (222Rn) in 28 wells using a 
Sarad Doseman. The radon 
concentrations in well shafts (1000 Bq 
m3 - 36600 Bq m3) show considerable 
variability both in space and time. This 
study assessed  
whether there was a relationship 
between the depth of a well, the flow of 
water and radon concentration. The 
importance of such measurements in 
this region is highlighted by the fact 
that radon levels in homes in 
Hamadan are probably greatly 
influenced by the porous nature of the 
underlying geology (alluvial fan 
deposits) and its use as a water 
reservoir/conduit through the 
application of qanat technology. 
 
 

Climate and geology 
 
Hamadan is in a semi-steppic climatic 
zone which forms a narrow band 
around the Zagros Mountains (see 
Figure 1).  
This zone typically experiences 
precipitation between 200 - 230 mm 
and 450 mm, and while winter 
temperatures can vary considerably, 
they can fall to - 33oC. In the windy 
and rainy periods that occur in the 
autumn, generally, the weather is not 
particularly cold, with average autumn 

temperatures in the region of 10oC, 
and with many homes having open 
doors and windows for ventilation. In 
the summer temperatures can rise to 
around 22oC.  
 
 

 
 
 
The geology of Hamadan consists of 
Quaternary sands and gravels with 
silts deposited by alluvial fans. The 
latter is underlain by Oligo-Miocene 
karstic limestones which outcrop as 
higher ground to the south-east, within 
the city. To the south and west the 
surface geology is represented by 
Jurassic schists and hornfels, with high 
ground being made up of mostly Late 
Cretaceous granites (Maanijou and 
Aliani, 2001). Hamadan is on the 
Sanandaj-sirjan plutonic belt and 
within 100 km north-east of the Main 
Zagros Reverse Fault, along which 
many shallow earthquakes occur 
(Berberian, 1981). Historically, 
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earthquakes have occurred in 
Hamadan, when the city has been 
damaged and large numbers of people 
killed (Ambraseys and Melville, 2005). 
The significance of the latter is that 
there has been an increased interest in 
recent years in radon as a possible 
earthquake precursor. 
 
 

Radon and drinking water 
 
One of the sources of natural radiation 
exposure for the population is radon in 
domestic water. The effective dose 
absorbed into the human body through 
consuming water with an activity level 
of 100 Bq/l (100000 Bq/m3) is 
estimated to be 0.45 mSv/y due to 
inhalation and  ingestion of radon 
(Akerblom and Lindgren, 1996). 
Ingestion of water which contains 
particularly high levels of radon can 
lead to a significant risk of stomach 
cancer. Due in part to practical 
difficulties in measuring radon activity 
in well water directly, de-gassed 
atmospheric radon was measured. 
The amount of water-saturated soil 
depends on rainfall and the porosity of 
the soil/substrate, while the amount of 
radon present depends on radium 
concentrations. Radon is released into 
ground water from a radium source 
primarily by diffusion along 
microcrystalline imperfections within 
the rock. The transport and 
concentration of radon in an 
anisotropic medium, such as bedrock, 
is highly variable and dependent upon 
the rock type, the physical condition of 
the rock (fractures, joints, porosity), 
aquifer parameters, and geochemistry. 
Radon from water can be released into 
indoor air which causes exposure to 
radon by inhalation. UNSCEAR (1993) 
estimated that the committed effective 
dose from ingestion of radon in water 
is 10-8Sv.Bq-1 for an adult and 
somewhat higher for a child and for an 

infant due to their greater sensitivity to 
radiation. UNSCEAR (1993) also 
suggest that, as a general rule, radon 
in tap water gives rise to radon in room 
air at a concentration 10-4 lower than 
that in the water. The NRC (NRC,1999) 
indicate that radon in drinking water at 
1000 Bq/l would give rise to radon in 
room air at about 0.1 Bq/l (100 
Bq/m3)). It is estimated that 
approximately 20% of Iranians use 
domestic wells to supply their own 
drinking water, although figures vary 
depending on whether people live in 
cities or in outlying villages. Private 
wells are unevenly dispersed 
throughout the countryside due to the 
patchy availability of public water 
services in some locations. Therefore, 
measuring the atmospheric radon 
concentrations in wells in Hamadan is 
important to provide some insight into 
the source of indoor radon together 
with an indication of whether domestic 
well water supplies may contain 
dissolved radon. The wells are all dug 
into the highly porous alluvial fan 
materials. This work was carried out in 
conjunction with indoor radon 
measurements in selected homes. 
 

Materials and methods 
 
In order to assess the variation of 
radon concentrations in wells, a set of 
28 representative wells associated 
with domestic properties were selected 
for investigation (Figure 2) between 
2005 and 2006.  
The radon concentrations in the 
atmosphere in these wells were 
determined by the use of a Sarad 
Doseman taking hourly measurements. 
The data were collected from a variety 
of well depths and well types (flowing, 
stagnant and dry), always measured in 
the atmosphere around 10 cm above 
the water surface, using a suspended 
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open plastic container with the 
Doseman inside. 
 

 
 
 

Results and discussion 
 
The atmospheric radon concentration 
in wells immediately above the water 
varied from 1000 Bq/m3 to 36600 
Bq/m3. This, according to the NRC 
(1999), could translate to a radon in 
water concentration of between 10000 
and 366000 Bq/l, high values that pose 
a significant health threat if ingested. It 
should be recognised though that 
these readings could be influenced to 
a greater or lesser extent by radon soil 
gas levels. 
 

  
 
 

 Table 1 shows average radon 
concentrations at different depths.  
 
 

  
 
The maximum radon concentration 
was noted at 7 metre depths (see 
Figure 4) while the average radon 
concentration was 11260 Bq/m3. It can 
be seen from Figure 2 and Tables 1 
and 2 that there is a spatial distribution 
of the radon concentrations, with the 
highest value in the area where ground 
water levels are at the 6 and 7 metre 
depth region (see Figure 4).  
 
 
 

  
 
Radon concentration in tap water can 
vary, but the authors in this study have 
noted that while well water was being 
used, indoor radon concentration near 
bathrooms increased rapidly. The 
authors also noted that flowing wells 
gave rise to higher down well radon 
concentrations than dry or stagnant 
wells. 
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Conclusion 
 
If the suggestion holds true by the 
NRC (1999) that 1000 Bq/l in drinking 
water gives rise to 100 Bq/m3 in the 
atmosphere, the high atmospheric 
readings of over 36000 Bq/m3 in well 
shafts in Hamadan suggest significant 
dissolved radon levels and subsequent 
health risks. As previously highlighted, 
the nature of the underlying geology 
has considerable influence on the 
radon concentration in these well 
shafts. It is worth comparing results of 
tests for atmospheric radon in wells 
(Tables 1, 2) with measurements in 
homes (Gillmore and Jabarivasal, 
2010). Radon gas dissolved in well 
water could be monitored and could be 
used to some extent to pick out 
potential indoor radon ‗hotspots‘. 
Similarly, the presence of raised radon 
concentrations in well shafts could be 
used to provide a possible earthquake 
precursor in such regions, although 
much work still needs to be done to 
fully establish this. 
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