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Abstract
Environmental risk factors for Multiple Sclerosis (MS) are not clearly understood, although
vitamin D and sunlight exposure are thought to be protective. MS prevalence increases with
increasing latitude, in a pattern similar to that of residential radon exposure, particularly in the
U.S. To further study this relationship, a pilot study was conducted of ninety-seven MS patients
and 51 non-MS patient controls. Patients had been diagnosed less than five years. An interview
of the 148 patients included time spent on various living levels within the home as well as
demographic, medical, residential, occupational, smoking, and other information. In a subset of
the group who had lived in their homes for at least five years prior to diagnosis - 25 MS and 21
control patients - radon detectors were placed for six months on different living levels in their
homes. Time weighted average levels of radon exposure were calculated. Statistical methods
included the t-test, odds-ratios, and logistic regression. Weekly cumulative radon values
averaged 13,802.48 Bq m-3 h for cases and 9,369.14 Bq m-3 h for controls. The adjusted oddsratio for MS prevalence increased by 1.98 (95%CI = 0.98 to 3.98, p = 0.06) for each unit
increase in the time-weighted average of the natural log of radon exposure. Although not
statistically significant, a trend of an increase in the probability of MS prevalence with each unit
increase in the time-weighted average of the natural log of radon exposure was found. No
statistically significant protective effect was found for either reported sunlight exposure or
vitamin D use. Discussion of the strengths and weaknesses of the study is provided, as are
recommendations for future research. A small sample size is a limiting factor in our conclusions.
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Introduction
Multiple Sclerosis (MS) is a chronic autoimmune disease that affects the brain and spinal cord in
the central nervous system. It acts by attacking the myelin sheath, a primarily fatty tissue
insulating the nerve fibers (National Multiple Sclerosis Society, 2010). The myelin sheath
facilitates the conduction of nerve impulses and can be damaged either directly or indirectly
through autoimmune reactions or free radical attack. Demyelinization can cause scarring and
hardening of the nerve fibers, resulting in numbness, weakness, pain, paralysis, and vision loss.
The sheath is formed and maintained by oligodendrocytes.
The cause of MS is unknown, but is widely believed to be a T-cell mediated inflammatory
process with an unidentified antigenic target (possibly a component of myelin). Disregulation of
the immune system may play a major role in the development of this disease process. It is
estimated that there are approximately 10,000 new (incident) cases of MS per year and
approximately 350,000 to 400,000 people currently affected with MS (prevalent cases) in the
U.S. The disease has a higher prevalence in northern latitudes (in the northern hemisphere),
leading to the hypothesis that sunlight and/or vitamin D may be protective (Fig.1). It also has a
higher prevalence among whites and women. Symptoms are most common among those aged 20
to 40.
Risk factors for the development and/or progression of this disease include female gender,
Caucasian race, genetic susceptibility, and family history of MS. Hypothesized factors include
reduction in solar ultraviolet radiation, multiple viruses (canine distemper, Epstein-Barr, Human
Herpes 6, etc.), sex hormones, dietary fat/fatty acids, reduction in Vitamin D, environmental
agents more common in cold climates, and organic solvents (Ebers and Sadovnick, 1993;
Weinshenker, 1996; Hogancamp et al, 1997; Kurtzke and Page, 1997; Landtblom, 1997;
McMichaael and Hall, 1997; Hernan et al, 1999; Freedman et al, 2000; Rosati, 2001; Coo and
Aronson, 2004; Goldacre et al, 2004; Munger et al, 2004; Neuberger et al, 2004; Ozgocmen et al,
2005; Ascherio and Munger, 2007; Holick, 2007; Islam et al, 2007; Sloka et al, 2008; Beretich
and Beretich, 2009; Westberg et al, 2009; Handel et al, 2010; Noonan et al, 2010) .
Lack of sunlight exposure is considered a strong candidate as an environmental risk factor for
MS (Ascherio and Munger, 2007; Handel et al, 2010; Lucas et al, 2011) .The pronounced north south gradient in MS prevalence in the U.S. [Figure 1] and elsewhere (Sloka et al, 2008) has long
suggested a protective effect of sunlight or ultraviolet radiation (Beretich and Beretich, 2009),
possibly through the mechanism of vitamin D production and/or immune suppression
(McMichael and Hall, 1997) or anti-oxidant activity. Vitamin D may help maintain the immune
system and help regulate cell growth and differentiation. Dairy products supply the majority of
vitamin D in the diet, with nearly all milk fortified with vitamin D. In a study in Turkey, MS
patients had significantly lower vitamin D levels than controls (17.3 ng/mL versus 43.1 ng/mL;
p<0.001) (Ozgocmen et al, 2005). In a study of nurses, increased intake of dietary vitamin D in
food or as a supplement was inversely associated with the risk of MS (Munger et al, 2004).
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Figure 1. Geographic Distribution of Residential Radon in Homes.
Some have questioned the validity of the north-south MS gradient because different study
methodologies were used. However, a recent study of three geographic areas in the U.S., which
used similar MS case finding methodology, found that the north-south geographic pattern holds
and remains strong after age adjustment (Noonan et al, 2010). In another study in North America
childhood sun exposure significantly reduced the risk of MS in monozygotic twins (Islam et al,
2007). In the United Kingdom, skin cancer was significantly less common in people with MS
than in a comparison group (Goldacre et al, 2004). The risk of mortality from MS in Sweden
decreased significantly with increasing occupational exposure to ultraviolet light (Westberg et al,
2009). Sun exposure, actinic skin damage, and higher serum vitamin D levels were associated
with a reduced incidence of first demyelinating events in Australia (Lucas et al, 2011). In 24
states of the U.S., mortality from MS was significantly negatively associated with residential
exposure to sunlight at time of death (Freedman et al, 2000). A recent study of seasonal
prevalence of MS, using MRI examinations to study the appearance of lesions found a strong
seasonal pattern in subclinical MS activity, with an elevated likelihood of subclinical disease in
the March-August period. Correlations were strongest for increased solar radiation and daily
temperature (Meier et al, 2010).
Ionizing radiation may also be an environmental risk factor for MS (Gipps and Kidson, 1984;
Axelson et al, 2001; Bolviken et al, 2003; Gilmore and Grennan, 2003; Lykken et al, 2008). In a
pooled analysis of two case-control studies in Sweden, an increased risk for MS was found for
those who reported exposure to radiological work (OR = 4.4, 95% CI = 1.6 to 11.6) and to X-ray
examinations (OR = 1.8, 95% CI = 1.2 to 2.6). Ionizing radiation may cause free radical
formation and oxidative damage (Axelson et al, 2001). In a study of 40 MS patients and 30 age
and sex matched controls in Australia, MS patients exhibited significantly more cellular
sensitivity to ionizing (γ) radiation than controls (p < 0.0001) (Gipps and Kidson, 1984).
Radon and radon progeny exposure may also be a risk factor for MS (Bolviken et al, 2003;
Gilmore and Grennan, 2003; Lykken et al, 2008). Radon is lipophilic and has a similar
geographic distribution to that of MS, with higher prevalence in northern latitudes
(http://www.epa.gov/radon/zonemap.html). Females, who have a higher prevalence of MS than
males, may also stay at home more than males and thus have higher exposure to residential
radon. In Norway, the mortality rate of MS was significantly positively associated with the
4

content of radon in indoor air (Bolviken et al, 2003). In Northwest Ireland, MS prevalence was
higher in areas with underlying radon producing granites (Gilmore and Grennan, 2003). In
Grand Forks, North Dakota there was a 2.4-fold increase in 222Rn levels in bedrooms of homes of
15 MS patients compared to 15 non-diseased controls. Preliminary data indicated that the whole
body retention of 214Bi (radon progeny) was 37 percent higher in MS patients than in the controls
(Lykken et al, 2008). Thus, there are three ecological data sets (U.S., Norway, and Northwest
Ireland), one case-control study (North Dakota), and one demographic data set (females with
higher MS prevalence rates) that could indicate a positive association of residential radon
exposure with MS prevalence.
Our purpose was to evaluate the association between MS prevalence and radon at the individual
level, while controlling for other potential risk factors; the first study to do so.

Methodology
Physician confirmed definite MS cases and non-MS controls were obtained from the University
of Kansas Medical Center’s Neurology Department clinic. Patients were eligible if they came in
for treatment during a two year period, were age 18 or greater, resided within 200 miles of the
medical center (in Kansas or Missouri), were diagnosed subsequent to 12/31/99, and had their
disease prevalent during the period 2000-2006. Controls were selected during the same time
period as the cases and were group matched to cases on gender and age (± five years). Controls
were selected randomly from patients with migraine headache, stroke, peripheral neuropathy,
back pain, spinal cord injury, head trauma, and restless leg syndrome.
A questionnaire was first pilot tested on several individuals unrelated to the study and then
administered to all patients in the study while they were being treated or seen at the medical
center. Questions were focused on the 20 year time period prior to diagnosis and included:
history of skin cancer, severe sunburn, sun exposure, outdoor jobs, sun bathing history,
education, work and residential history, hobbies, sports, pets and pet illnesses, chemical
exposures, smoking history, family history of MS, and time spent in different rooms and levels
of the house during the week.
Permission was sought to do a radon test in their home for those patients who resided for five or
more years in the same home prior to diagnosis. The test utilized long-term alpha track
dosimeters (Radtrak®) placed in the subject’s bedroom, basement, and living room for 5-6
months in the winter. Detectors were placed and retrieved by the Principal Investigator and were
located either on furniture (taped to the furniture or to a plate) or hung from the ceiling
(particularly in unfinished basements) using a standard length tape provided by the manufacturer.
The investigator checked all location measurements upon retrieval of the detectors to be certain
they were not moved. All detectors were immediately re-sealed in their original wrappings,
sealed in plastic bags within a few days upon retrieval from the home, and sent from the
investigator’s office via Federal Express to the Landauer Company in Glenwood, Illinois for
analysis. Ten percent of the detectors were duplicates, five percent were spiked positives (from
the U.S. Environmental Protection Agency’s [EPA] lab in Las Vegas, Nevada), and five percent
were blanks. After obtaining a copy of the measured radon test results from Landauer, a copy
was mailed to all individuals who had their home tested, along with a copy of the EPA guideline
on radon for homeowners. Each radon test result report to the homeowner listed the detector
number, the detector location in the house (floor, room), the measurement period (month, day,
year), and the measured radon value (mean, standard deviation).
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All data were double entered into the database and simple edit checks were performed. Several
statistical tests were utilized, including the chi-square, Fisher’s exact, and logistic regression. A
multivariable logistic regression analysis was performed to adjust for all variables. A crude oddsratio and 95% CI were calculated for the interview variables. For p values less than 0.2 an
adjusted odds-ratio and 95% confidence interval was calculated for questionnaire data that was
both robust (exposures reported by 10 or more cases or five or more controls) and of greatest
potential relevance to the study.
Time weighted average (TWA) levels of radon exposure in the home for a typical week were
calculated blind as to case or control status. To obtain the TWA, the estimated weekly time spent
on different living levels in the home was multiplied by the measured radon value for that living
level. Total weekly time in the home was also utilized as a variable to see if cases spent more
time in the home than controls. Information concerning the individual’s location in the home
(including room and living level) was obtained from the interview. The t-test was utilized to
determine if the mean weighted radon level and the mean time in the home differed significantly
between cases and controls. An excess odds-ratio for each unit increase in the natural log (ln) of
radon was computed using a logistic regression model, where the natural log transformation was
used on the time weighted average radon values.
Written informed consent was obtained from all participants. The project was approved by the
Human Subjects’ Committee of the University of Kansas Medical Center.

Results
Interview information was obtained for 148 patients, including 97 cases (28 male, 69 female) and
51 controls (20 male, 31 female). The mean age of the male cases was 42.4, whereas for male
controls the mean age was 53.4. Thus, the age match for males was not achieved. For females,
the mean age of the cases was 42.3 and the mean age for controls was 44.7, less than the
intended plus or minus five years [Table 1].

Mean Age (n)

Males

Females

Cases (97)
Controls (51)
Total (148)

42.4 (28)
53.4 (20)
48

42.3 (69)
44.7 (31)
100

Table 1. Age Distribution of Cases and Controls.

Cumulative weekly hours at home were 97.3 for cases and 101.4 for controls; a difference that
was not statistically significant (p=0.45). However, when the data were stratified by gender, the
data indicate that female controls spent a marginally significant more hours at home than cases
(116.4 versus 101.1) (p=0.05); for males the corresponding figures were 87.6 for cases and 90.2
for controls (p=0.74) [Table 2].
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Hours

Cases

Controls

p-value

Weekly Hours at Home (T)

97.3

101.4

0.45

(M)

87.6

90.2

0.74

(F)

101.1

116.4

0.05

Table 2. Average Weekly Hours at Home Prior to Diagnosis.
[n=148 individuals, 97 cases and 51 controls]
For the total patient population there were statistically significant increases in risk for MS for
Education Level (College graduate or higher) (OR = 2.33, 95% CI = 1.10 to 4.31) and Drinks
Milk (OR = 2.13, 95% CI = 1.05 to 4.32). For either yes/no or quantitative hours there was no
statistically significant increased protective effect for either sunlight exposure or vitamin pill
intake. There was a significant decrease in risk for skin cancer, but this was based on eight
reports. Sunscreen use seemed to increase risk, but this was not statistically significant. In
contrast, both sunbathing and severe sunburn seemed to increase risk. Results were the same
with and without age adjustment. Milk may contain 400 International Units of vitamin D, which
has been considered to be possibly protective. There were statistically significant decreases in
risk for Live on Farm (OR = 0.34, 95% CI = 0.16 to 0.70), Serious Illness (OR = 0.36, 95% CI =
0.18 to 0.73), and Odors on the Job (OR = 0.49, 95% CI = 0.24 to 0.9998) [Table 3]. None of the
other interview variables (e.g., smoking, occupation, chemical exposures, hobbies, pets, etc.) had
any close relationship with MS prevalence.
Variable

Odds-Ratio

95% CI

Education Level
Drinks Milk
Sunscreen Use
Severe Sunburn
Sunbathed
Family History of MS
Tanning Bed Use
Outdoor Jobs
Multivitamin Pill
Vitamin Pill
Odors on the Job
Serious Illness
Lived on Farm
Skin Cancer

2.33
2.13
3.46
1.89
1.57
1.17
1.05
0.71
0.61
0.57
0.49
0.36
0.34
0.16

1.10 to 4.31*
1.05 to 4.32*
0.74 to 16.10
0.94 to 3.80
0.71 to 3.49
0.38 to 3.75
0.50 to 2.20
0.34 to 1.51
0.29 to 1.29
0.29 to 1.13
0.24 to 0.9998*
0.18 to 0.73*
0.16 to 0.70*
0.03 to 0.81*

* p < 0.05
Table 3. Interview Variables Showing Increased or Decreased Prevalence Odds-Ratios.
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For either yes/no or quantitative hours, there was no statistically significant increased protective
effect for either sunlight exposure or vitamin pill intake. While there was no statistically
significant difference for outdoor jobs between cases and controls, there was a tendency for
reduced risk. In addition, the overall population of males, which has a much reduced risk of MS
in general, had significantly more years of exposure to outdoor jobs than the overall population
of females (45.76 versus 6.79, p<0.0001) [data not shown].
Radon levels were measured in the homes of 46 patients who had lived in their current home for
five or more years prior to diagnosis. These included 25 cases (seven male and 18 female) and 21
controls (12 male and nine female). Sixty radon detectors were placed in 25 case homes and
forty-five radon detectors were placed in 21 control homes [Table 4]. Where feasible, each living
level of the home was sampled. All but two detectors in control homes were recovered; two
detectors were thrown out by the homeowners.
Category

Males

Females

Total
Individuals

Total
Detectors

Cases
Controls
Total

7
12
19

18
9
27

25
21
46

60
25
105

Table 4. Current Radon Measurements.
Eleven detectors were co-located, seven were blanks, and five were positively spiked. Detector
comparisons showed no significant differences between what was measured and what was
expected. Uncertainty estimates on the detectors ranged from two percent at the highest radon
level to 20 percent at the lowest.
For 25 cases the mean radon level in the basement was 230.51 Bq m3 (6.23 pCi L-1), whereas for
21 controls the mean level was 211.27 Bq m-3 (5.71 pCi L-1). In the bedroom, the corresponding
mean values were 125.06 Bq m-3 (3.38 pCi L-1) for cases and 80.29 Bq m-3 (2.17 pCi L-1) for
controls [Table 5]. Living room values were also higher for cases than controls and were
intermediate between basement and second floor readings. In many cases the bedroom was on
the same living level as was the living room. When data were stratified by gender, cases
consistently had higher readings than controls on all living levels, including the bedroom, living
room, and basement (data not shown).
Living Level

Cases
(n=25)

Controls
(n=21)

Basement (pCi/L)
Bedroom (pCi/L)

6.23
3.38

5.71
2.17

Table 5. Average Radon Value by Living Level in Home.
Comparing the weekly cumulative time-weighted average radon values, the cases averaged
13,802.48 Bq m-3 h (373.04 pCi L-1 h), whereas controls averaged 9,369.14 Bq m-3 h (253.22 pCi
L-1 h) (p=0.17) [Table 6].
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Hours

Cases

Controls

p-value

Cumulative TWA
radon value (pCi/LHours)

373.04

253,22

0.17

Table 6. Average Cumulative Weekly Time Weighted Hours of Radon Exposure.
The initial logistic model that was constructed used a cutpoint determined by the median value of
the time-weighted average value of radon in the homes of the controls. This was done to
dichotomize the continuous variable of radon. The value chosen - 6,482.40 Bq m-3 h (175.20 pCi
L-1 h) - resulted in an unadjusted odds-ratio of 1.62 (95% CI = 0.50 to 5.28), indicating both an
increased prevalence of MS as radon increased and an odds-ratio that was similar to that
obtained from the continuous variable analysis, which was calculated subsequently. For females,
the unadjusted odds-ratio was 1.72 (95% CI = 0.49 to 12.89) [Table 7].
Analysis Type

OR

95% CI

Unadjusted (high/low)
Unadjusted, females (high/low)
Unadjusted, ln (continuous)
Adjusted*, ln (continuous)

1.62
2.50
1.72
1.98

0.50 to 5.28
0.49 to 12.89
0.92 to 3.44
0.98 to 3.98

*Adjusted for age, gender, and severe sunburn.
Table 7. Unadjusted and Adjusted Prevalence Odds-Ratios for Radon Exposure.
[N=46 individuals, 25 cases and 21 controls].
Because the distribution of the radon exposure was skewed, the radon exposure levels were
transformed by taking the natural log (ln) of the radon exposure. For this model, the value of ln
of the weekly radon exposure was then used as a continuous variable in a logistic model, with
MS as the outcome variable, to compare cases to controls. The typical model for predicting logodds is:
 π ( x) 
e α + βx
ln 
x
α
β
=
+
and
x
π
(
)
=

1 + e α + βx
1 − π ( x) 

when predicting the probability that a patient has MS for a radon exposure x. The transformation
changes the equations to:
 π (ln( x)) 
e α + β ln( x )
eα * x β
ln 
=
 = α + β (ln( x) for the log odds and π (ln( x)) =
1 + e α + β ln( x ) 1 + e α x β
1 − π (ln( x)) 

for the probability. The log-odds using the transformed values are interpreted as the change in
risk per unit increase in the transformed variable. When the value is increased by one unit in the
transformed scale this corresponds to a change of one order of magnitude using base e in the
original scale. For example, in the transformed scale a value of 4 would be equivalent to a
measurement of e4 = 54.6 Bq m-3 h of radon exposure in the original scale. An increase of one
unit in the transformed scale would correspond to a measurement of e5 = 148.4 Bq m-3 h of radon
9

exposure in the original scale, for an increase of 93.8 Bq m-3 h of radon exposure for one unit
increase in the transformed scale.
This transformation resulted in an unadjusted odds-ratio for radon of 1.72 (95% CI = 0.92 to
3.44). When severe sunburn was included in the model, the adjusted odds ratio for the natural log
of radon exposure was 1.80 (95% CI = 0.92 to 3.53, p = 0.09). When age, gender, and severe
sunburn were included in the model the adjusted odds ratios were 3.67 (95% CI = 0.96 to 14.08,
p = 0.06) for increase in severe sunburn, 4.04 (95% CI = 1.018 to 16.00, p =0.05) for female
gender, and 1.98 (95% CI = 0.98 to 3.98, p = 0.06) for each increase in one unit of the ln of
radon exposure [Table 7]. For each gender separately the odds ratio was 2.02 for males and 2.06
for females; results that were virtually identical and not statistically significantly different from
each other. Thus, the odds-ratio for MS prevalence increased almost two-fold for each unit
increase in the ln of the time-weighted average of radon exposure. It is important to stress that a
unit increase in the transformed variable is actually an order of magnitude increase in the original
scale.

Discussion
Specific environmental factors affecting the development and exacerbation of MS remain
unclear. While there were a number of potential environmental risk factors for MS, the primary
candidate for a protective effect going into this study was ultraviolet radiation and/or vitamin D
use. There was also some evidence of a positive association at the ecological level with
residential radon exposure as well as one case-control study that found a positive association
with residential radon exposure.
Interviews with 148 individuals did not, with one exception, find any statistically significant
increase in risk with either sunlight exposure or vitamin D intake. The sole exception was an
increase in risk with the variable drinks milk. On the other hand, there were a number of
statistically significant variables indicating a protective effect of sunlight exposure or vitamin D.
These included skin cancer (based on very few cases) and lives on a farm (with presumed higher
levels of sunlight exposure). A number of non-statistically significant associations pointed in the
direction of a protective effect. These included vitamin pill or multivitamin pill use and outdoor
jobs. Thus, there is some support for a protective effect of sunlight exposure and vitamin D on
the risk of MS. The fact that education level is significantly elevated is a generally accepted
finding. The presence of serious illness as a protective variable is possibly due to the selection of
a control group from a neurological clinic, with possible previous medical conditions.
After measuring radon levels in 46 homes, a borderline statistically significant association was
found between an increase in one unit of the ln of the time weighted average of residential radon
exposure and an almost two-fold increase in the prevalence of MS. This is despite the fact that
the MS cases spent somewhat less time in their homes than did the controls. Radon levels were
consistently higher in case homes than control homes when stratified by living level or by
gender.
Dose levels of radon and decay products actually received by the brain and the cranium (skull)
have not been settled with certainty and were not measured in this study. Both radon gas and
progeny can circulate in the bloodstream (National Academy Press, 1988, 1999; Harley and
Robbins, 1992; Lykken and Momcilovic, 2004) and cross the blood-brain barrier into the brain
and spinal cord. Radon is lipid-soluble and can concentrate more in fatty tissue, including the
brain (Momcilovic et al, 2001, Lykken and Momcilovic, 2004; Momcilovic and Lykken, 2007).
It accumulates in the cranium, resulting in increased 214Bi gamma ray emissions and altered
electroencephalographic signals (Lykken et al, 1990; Momcilovic et al, 2001). A significant
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fraction of radon and decay products inhaled by cyclists was found to be stored in the body. 214Bi
and 214Pb activities have also been detected in post exposure urine of an individual exposed to
radon for 60 m (Lykken et al, 1990). Radon was flushed out of a cyclist’s body after breathing
radon free air for one hour (Lykken et al, 2000). Emitted alpha, beta, and gamma radiation from
resulting radioactive decay could cause genetic mutations, overstimulation of the immune
system, and/or damage either to DNA or DNA repair mechanisms (Calabrese and Baldwin,
1998). Numerous free radicals are produced, which could result in free radical attack either
directly or indirectly on the blood-brain barrier, the myelin sheath, or on the oligodendrocytes.
Free radicals can cause protein oxidation, lipid peroxidation, and DNA intercalation as well as
impair signal transduction, cell membrane function, and gene expression (Momcilovic et al,
2001). Approximately 24.5 MeV of alpha and 10.1 MeV of beta energy are deposited locally as
222
Rn decays to 206Pb, with not all occurring in the lung.
Particulate radon progeny, including both the short term decay products and the long term decay
products (e.g., 210Pb, with a half-life of 22 y and 210Po, with a half-life of 138 d) could directly or
indirectly damage the myelin sheath. Thus, radon and progeny could cause immune or oxidative
reactions in the central nervous system that could lead to the development and/or the
exacerbation of MS. In addition, all radon progeny are heavy metals, which are highly
neurotrophic and neurotoxic. “The heavy metal radon decay products remain trapped in the
brain, where they emit additional gamma radiation and alpha and beta particles over their
lifetime and thus add chemical injury to the radiation injury of the brain” (Momcilovic et al,
2001).
In a recent study for every Bq of 222Rn per liter volume in the ambient air there were about 21 Bq
of 214Bi per liter of the human body volume. Thus, “the whole body 214Bi per unit volume in men
and women was much higher than that of the 222Rn in the home ambient air (p<0.05).” Whole
body counter activity was measured in 385 women and 179 men and compared to the natural log
activity of 222Rn and 214Bi in their home. A statistically significant correlation was found
between 214Bi concentrations and total body fat in women, but not men, possibly due to the
higher fat mass in women. This study also found a seasonal pattern of radon concentration and
214
Bi activity in the human body (Momcilovic and Lykken, 2007).
Elevated levels of 210Po and 210Bi were found in the frontal and temporal lobes of Patients with
Alzheimer’s and Parkinson’s disease (Momcilovic et al, 2001). In ongoing research on
nanoparticles (< 100 nm), which could include ultrafine radon progeny, particles were
translocated to the brain in monkeys and rats via the olfactory bulb, which circumvents the blood
brain barrier (Oberdorster et al, 2004; Elder et al, 2006; Oberdorster et al, 2009). The authors
indicate that this pathway is relevant in humans.
A study of tissues from 41 uranium miners and 11 unexposed individuals included tissues from
19 organs. Radiation values were measured in lung, kidney (cortex), brain, spinal cord, and
other locations. It was determined that dose to bone may exceed in some cases the maximum
permissible dose-rate of 30 rem/y. Highest concentrations of 210Po and 210Pb were observed in
the skeleton of these miners; bone would also include the skull (cranium). Sources of 210Pb
which contributed to high skeletal burdens included inhalation of short-lived radon daughters,
inhalation and possible ingestion of 210Pb in the mine atmosphere, and inhalation of 222Rn, which
is stored in body fat; “upon decay, the daughters translocated via the blood stream to the
skeleton.” Doses measured in brain tissue were obtained from one individual, a 55 y old male.
The level ranged from 1 to 50% of the dose measured in lung tissue. Levels of 210Po and 210Pb
equaled and even exceeded dose measured in the lung and increased as the length of time on the
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job increased (Blanchard and Moore, 1971). Concentration of 210Pb was shown to increase with
increased radon daughter exposure.
“There is no international consensus on the calculation of doses from inhaled radon decay
products” (Kendall and Smith, 2002). Nonetheless the authors used the PLEIADES code and
type M and type F kinetics, where F refers to fast half-time - and M to moderate time - with
respect to absorption to blood. They found that the effective dose to the brain for 218Po, 214Pb,
and 214Bi (short-lived progeny) was two orders of magnitude lower for the brain than for the
lung. The annual dose at 200 Bq m-3 to the brain was 0.15 mSv, compared to 35.8 mSv to the
lung for type F aerosols. The dose for 222Rn was 0.06 mSv for the brain, compared to 1.2 mSv
for the lung. However, for bone surfaces the annual dose for type F decay products at 200 Bq m-3
was 1.48 mSv for type F aerosols. Thus, while the calculated dose to the brain tissue was
relatively low, it was still present, and the skull would also have an increased dose. The gas and
daughter products circulated throughout the bloodstream, as illustrated by the annual dose at 200
Bq m-3 of 5.20 mSv to the kidney for Type F aerosols. As mentioned above, radon is more
soluble in tissues with a higher fat content; fat receives the highest dose of all tissues outside the
lung. The linear no threshold model operates and low doses of radiation lead to small deleterious
effects. “If radon is allowed to reach equilibrium with its decay products there will be equal
activities of each. In practice, the later decay products tend to be lost by various processes,
particularly deposition on surfaces, sometimes called plateout” (Kendall and Smith, 2002).
Thus, while the major known toxic effect of radon is on the lung (National Academy Press,
1999), some percentage of dose enters the brain, is absorbed by the skeleton, and may
consequently cause damage to a crucial area. Such a low dose - as well as the accumulated radon
progeny - could possibly act either to stimulate the immune system or damage the
oligodendrocytes, even if the dose is insufficient for carcinogenesis. There is disagreement,
however, as to the amount of dose received by the brain tissue and cranium. There may also be
some interaction with vitamin D.
This pilot study included careful case and control definition, a detailed questionnaire, careful
radon measurements, a widely dispersed patient population, and a detailed quality control
procedure for all variables. The controls were selected randomly and did not have any
autoimmune diseases. It is the first study to measure residential radon exposure along with other
major potential risk factors for MS.
Limitations included the lack of non-neurologically diseased controls, the relatively small sample
size, the shortened period for radon measurements, and the relatively small sample size,
particularly for radon measurements. Because of this small sample size, the finding of a
marginally significant association of residential radon exposure and the prevalence of MS could
be due to chance. Separate analyses for gender and severe sunburn were considered less reliable
because of low statistical power. This is the second small case-control study to find a positive
association between residential radon exposure and MS prevalence (Lykken et al, 2008).
While incident cases are preferred for determining risk factors, obtaining a large enough sample
of newly diagnosed patients was not feasible. Thus, prevalent cases were used. In order to
partially circumvent this problem, we required that: 1) the date of diagnosis must have been
within five years of the time of interview for inclusion in the study and 2) all exposure
information obtained must have been prior to the time of diagnosis or severe disabling
symptoms. Date of diagnosis was used because this date is firmer and less subjective than the
date of symptom onset.
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The time frame used for radon measurements was five to six months, shorter than the one-year
time period generally preferred to allow for radon’s seasonal variability. However, all
measurements were done during the winter months in the same year, thus maximizing potential
radon exposure in this population. Future studies should, however, use one year measurements in
order to account more fully for seasonal variability. If homes were substantially remodeled (e.g.,
new concrete floor in basement, new air handling system, or major renovations) they were
excluded from this study. While radon measurements were not obtained outdoors or at work, the
predominant source of radon exposure for most individuals would occur at home. Past radon
exposures in the home could not be measured; they were assumed to be approximated by the
current measurements (Steck, 2009).
In conclusion, interviews with 148 individuals found some support for a protective effect from
either sunlight exposure or vitamin D intake. These results were not, for the most part,
statistically significant. After measuring radon exposure in 46 homes, this relatively small study
found a borderline statistically significant association between radon exposure and the
prevalence of MS. An increase of one unit in the natural logarithm of the time weighted average
of residential radon exposure resulted in an increase in MS prevalence of almost two-fold. There
was no evidence that this was due to MS patients spending more time at home. Quite the
contrary, controls (particularly females) spent more time at home. A larger follow-up study, with
a more rigorous study design, could shed further light on these findings.
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Abstract
In this study, survey data from rural, low-income families were analyzed for the demographic
and cognitive predictors of indoor radon testing. Participants (n = 224) lived in Zone 1
designated Montana counties. Logistic regression analyses were used to test a theoretically
supported model in predicting radon testing. Half of the participants had never heard of the
health effects of radon. The overall radon testing rate was 13.8% (n = 31) with rate of testing
higher among home-owners (χ2 (1, 224) = 8.4, p = .004, OR = 3.2; 95% CI 1.4 – 7.4). A model of
five demographic and three cognitive variables were significant in predicting whether
participants who had not tested their homes had ever heard of the health effects of radon (χ2 (8,
2
193) = 20.6, p < .01) and home-radon testing in the full sample (χ (8, 224) = 22.4, p < .01).
Members of the scientific and medical community should not assume that low-income families
understand radon risks. Interventions are needed to include this important group in ethical and
comprehensive radon risk reduction efforts.
Key Words: radon, social determinants, rural health, environmental health, householder status
Acknowledgments: NINR/NIH Grant No. 1 R01 NR009230-01A1
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Introduction
Background
Research and discussion of residential radon exposure is timely as national efforts are underway
to emphasize prevention, reduce health disparities (U.S. Department of Health and Human
Services, 2011a, 2011c), and help families make the connection between housing and health
(Environmental Protection Agency & U.S. Department of Health and Human Services, 2011).
The elimination of toxic, residential exposures—particularly for poor and minority families who
are at increased risk for differential health outcomes—is an important focus of the National
Prevention Strategy (U.S. Department of Health and Human Services, 2011b) and the World
Health Organization (2009). Radon gas is an example of such an exposure. The Environmental
Protection Agency (EPA) estimated that 21,000 annual lung cancer deaths in the U.S. are
attributable to radon (Pawel & Puskin, 2003) and radon is the leading environmental cause of
cancer death in North America (Environmental Protection Agency & U.S. Department of Health
and Human Services, 2011). Unfortunately, the risks associated with radon exposure have failed
to receive widespread attention (President's Cancer Panel, 2009).
Because naturally occurring radon in the soil is very common in many areas of the West, rural
communities are at particular risk for radon exposure (Environmental Protection Agency, 2011).
Compounding the problem, rural communities in the western U.S. may be influenced by
economic segregation, community gentrification, and displacement of lower-income families to
unincorporated parts of the county (Butterfield & Postma, 2009). These and other social and
economic factors influence the extent to which many low-income families come to live in areas
beyond the reach of many public health and municipal services making evidence-based case
finding an important tool for the public health practitioner (Larsson, Hill, Odom-Maryon, & Yu,
2009). Therefore, research exploring salient predictors of radon exposure awareness and testing
behavior in rural communities is needed.
Research Questions
The goals of this research study were to explore the sociodemographic and cognitive predictors
of radon exposure awareness and prevalence of residential testing for rural, low-income families.
Specific Aim 1 was to investigate the prevalence of home-radon testing by home ownership
status. Specific Aim 2 was to assess the influence of sociodemographic and cognitive variables
in predicting pre-testing awareness. Specific Aim 3 was to assess the influence of
sociodemographic and cognitive variables in predicting home-radon testing.

Methods
Design and Sample
Data for this research were collected by survey questionnaire from health department clients who
lived in three Montana counties designated by the EPA as Zone 1 (Environmental Protection
Agency, 2011). This cross-sectional study was nested within a larger randomized, controlled trial
for a household nursing intervention. For a detailed description of the design of the intervention
study, see Butterfield, Hill, Postma, Butterfield, & Odom-Maryon (in-press). Study participants
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were referred by public health nurses, screened for eligibility (< 250% of poverty level), and
consented to participate (n = 127, 60.0%). Additional study participants were recruited through
the Women Infant and Children (WIC) Clinics (n = 97, 40.0%) to meet sample size requirements
within the study timeframe. WIC survey participants had an income of < 185% of the poverty
level. Participants received a $10 gift card for completing the survey.
Data collection began July 10, 2006 and ended June 30, 2009. Human subjects’ approval was
obtained from the Montana State University Institutional Review Board for the Protection of
Human Subjects.
A power analysis was conducted using the Statistics in Medicine software (Hsieh, Block, &
Larsen, 1998). The number of respondents necessary to protect against committing a type two
error in completing Specific Aim 3 (to test eight variables in predicting home radon testing) was
161 (final sample of 224). Item responses were entered into Statistical Package for the Social
Sciences (2009) version 18.0 for data analysis. Minimal missing values were treated by
imputation (Missing Values Analysis Statistical Package for the Social Sciences, 2009) with the
expectation maximization algorithm after assumptions of the procedure were satisfied.
Measures
To achieve the aims of the study, measures for five sociodemographic and three cognitive
variables were used. The sociodemographic variables chosen for testing were related to factors
hypothesized in the literature to be important to the adoption of health-protective behaviors and
are described as follows.
Socioeconomic status (SES) variables
SES was defined as an ecologic, multi-level factor that constrains access to resources and
influences how families shape their health behaviors (Evans & Kantrowitz, 2002; Institute of
Medicine Committee on Environmental Justice, 1999; Kneipp & Drevdahl, 2003; Leight, 2003;
Stewart & Napoles-Springer, 2003). Although the measurement of SES varies broadly,
householder ownership status is a critical SES variable in this study, as an estimated 6.4 million
rural families rented their homes in 2009 (Housing Assistance Council, 2010; United States
Department of Housing and Urban Development, 2011). Compared to families who owned their
homes, rural renters were more likely to live in overcrowded, substandard housing and were
twice as likely to live on incomes below the federal poverty level. Home ownership rates in the
West were the lowest of all the regions in the U.S. for the first quarter of 2011 at 60.9%
compared to 66.4% nationally (U.S. Census Bureau, 2011). Homeowner net worth was estimated
by the Federal Reserve Board (Bucks, Kennickell, Mach, & Moore, 2009) to be 46 times that of
the typical renter. This statistic supports the statement from The Institute of Medicine (2009)
that, like racial and ethnic minorities, individuals of low SES have not enjoyed the same
advances in health status as other Americans. SES in the reported study was operationalized as
five variables: annual household income, householder status (rent/own), partner status (married,
widowed, divorced/separated, living with partner, never married, and other), years of education,
and number of children younger than 18 living in the home. Annual household income categories
were in $10,000 increments (e.g., $20,000 – 29,999) between $10,000 and 59,999 with the first
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category capturing income less than $10,000 annually and the final category capturing income of
$60,000 or more. Years of education were reported in yearly increments with less than six years
as the lowest education option and greater than 18 years as the highest.
Cognitive variables
The cognitive variables chosen for testing were derived from theoretical and contributions to the
study of health behavior (Bandura, 1977; Weinstein & Sandman, 2002). The variables were
radon knowledge, risk-perception, and self-efficacy. These constructs are defined here based on
a comprehensive review of the literature in order to establish their operational definitions for
radon research. Radon knowledge has been conceptualized in past studies as a cognitive process
(Alsop & Watts, 1997), where evidence about radon exposure is evaluated (Garvin, 2001) and
from which factual awareness results (Wang, Ju, Stark, & Teresi, 2000). Radon knowledge has
been recognized by “change theorists” for its importance in advancing people from never having
thought about radon testing to the next stage of precaution adoption (Weinstein & Sandman,
2002). Radon knowledge in this study was defined as knowledge of agent-level information (four
questions), health effects from exposure (six true-false questions), and appropriate activities to
reduce exposure (nine questions). The radon knowledge items, in a multiple-choice format,
originated with project investigators and were reviewed by experts for validity. The knowledge
items were scored on a basis of 19 points with a higher score indicating greater knowledge and
then standardized on a percent scale ( x = 70.8%, sd = 24.7%, range 0-100%).
Radon risk-perception has been defined as attitude (Ferng & Lawson, 1996), beliefs (Halpern &
Warner, 1994) and concerns (Birrer, 1990) about radon exposure and testing. Risk perception is
the subjective counterpart to objective radon knowledge as risk characteristics act to either
amplify or dampen public risk-perception (Johnson & Luken, 1987; Sandman & Weinstein,
1993; Weinstein, Klotz, & Sandman, 1988; Weinstein, Lyon, Sandman, & Cuite, 1998). Radon
risk-perception was defined for this study as perceived vulnerability to the exposure and health
effects from radon gas. Respondents ranked their perceptions on a 7-point scale (strongly
disagree to strongly agree) to three risk statements. For example, participants were asked to rate
their agreement with the statement, “My children are at risk for being exposed to radon.” Lower
numbers indicated a lower perception of risk from radon. Radon risk-perception scores ( x = 4.3,
sd = 1.0, n = 224) were reported in the full range.
Radon self-efficacy was defined as a cognitive mechanism based on expectations or beliefs about
one's ability to perform actions necessary to reduce radon risk (Bandura, 1977). Items included
identifying potential health effects to children, determining if the home is safe from radon, and
taking steps to reduce exposure. Self-efficacy was measured using the three-item, radon-specific
portions of the Self-efficacy for Environmental Risk Reduction (SEERR) instrument (n = 33, α =
0.89) (Butterfield, et al., in-press). Participants indicated their radon self-efficacy score on a 0100 confidence scale ( x = 62.5, sd = 25.0, n = 224), where a higher number represented a
greater sense of confidence. For example, participants were asked to rate their confidence
between 0-100 that they could “Identify potential hazards in your home that may affect the
health of your child or children.” In the reported study, the internal consistency reliability
coefficient (n =224, α = 0.73) was not as strong as in the pilot study but may have been due to
the larger size and variability of the sample.
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Analytic Strategy
A backward stepwise logistic regression analysis was performed on pre-testing awareness as
outcome and five sociodemographic and three cognitive predictors. Sociodemographic predictors
were number of children in the home age 18 or younger, domestic partner (presence or absence),
income (categorical), level of education (continuous), and householder status (rent, own).
Cognitive predictors were composite scores for radon knowledge, risk-perception, and selfefficacy. Contingency table analyses were performed to yield odds ratios. A backward stepwise
logistic regression was also performed on radon-testing as outcome and the same set of eight
predictor variables. Backward stepwise (statistical) likelihood ratio regression was used as there
was no theoretical rationale to support hierarchical variable entry. There are caveats for stepwise
regression; however, the cross-sectional, hypothesis generating nature of this research justified
its use in this application.

Results
Sample
The final sample was composed of 224 respondents living in rural, Zone 1 radon counties. Most
respondents had domestic partners (80.4%, n = 180), rented their homes (53.1%, n = 119), and
had two children younger than 18 living in the home (39.3%; n = 88, m = 2.0, x = 2.0, sd = 1.1,
range 0-6). The average participant had completed one year of post-secondary education (12.1%,
n = 27; m = 13 years, sd = 2.2 years) and earned between $20,000 and $29,999 (16.7%, n = 37).
Radon Testing Prevalence
Specific Aim 1 was to investigate the prevalence of home-radon testing by home ownership
status. Testing the home for radon was a rare event (13.8%, n = 31). Ninety-two participants
(41.1%) had never heard of the health effects of radon. Participants who owned their home (n =
105, 46.9%) were 1.9 times more likely to have heard of radon than those who did not own their
home (χ2 (1,224) = 5.2, p = .02, 95% CI = 1.1 – 3.2). Participants who owned their home were 3.2
times more likely to have tested their home for radon than those who did not own their home (χ2
(1,224) = 8.4, p < .01, 95% CI = 1.4 – 7.4).
Prediction of Radon Awareness in Non-Testers
Specific Aim 2 was to assess the influence of sociodemographic and cognitive variables in
predicting pre-testing awareness. The model was statistically reliable (χ2 (8, 193) = 20.6, p < .01)
indicating that the set of predictors could distinguish between those who had never heard of the
health effects of radon (n = 92, 47.6%) and those who had heard of the health effects of radon
but never tested (n = 101, 52.3%). See Table 1 for the regression statistics summary and Table 2
for a comparison of the step changes. The most parsimonious model was the final model (χ2 (2,
2
193) = 19.0, p < .01, Nagelkerke R = 0.13). The radon knowledge score (Wald statistic = 5.2, p =
.02) and education (Wald statistic = 10.6, p = .00) were retained in the final model which
correctly classified 63.7% of those who had never heard of the health effects of radon and 62.6%
of those who had heard but never tested for an overall classification accuracy of 63.2%. The
logistic regression equation was:
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Probability of having heard = Ŷi = e -2.98 + (0.015) (Radon Knowledge Score) + (0.241) (Education)/ 1 +
e -2.98 + (0.015) (Radon Knowledge Score) + (0.241) (Education).
The follow-up odds ratio (OR) analysis of radon knowledge on pre-testing awareness suggested
the radon knowledge instrument was effective as a potential screening tool. Scores were divided
into groups of 69% or less (n = 69, 35.8%) and 70% or more (n = 124, 64.2%) and analyzed by
crosstabs. Participants who scored 70% or better were 2.1 times more likely to have heard of
radon and not tested than their counterparts who scored 69% or less (χ2 (1, 193) = 5.9, p = .01, 95%
CI = 1.1 – 3.8). The follow-up OR analysis of education on pre-testing awareness suggested that
participants with any post-secondary education (n = 107, 61.7%) were 2.3 times more likely to
have heard of radon’s health effects than participants without (n = 86, 40.7%) (χ2 (193, 1) = 8.4, p
< .01, 95% CI = 1.3 – 4.2).
Predictors of Home Radon Testing
Specific Aim 3 was to assess the influence of sociodemographic and cognitive variables in
predicting home-radon testing using the same set of eight predictor variables and the full sample.
A test of the full model against a constant-only model was statistically reliable (χ2 (8, 224) = 22.4,
p < .01) indicating that the model could distinguish between those who had tested (n = 31,
13.8%) and those who had not (n = 193, 86.2%). The most parsimonious model was the final
model (χ2 (3, 224) = 22.1, p < .01) where radon self-efficacy, income, and education were retained
in a model that correctly classified 86.4% of participants on radon testing. The logistic regression
equation was:
Probability of having tested = Ŷi = e -6.38 + (0.020) (Radon Self Efficacy) + (0.220) (Income) + (.252) (Education)/ 1 +
e -6.38 + (0.020) (Radon Self Efficacy) + (0.220) (Income) + (.252) (Education).
The follow-up OR analysis of the independent variables on radon testing revealed that
participants with any post-secondary education were 5.4 times more likely to have tested their
home for radon than those without (χ2 (1, 224) = 11.1, p < .01, 95% CI = 1.8 – 16.1). Participants
who reported radon self-efficacy scores of 70 or higher (n = 100, 44.6%) were 3.6 times more
likely than those who reported lower scores to have tested their homes (χ2 (1, 224) = 10.1, p < .01,
95% CI = 1.6 – 8.2). Participants who reported annual household incomes greater than $30,000
(n = 105, 47.5%) were 2.6 times more likely to have tested their homes for radon than those
earning less (χ2 (1, 224) = 5.9, p = .015, 95% CI = 1.1 – 5.9).

Discussion
Prevalence of Home Radon Testing as Influenced by Sociodemographic Factors
Perhaps the most striking finding of this study was that rural, low-income families in three Zone
1 radon counties rarely tested their homes and, of those who had not tested, nearly half had never
heard of the health effects of radon gas (n = 92, 47.6%). This is an alarming finding given that 49
of Montana’s 56 counties are estimated to have average indoor radon gas levels greater than the
recommended 4 pCi/L (Environmental Protection Agency, 2011). Moreover, because the bulk of
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lung cancer deaths associated with household radon exposure are attributable to the combination
of radon exposure and tobacco smoking (Krewski et al., 2006), low-income populations that are
represented by a greater percentage of smokers are likely to be at much greater risk for terminal
outcomes. In Montana, 2008 Behavioral Risk Factor Surveillance data suggested that among
respondents earning greater than $50,000 annually only 8% smoked every day compared with
about 25% for those earning less than $25,000 a year (Centers for Disease Control and
Prevention Behavioral Risk Factor Surveillance System, 2010).
Findings presented here contributed to our understanding of vulnerability to radon exposure risk
for rural, low-income families. Our research suggested that families who rented their homes may
not be receiving important public health messages about the dangers of indoor radon exposure,
or, alternatively, are unable to act on information received related to radon exposure due to
financial constraints. In the recently published Federal Radon Action Plan (Environmental
Protection Agency & U.S. Department of Health and Human Services, 2011) the federal
agencies acknowledged the financial barriers low-income families face for mitigating a radon
problem that may explain an unwillingness to test for radon in the first place. Similarly, there are
no known regulations requiring landlords to test or mitigate a dwelling to demonstrate
habitability making the radon problem for renters one of particular significance (Environmental
Protection Agency & U.S. Department of Health and Human Services, 2011).
Increasing Radon Awareness in Non-Testers
Radon knowledge and education level of the participant were significant variables in the model
that correctly classified nearly three-fourths of those who had never heard of the health effects of
radon and over half of those who had heard but never tested. Follow-up study should focus on
increasing radon knowledge, particularly among families where the parents have not attained any
post-secondary education or where clients score less than 70% on the radon knowledge screening
tool. These findings support “stage of change” theory for adopting health behaviors in sequential
steps as individuals overcome common barriers relevant to each stage (Weinstein & Sandman,
2002). First, public health and radon experts should implement knowledge interventions to share
information on the health effects of radon gas exposure. Next, interventions should focus on
helping individuals with practical steps of where to buy test kits, how to perform a radon test,
and perhaps in some cases how to access financial assistance for mitigation in the event of a high
result (Environmental Protection Agency & U.S. Department of Health and Human Services,
2011).
Utilizing Predictors of Home Radon Testing in Community Education
Radon self-efficacy, household income, and education level of the participant were significant
variables in the model that correctly classified 86.4% of participants on radon testing. While
household income and education level are not attributes for intervention, they do provide the
rationale for public health professionals working with families with fewer years of education or
lower income levels to spend the time to share knowledge about radon risks and practical
information on completing home-radon testing. Home visitation programs and WIC counseling
are two programs where an emphasis on radon knowledge and testing could make an important
difference for vulnerable families. Improving self-efficacy for radon testing is another
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opportunity for public health professionals to be creative. For example, efforts to increase
visibility of radon test kits and demonstrate their use at health fairs, home shows, and community
events could help demystify the testing process. In addition, displays, posters, pod-casts or
digital signage with diagrams of radon test-kits and simplified illustrations/demonstrations of
how to conduct the tests could be useful. The goal would be to increase consumer confidence in
performing home radon testing as well as to educate families about low or no-cost steps to
reduce their family’s exposure. The Federal Radon Action Plan (Environmental Protection
Agency & U.S. Department of Health and Human Services, 2011) has outlined an ambitious,
multi-agency plan to greatly increase the public’s understanding of cancer risks from radon. The
interventions discussed here would supplement those large-scale plans at the local level.
Future Research
Several variables may improve our ability to account for radon testing behavior aside from those
tested in this study. First, the extent to which information about the health benefits of ionizing
radiation for curing arthritis and respiratory disease influences thinking about radon risk and
testing is not known and should be explored (Luckey, 2008; Woodbury, 2000). Second, those
living in rural poverty are exposed to a greater array of adverse physical and psychosocial
conditions than those living in middle class homes (Evans & English, 2002), and these stressors
may preempt or postpone attention to preventative health behaviors associated with the home
environment such as radon testing. A full exploration of radon testing with populations
experiencing poverty should take into account the extent to which daily stressors interfere with
prospective health behaviors.
Limitations
This study had several limitations. First, because cross-sectional data was used, the cautions
about implying causative relationships with either radon testing or awareness are warranted.
Second, the convenience sample of only rural, low-income, health-department clients limited
external validity. Third, traditional variables in SES research such as age, race, and ethnicity
were intentionally excluded for WIC Clinic collaboration. Future research should include these
potentially important variables in an examination of radon testing behavior.

Conclusions
The findings from this study have a number of important implications for public health efforts
aimed at improving environmental health in rural U.S. communities. In terms of vulnerable
populations, targeted messages to landlords and families who rent their homes should be
implemented to address the paucity of testing by families who rent their homes. The President’s
Cancer Panel (2009) stated in their recent report that the cancer risk attributable to residential
radon exposure has been clearly demonstrated and must be better addressed. They recommended
the broad dissemination of information to raise awareness of radon-related cancer risk. They
proposed tax incentives for property owners to mitigate for high radon levels and legislation to
mandate testing of public buildings and daycares. Legislative efforts to expand landlord-tenant
law to include disclosure of indoor radon concentrations to tenants would be another important
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goal in alignment with these and other public health efforts aimed at reducing health disparities
for the most vulnerable members of our communities.
The Federal Radon Action Plan (Environmental Protection Agency & U.S. Department of Health
and Human Services, 2011) is a hallmark document created by multiple federal agencies focused
on addressing radon exposure across the population. While the authoring agencies have outlined
an ambitious agenda for increasing radon knowledge, testing, and mitigation, the results reported
here on low-income families in rural areas would indicate that interventions for reducing
exposures should also be emphasized. As examples, if a family cannot afford to mitigate a highradon home, they should be counseled to limit sleep and play time in basements, increase
ventilation of fresh air, increase activities outside of the home in order to reduce hours of
occupancy, seal cracks in foundations, create a vapor barrier in dirt foundations, eliminate
exposure to second hand smoke and other particulate matter in the home (i.e., dust, wood
smoke), and work with their landlord on a plan for mitigation or cost-sharing on increased
energy bills to support increased ventilation.
While the “warranty of habitability” that governs a landlord’s requirement to provide safe
housing to the tenant is perhaps the appropriate legal argument for requiring radon testing and
mitigation in rented housing, this is a case for the justice system that has not yet been addressed.
In the absence of a strong regulatory framework to protect renters from radon and until the goals
of Healthy People 2020 (U.S. Department of Health and Human Services, 2010) and the Federal
Radon Action Plan (Environmental Protection Agency & U.S. Department of Health and Human
Services, 2011) are realized, sociodemographic correlates are among the best tools we have for
identifying families at high risk. The public health community is obligated to discuss low-cost
alternatives to reduce radon exposure for clients and families who cannot afford standard
mitigation. The failure to do so is a systematic exclusion of the low-income community from the
scientific and engineering gains made in reducing preventable lung cancer in recent years.
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Table 1—Results from Multivariable Modeling for Predictors of Indoor Radon Risk Reduction
Aim 2: What Variables Predict if Non-testers Have Ever Heard of Health Effects of Radon (n =
193)?
Aim 2: What Variables Predict if Non-testers Have Ever Heard of Health Effects of Radon?
χ2

β

SE β

Wald

Sig

eβ

21.02**

-0.01

.16

(
0.00

.94

0.99

Partner Status

-0.03

.46

0.00

.95

0.97

0.39 - 2.41

Self-Efficacy

-0.002

.008

0.08

.78

1.00

0.98 - 1.01

Risk Perception

0.10

.17

0.36

.55

1.10

0.80 - 1.53

Radon Knowledge

0.09

.04

4.72*

.03

1.10

1.00 - 1.20

Annual Income

0.06

.08

0.50

.48

1.06

0.91 - 1.23

Education

0.29

.11

6.78** .00

1.33

1.07 - 1.65

Number of Children

-0.08

.17

0.21

.65

0.93

0.67 - 1.28

Householder Status

-0.07

.42

0.03

.87

0.93

0.41 - 2.14

Predictor
Step 0
Step 1

95% CI for β

22.62**

Aim 3: What Variables Predict Home Radon Testing among Rural, Low-Income Families (n =
224)?
2
Wald Sig eβ
SE β
95% CI for β
χ
β
Predictor
Step 0

12.35 (.14)
( 17)
13.31 (.10)

(
73.86* .00

-2.20

.26

Partner Status

-0.34

.92

0.13

.72

0.72

0.12 - 4.31

Self-Efficacy

0.03

.02

4.26*

.04

1.03

1.00 - 1.06

Risk Perception

-0.19

.25

0.60

.44

0.83

0.51 - 1.34

Radon Knowledge

-0.03

.07

0.22

.64

0.97

0.85 - 1.10

Step 1

0.11
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Annual Income

-0.03

.11

0.07

.79

0.97

0.78 - 1.21

Education

0.26

.16

2.80

.10

1.30

0.96 - 1.77

Number of Children

-0.25

.27

0.87

.35

0.78

0.46 - 1.32

Householder Status

-0.44

.66

0.45

.50

0.64

0.18 - 2.33

*p < .05
**p < 0.01
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Table 2—Model Summary Statistics of Backward Stepwise Logistic Regression for
Sociodemographic and Mental Model Variables Predicting Home Radon Pre-Testing
Awareness (n = 193) and Testing (n = 224)
Pre-Testing Awareness
χ2

df

-2 LL

0

20.6*

8

263.0

1: PS, SE, RP, KN, IN, ED, CH, HH

21.7*

8

241.4

.14

0.11

2: SE, RP, KN, IN, ED, CH, HH

21.7*

7

241.4

.14

0.11

3: SE, RP, KN, IN, ED, CH

21.7*

6

241.4

.14

0.11

4: SE, RP, KN, IN, ED

21.6*

5

241.5

.14

0.11

5: SE, KN, IN, ED

21.2*

4

241.8

.14

0.11

6: SE, KN, ED

20.4*

3

242.6

.14

0.10

7: KN, ED

19.0*

2

244.0

.13

0.10

Step

Nagelkerke R2

Cox & Snell R2

Radon-Testing
χ2

df

-2 LL Nagelkerke R2

0

22.4*

8

179.2

1: PS, SE, RP, KN, IN, ED, CH, HH

24.4*

8

154.8

.19

.10

2: PS, SE, KN, IN, ED, CH, HH

24.4*

7

154.8

.19

.10

3: SE, KN, IN, ED, CH, HH

24.4*

6

154.8

.19

.10

4: SE, IN, ED, CH, HH

24.2*

5

155.0

.19

.10

5: SE, IN, ED, CH

23.2*

4

156.0

.18

.10

6: SE, IN, ED

22.1*

3

157.1

.17

.10

Step

Cox & Snell R2

Note. PS = partner status, SE = self-efficacy, RP = risk perception, KN = knowledge, IN = income, ED = education, CH = children, and HH = householder status. Nagelkerke R2
and Cox & Snell R2 are both measures of effect size. -2LL = -2 Log Liklihood and is the difference in model improvement over the null. Model 7 for Pre-Testing Awareness:
Hosmer & Lemeshow test = 13.0, p =.11. Model 6 for Radon Testing: Hosmer & Lemeshow test = 7.51, p = .48. Hosmer & Lemeshow is a goodness-of-fit test where a finding of
non-significance indicates adequate fit.
*p < .01
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RADON AS AN ENVIRONMENTAL JUSTICE ISSUE
C. Murphy
Allied Radon Services
Calvin@alliedradon.com

Abstract
To date radon awareness and risk reduction has occurred mainly in densely populated, noneconomically challenged areas.
The United States also has a sizeable population that lives in sparsely populated, economically
challenged areas of the country. Due to limited resources, efforts to educate this group of the
population have been very limited. This portion of the population generally is not aware of the
health risk associated with elevated radon levels. If they become aware of the risk, the financial
means of reducing the risk is oftentimes a challenge.
This paper will look at the experience and strategies of a long-time mitigator that relocated his
business to this type of environment. It will also discuss the importance of developing
partnerships in order to achieve maximum returns on outreach, education, and obtaining funding
to accomplish risk reduction goals.

Background
The purpose of this paper is to discuss the experiences of Allied Radon Services, Inc. when
relocating its business from an environment where radon testing and mitigation were widely
practiced as part of a real estate transaction to an environment where the population generally
had no understanding of the health risk of living with elevated radon levels. It is believed that
this may often be the case in less populated areas of the country.
The owner of Allied Radon Services, Inc has been a radon mitigator in the State of Illinois since
1988. Initial mitigation services were performed in the western Chicago suburban counties of
DuPage, Will, Kane, Kendall, and York. These are generally middle to upper class areas with a
high corporate population subject to frequent relocation. As a result of being frequently
relocated, the population of the area was aware of the health risk of and that radon testing
generally occurred as part of a real estate transaction. Mitigation systems were installed as part
of the closing process.
The Illinois Radon Awareness Act was effective January 1, 2008. The act requires the seller to
provide the buyer of real property information about radon including the fact that the buyer is
entitled and that Illinois Emergency Management Agency strongly recommends that every house
be tested as part of a real estate transaction. The seller, buyer, and agents all sign off on a
document verifying this exchange of information. At the point of enactment of the law, there
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were no mitigation companies South of I-64 in Illinois. As a result, the mitigation business in
the Chicago area was sold and a new mitigation business was established in southern Illinois
with the first mitigation system being installed in December 2007.

What is Environmental Justice?
US EPA defines Environmental Justice as “the fair treatment and meaningful involvement of
all people regardless of race, color, national origin, or income with respect to the development,
implementation, and enforcement of environmental laws, regulations, and policies. EPA has this
goal for all communities and persons across this nation. It will be achieved when everyone
enjoys the same degree of protection from environmental and health hazards and equal
access to the decision-making process to have a healthy environment in which to live, learn, and
work.”
Radon is an environmental justice issue in southern Illinois because EPA policy is that all homes
should be tested for radon and homes with radon levels at, or above 4.0 pCi/L, should be
mitigated. Due to limited resources at the federal and state levels, education of the public
regarding the health risk of living with elevated radon levels has occurred predominantly in the
highly populated urban areas of the state. Much of southern Illinois population resides in rural
small town areas and a large portion of the population is economically challenged. Prior to
implementation of the Illinois Radon Awareness Act, much of the population of Southern Illinois
was unaware of the hazards of living with elevated radon levels. It is still a common occurrence
to find someone that does not know that elevated radon levels are a major health risk. When
someone has limited financial resources, it is difficult to become involved in the process of being
sure that your home does not have elevated radon levels by performing a test and taking
corrective action if needed.
From an Environmental Justice perspective, there is still much to be accomplished in southern
Illinois. In lieu of mandates that might require testing of all homes, citizens and both private
industry and the public sector can engage in actions to aid Environmental Justice for these
populations.

The Approach
Partnerships
The creation of partnerships has proven to be very effective in creating awareness in southern
Illinois. Partnerships have been created with news organizations, hospitals, health departments,
legislative liaisons, and other health related organizations. These partnerships allow for
participation in health fairs and other outreach events oftentimes at very little or no cost. In
addition to reaching the public, these partnerships also allow for the opportunity to educate
personnel associated with the organization.
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Tax Exempt Organizations
A 501 c 3 tax exempt organization – SIL Radon Awareness Task Force, Inc - dedicated to
educating the public about the health risk of living with elevated radon levels allows for seeking
grants to provide financing of memberships, activities and outreach projects.
The establishment of a tax exempt organization or simply a coalition is a great means to
establishing partnership. An awareness organization or coalition serves one purpose – providing
information. Hospitals and public health organizations are generally very open to partnering
with other organizations that are also providing information.
Memberships
The task force is a member of local chambers of commerce the Southern Illinois Home Builders
Association. These memberships allow for the participation in events such as home and garden
shows which allows for the distribution of information to the public. The task force also is a
member of the Illinois Comprehensive Cancer Control Program. This is the program which is
updating the Illinois Comprehensive Cancer Control plan. Serving on the prevention committee,
the task force has been successful in getting radon awareness activities included in the Illinois
updated cancer control plan.

Conclusion
The task force has obtained financing for a couple of initiatives which resulted in a large number
of houses being tested and the houses with the highest levels receiving a free mitigation system.
These projects have been effective in getting the recipients of the free systems to educate their
friends and family about the risk of living with elevated radon levels. As with any other
worthwhile project, it is necessary to be determined. Education is an ongoing process. It is
necessary to keep radon information in front of the public any time an opportunity presents itself.
One sign of success is when people begin to report back at outreach events that they have
conducted a radon test and share the results of the test.
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CURRENT STATE OF THE ART IN MEASURING ENVIRONMENTAL
RADON
A.C. George and N. Bredhoff
Radon Testing Corporation of America Elmsford, New York

Abstract
According to the US EPA, radon is the leading cause of lung cancer among non-smokers and the
second leading cause overall. Data from several epidemiological studies show definitive
evidence of the association between indoor radon exposure and lung cancer.
In the past 30 years, emphasis has been on measuring radon rather than radon progeny
concentrations because of the simplicity, convenience and cost effectiveness of radon measuring
instruments and methods. Using an equilibrium ratio between radon and radon progeny of 0.40.5, radon concentration measurements can be converted to working level and to exposure in
working level month. In recent years, over 1 million short-term measurements for radon were
made annually using grab sampling, integrating and continuous radon devices. As a result of
these short-term measurements more than 800,000 residences with elevated radon levels were
identified and were mitigated successfully. This paper will emphasize the current development of
different instruments and methods, their sensitivities, practicality and cost effectiveness for
making short-term measurements of environmental radon. More than 99% of indoor
measurements involve radon only. Radon progeny, used mostly in research and diagnostics, will
not be discussed.

Introduction
According to the US Environmental Protection Agency (EPA) and the World Health
Organization (WHO) Handbook on Indoor Radon (WHO, 2009) radon is the second leading
cause of lung cancer after smoking. It is estimated that of the 160,000 annual lung cancers in the
US, about 20,000 are due to inhalation of radon and radon progeny. Data reported from several
epidemiological studies indicate that exposure to indoor radon causes lung cancer.
In light of the latest scientific data on radon epidemiology, WHO proposed a reference level or
action level of 2.7 pCi/L to minimize the health hazard due to indoor radon exposure. In the US
alone, more than 20 million measurements of radon were made in the last 25 years and about
800,000 residential buildings were mitigated successfully. In its national survey, EPA estimated
that one in every fifteen homes in the US or about 7% have radon concentration levels greater
than the EPA action level of 4 pCi/L. More recent measurement data by radon professionals and
mitigators, suggest that one in every 10 homes may have radon concentration levels above the
EPA action level.
The increased interest in measuring radon in recent years has stimulated instrument research and
development to meet the demand by radon measurement professionals, home inspectors,
mitigators, real estate professionals, environmental firms, researchers and the general public.
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Today, emphasis is on radon measurements rather than on radon progeny because radon
measurements are simpler, more convenient, and more practical, providing a good estimate of
the radiation exposure to the general public in a timely fashion. If we assume that about 90% of
the radon measurements are <4 pCi/L, it is very important that the measurement devices have
adequate sensitivity to measure environmental radon levels. Since more than 95% of the radon
measurements in the US are short-term lasting 2-7 days, and more frequently 2-3 days, to
accommodate the needs of real estate transactions, a measuring device with adequate sensitivity
should be selected to ensure accurate radon measurements. In addition, all measurement methods
should incorporate quality assurance and quality control measures to assure the reliability of
radon measurements.
The instruments discussed in this paper are primarily based on the experience of the authors and
from instrument brochures, published information and from the instrument evaluation process
conducted by the U.S. EPA, the National Radon Safety (NRSB) and the National Environment
Health Association – National Radon Proficiency Program (NEHA-NRPP).

Instrument Measurement Methods and Techniques
The measurement techniques for radon utilize the alpha and gamma ray radiations emitted by
radon and its decay products. The most commonly used instruments for characterizing the indoor
radon environment are passive integrating devices and continuous electronic monitors used
mostly for short-term measurements.
In the U.S., long-term alpha track detectors and long-term electret ion chambers are used to
confirm the performance of a mitigation system on an annual basis or for yearly determination of
outdoor radon. In Europe, Canada, Asia and
other countries long-term radon measurements
lasting from 90-365 days are emphasized over
short-term measurements. Instruments and
methods for grab sampling are hardly used in the
US any longer. The scintillation cell for grab
sampling was ideal for making measurements in
underground mines, in research, and to a small
extent, in continuous scintillation cell radon
monitors early on in the Radon Metrology
Program. Figure 1 shows a 1 liter scintillation
cell coupled to a 5-inch photomultiplier tube.
Figure 1. Scintillation cell with PMT

Activated Carbon Collectors (AC)
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Activated carbon collectors in metal or plastic containers or bags containing (25-90 g) of
activated carbon are the only passive devices that utilize
gamma ray counting from the decay of the radon progeny
Pb-214 and Bi-214 that are in equilibrium with radon inside
the sealed container. Figure 2 shows the Airchek and the
RTCA charcoal collectors. Activated carbon collectors of the
open-face type are used typically for 2-4 day exposures and
diffusion barrier collectors that minimize the amount of
water vapor competing for the carbon active sites can be used
from 2-7 day exposures. Diffusion barrier collectors provide
a very accurate average radon concentration even if the radon
during the test varies by more than a factor of 10 and if
humidity is high because they adsorb less water vapor and
minimize the effect of strong air movement. (George and
Weber 1990, U.S. EPA 1992 and George 1996). The
performance of activated carbon collectors depends heavily
on the QA and QC procedures used during preparation (such as determining batch to batch
charcoal variation) and system calibration under different
conditions of temperature, humidity and duration of exposure. Figure 2. Airchek (top); RTCA charcoal
canister (bottom)
Calibration factors should be determined for different
conditions encountered in the field. Testing laboratories that
follow and exercise these steps provide accurate results.
The lower level of detection (LLD) for activated carbon collectors depending on the type and
size, ranges from 0.1 - 0.2 pCi/L of radon in a 4-day test. Activated carbon collectors are the
most sensitive short-term radon devices with tight standard deviation of duplicates. Radon is
continuously being adsorbed and accumulates on the carbon decreasing by decay while in other
instruments such as continuous radon monitors the radon is detected while passing through the
sensitive volume. The sensitivities of some activated carbon collectors are listed in Table 1.
Activated carbon collectors have become the most popular passive devices for measuring
environmental radon (George, 1984, George, 1990, Cohen, 1986, Gray, 1990). They provide the
average radon concentration during the duration of the exposure. Because some charcoal devices
can be recycled and be used for numerous radon measurements they have become cost effective
for testing laboratories.

Liquid Scintillation Vial (LS)
An alternate method, Figure 3, for measuring environmental
radon is the LS vial method used by several laboratories. The
RTCA 20 cc LS vial uses 2 g of activated carbon provided
with a diffusion barrier to minimize the effect of humidity
(George, 1997). Liquid scintillation collectors that contain 23 g of activated carbon in a 20 cc
vial utilize the alpha radiation from Rn-222, Po-218
and Po-214. Some labs may count both the alpha and
beta radiation from the radon progeny. The sensitivity
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of the method listed in Table 1, is adequate to obtain accurate results for 2-7 day exposures. Like
Figure 3. RTCA LS vial
the charcoal canister, the
LS vial provides the average radon concentration during the
measurement period. Unlike the charcoal canister method, LS vials cannot be recycled after
analysis.
About 70% of the short-term radon measurements in the U.S. are made with passive, open-face
or diffusion barrier activated carbon collectors, and LS vials.

Electret Ion Chambers (EIC)
In electret ion chambers the electret is charged to a known voltage. When air enters the chamber,
the alpha particles from Rn-222 and Po-218 and Po-214 ionize the air and discharge the voltage
on the electret, which is measured with a voltage meter. Figure 4, shows
the Rad Elec ionization chamber in the test position. The positively
charged electret collects the negative air ions and becomes discharged
according to the concentration of radon that gets inside chamber. The
electret surface voltage is measured with a special voltage reader
(Kotrappa, 1988). The voltage decreases in proportion to the
concentration of radon that enters the chamber. The electret ion
chamber measures the average radon concentration of a 2-14 day test.
Primary users of short-term electrets that read the electrets in the field
are considered a mobile laboratory and are required to incorporate
Standard Operation and QA and QC procedures. For short-term tests
thick electrets can be used for multiple tests in the same ionization
Figure 4. Rad Elec electret
chamber until the final voltage is about 200 volts.
ion chamber
The biggest disadvantage of short-term electrets is their response to
natural beta, gamma and X-ray radiation at the test site which can be a significant interference at
radon concentration levels < 2-4 pCi/L. The manufacturer of the
short-term electrets device makes a correction for the
contribution of natural radiation in radon equivalent obtained
from charts listing the radon equivalent at different altitudes
where the tests are being conducted.
To avoid this type of correction for the background contribution
in long-term measurements, RTCA uses two side by side electret
ion chambers as shown in Figure 5. One measures the
contribution of radon and the background radiation and the second
one measures directly the contribution of the background radiation
only.

Figure 5. RTCA Radome electrets

The more popular electret ion chamber used for short-term measurements (2-7 days) utilizes a
thick electret yielding a voltage drop of 2.0 Volts/pCi/L Day. In the long-term electret ion
chambers used for 90-365 days, a thin and less sensitive electret is used yielding about 0.15-0.17
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Volts/pCi/L Day. The sensitivity of the two types of electret ion chambers is listed in Table 2.
About 10% of the short-term radon measurements in the U.S. are conducted with electret ion
chambers.

Alpha Track Detectors (ATD)
Alpha track detectors were used in some radon surveys conducted by
EPA and in some States in the late 1980’s. They are more appropriate for
the determination of the annual average concentration of radon. Figure 6,
shows three types of alpha track detectors used in the US. (Accustar,
Landauer, and RSSI). Today, they are infrequently used because of the
real estate driven demand for short-term measurements. About 1-2% of
the radon measurements in the U.S. use long-term alpha track detectors.
We will describe them briefly to demonstrate what the rest of the world
outside the US is using in their radon programs. In the US, some radon
professionals or home-owners may use long-term alpha detectors to
monitor mitigated homes on an annual basis.
The principle of detection is based on the production of tracks made by
the interaction of alpha particles in solid-state materials such as Cr-39
and LR-115 cellulose nitrate (Alter, 1981, Urban, 1981, and Vasudenan,
1994). After exposure, the tracks are made visible by chemical or
electrochemical etching in a caustic solution. The tracks are counted by
automated optical scanning systems or by image analysis. Accuracy
depends on the area of plastic counted and on the concentration of radon.
The number of tracks is proportional to the radon concentration as
determined from calibration exposure tests.
Because the method is insensitive, exposures from 90-365 days are
required to accumulate a sufficient number of tracks for good statistical
counting.

Figure 6. Alpha track
detectors. Top-bottom:
Accustar, Landauer, RSSI

Open face (bare) alpha track detectors that utilize the LR-115 plastic detectors are more sensitive
at high altitudes. An increase in sensitivity was observed when exposed at an altitude of 5,000
feet (in the presence of less dense air). The sensitivities of different types of alpha track detectors
using CR-39 plastic material listed in Table 3 and obtained from the literature and from personal
communication range from 3.0 – 23.0 tracks/cm2 per 4 pCi/L Day. Alpha track detectors require
exceptional QA and QC procedures to characterize plastic variation from batch to batch and
acquired background and temperature variation during production of the plastic detectors. One of
the main disadvantages of alpha track detectors is the possibility that ambient radon can leak into
the device if poorly sealed during shipping, handling and storage and produce unwanted alpha
tracks that will overestimate the radon concentration.

Continuous Radon Monitors (CR)
In the past 25 years, several continuous radon monitors were developed that provide the real time
radon measurements. They provide the hourly measurements and the average radon
concentration during 2-3 days of testing.
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Most of the commercial continuous radon monitors are passive where air diffuses in the sensitive
volume passively and two are active where the radon is brought to sensitive volume of the
instrument by means of an air pump. They are electronic computerized instruments. They are
useful in real estate transactions where results are needed
promptly to meet the demand of real estate sales. They are also
used to monitor radon test chambers in which other type of
instruments are tested, inter-compared, evaluated and calibrated.
The disadvantages of continuous radon monitors are; 1)
expensive compared to passive integrating devices with costs
ranging from $1,000 to $8,000; 2) require a trained operator and
3) higher cost per measurement. About 5% - 10% of the radon
measurements in the U.S. are made with continuous radon
monitors.
There are four types of continuous radon monitors currently used
by radon professionals.
1.
2.
3.
4.

Scintillation cell monitors: Figure 7
Pulse ionization chambers: Figure 7
Current ionization chambers: Figure 7
Solid State detectors: Figure 8

The devices must be calibrated initially at different conditions of
exposure, recalibrated annually, and frequent cross-checks
performed in the field to ensure accurate measurement results.
The reliability of continuous radon monitors must be established
and be maintained through a rigorous quality assurance program.
They must meet the accreditation requirements of the NRSB or
that of the NEHA-NRPP or a state equivalent program in order
to be certified and be listed.

Figure 7. Continuous radon
monitors. Top-bottom: Pylon AB-5
scintillation cell, Radalink CRM
(pulse ionization), RTCA E-Smart
(current ionization)

Figure 7. Continuous Radon Monitors

The sensitivities of different passive charcoal methods and continuous radon monitors are listed
in Table 1. Test devices that have higher sensitivities can achieve results with smaller
uncertainty.

Figure 8. Solid state detectors. Left-right: Durridge Rad-7, Radon Scout, Sun Nuclear 1028
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Table 1. Different Measuring Instruments
Device

Detection Method

RTCA 2g
D-barrier
LS carbon
RTCA 50g
D-barrier
AC carbon
RTCA 90g
D-barrier
AC carbon
EPA
75g
D-barrier
AC carbon
PA
75g
D-barrier
AC carbon
RTCA 90g
Open-face
AC carbon
Sun Nuclear 1028
Passive
Sun Nuclear 1029
Passive
Radon Scout
Passive
Durridge Rad 7
Active
RS-300
Passive
RS-500
Passive
Femto 510
Passive
Radalink Aircat
Passive
Alpha Guard
Passive
RTCA E-Smart
Passive
Pylon AB-5
Active

Alpha count
Gamma count
Gamma count
Gamma count
Gamma count
Gamma count
Solid State
Solid State
Solid State
Solid State
Pulse Ionization
Pulse Ionization
Pulse Ionization
Pulse Ionization
Pulse Ionization
Current Ionization
Scintillation Cell

Net counts
(CPM/ 4 pCi/L)
54.0
90.0
145.0
48.0
60.0
250.0
0.17
0.36
0.33
2.80
1.0
1.6
1.2
1.7
2.8
1.2
5.7

Table 2. Radiosensitivity of Electret Ion Chambers
Device

Volts/pCi/L/day

Rad Elec
Rad Elec
RTCA Radome

0.2 liter
0.2 liter
0.068 liter

Short-term
Long-term
Long-term

2.0
0.15
0.17

Table 3. Radiosensitivity of US Alpha Track Detectors
Device
Accustar
Landauer
RSSI

LLD
CR-39
CR-39
CR-39

0.3 pCi/L in 90 days
0.3 pCi/L in 90 days
0.1 pCi/L in 90 days
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Table 4. Foreign Countries Alpha track Detectors
Country
Germany
Japan
Ireland
Italy
NRPB (UK)
Spain
Sweden

Detection
Material
CR-39
CR-39
CR-39
LR-115
CR-39
CR-39
CR-39

Sensitivity
(tracks/cm2/4 pCi/L/day)
3.6
4.5
12.0
22.0
9.2
3.0
9.4

Conclusion
For short-term exposures for environmental radon (<4 pCi/L), diffusion barrier activated carbon
collectors are the most sensitive and most cost effective devices that produce accurate results.
The net counting rate of the charcoal devices is 25- 400 times higher than the net counting rate of
the most sensitive to the least sensitive continuous radon monitors.
Electret Ion Chambers for short-term or long-term radon measurements require exceptional QA
and QC steps to determine the contribution of background radiation when exposed at radon
levels <2 pCi/L.
Alpha track detectors used for special measurements to determine the quarterly or annual
average radon concentration can produce accurate results when using proper analytical
procedures and the required QA and QC steps from the time the detector is produced until
analysis.

43

References
WHO Handbook on Indoor Radon. World Health Organization- A public Health Perspective;
2009.
George, A. C.; Weber, T. An improved passive activated carbon collector for measuring
environmental Rn-222 in indoor air. Health Phys. 58; 583-589; 1990
Gray, D.J.; Windham, S. T. NAREL, Standard operating procedures for Rn-222 measurements
using diffusion barrier charcoal canisters. U.S. EPA: Office of Radiation Programs; Report No.
EPA 520/5-90-32; 1990.
George, A.C; State-of-the art instruments for measuring radon/thoron and their progeny in
dwellings. A review: Health Phys. 70; 451-463; 1996
George, A. C. passive integrated measurement of indoor radon using activated carbon.
Health Phys. 46: 867-872; 1984
Cohen, B. Nason , R. A. A diffusion barrier charcoal adsorption collector for measuring Rn
concentrations in indoor air. Health Phys. 50; 457-463; 1986
George, A. C.; Esposito, J.; Bredhoff, N. Determination of Environmental Rn-222 by adsorption
in a diffusion barrier activated carbon collector using liquid scintillation counting. International
Radon Symposium Part II-4.1; November 2-5, 1997. Cincinnati, Ohio.
Kotrappa, P.; Dempsey, J. C.; Hickey, J. R.; Stieff, L.R. An electret passive environmental Rn222 monitor based on ionization measurement. Health Phys. 54: 47-56; 1988
Alter, H. W.; Fleischer, R.L. Passive integrating radon monitor for environmental monitoring .
Health Phys. 40: 693-702; 1981.
Urban, M.; Piesch, E. Low level environmental radon dosimetry with a passive etch device.
Radiation Dosimetry 1: 97-110; 1981
Vasudevan, L.; Mclain, M.E. Atmospheric pressure effects on the calibration constant of alpha
radon detectors. Health Phys. 61: 799-807; 1991

44

THE OCCURRENCE OF RADON ON THE TOBIQUE FIRST NATION
RESERVE AND ITS IMPLICATION FOR RADON OCCURRENCE
ALONG THE SAINT JOHN RIVER VALLEY
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ABSTRACT

A survey of 6 large public buildings on Tobique First Nation land in northern New Brunswick,
showed five of them to be above the acceptable limit of 200 Bq/m3. As most of the 350 homes
on the Reserve are located close to any one of these buildings, the concerns generated by the test
results, and resulting anxiety for radon in their own homes by residents, was high. This was
fueled by the historic high incidence of cancer on the Reserve. While Health Canada
recommends a 90 day test, this wait was unacceptable to the Chief and Council. Consequently, a
two day residential radon test was conducted for each of the 350 homes on the Reserve, as this
was a relatively fast way to screen homes into three categories.
Over a period of three weeks, two E-Perms were installed in each of the 350 homes. In addition,
several soil vapour monitor wells were constructed to assess the levels of radon in the soils near
some of these homes. An analysis of Uranium content in soils was also undertaken. The results
indicate that greater than 50 % of the homes have radon levels greater than 200 Bq/m3, with
11.7% of these showing levels greater than 600 Bq/m3. The paper will discuss the implications of
the 2 day high density radon survey; its relationship to the 90 day test; the relationship of radon
levels in homes to background levels in soil; and the implications for numerous other
communities along the Saint John River Valley that potentially lie on the same sand and gravel
deposits that lie beneath the reserve.
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Background
The Tobique First Nation Reserve is situated in the north-west corner of the Province of New
Brunswick. (Figure 1)

The Reserve lies in the Saint John River Valley, which forms the border for some of its length
with the State of Maine. The majority of reserve housing (80%) is mainly located on a glacial
floodplain consisting of flood, channel and overbank deposits of sands and gravels. (1) (Figure
2)
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These granular deposits lie beneath the main part of the Reserve to depths approximating 15 m
(50 ft). The water table on the glacial floodplain lies some 5 metres (16.4 ft) below ground
surface. The remainder of Reserve housing lies on the gently to steeply sloping river valley
slopes and are underlain by ablation tills composed of an agglomeration of poorly sorted gravel,
sand, silt and clay. Thickness of these deposits varies from 1 m to 4 m (3.3 to 13 ft).
The bedrock beneath the glacial sands and gravels and which is exposed along the river valley is
composed of argillaceous limestone interbedded with calcareous shales. (2)
Adjacent to this area of New Brunswick lies the State of Maine, and the County of Aroostook.
Radon surveys in this county indicate that an estimated 49% of homes have radon levels greater
than 4 pCi/L (148 Bq/m3) and that the average indoor air radon level is 6.6 pCi/L (244.2 Bq/m3)
(3). No generalized information on radon occurrences in Victoria County, the adjacent county in
New Brunswick, is available or published.
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Investigation
In October 2010, Health Canada, as part of a national survey program, undertook 90 day radon
testing using TASL alpha track detectors in the six buildings under federal responsibility, located
on the Tobique First Nation Reserve. Of these six buildings, five (80%) showed radon levels
above the 200 Bq/m3 (5.4 pCi/L) guideline. In these five buildings, radon levels varied from 200
Bq/m3 (5.4 pCi/L) to a high of 1,217 Bq/m3 (32.9 pCi/L). These results, which were presented to
the Reserve residents in February of 2011, raised considerable anxiety and a great deal of
concern as the Reserve, over the years, believes that it has seen significant numbers of residents
contract various types of cancer.
The high percentage of buildings in the Health Canada survey that showed high radon levels was
taken, by the Reserve residents, to indicate that an equal number of Reserve homes could be
equally impacted by radon. The Chief and Council wanted to react to these concerns and to
lower the anxiety levels of residents. Health Canada’s recommendation was to conduct 90 day
tests, preferably in the winter months, before any mitigation can be recommended. In the case of
the Tobique Reserve, application for funding and the normal lengthy approval would make the
testing period fall in late 2011 with results available in 2012 and mitigation work, if required, in
middle to late 2012. The level of anxiety on the Reserve was such that this timetable was
unacceptable.
Consequently, a screening survey of all homes was proposed using a two day (48 hours min.)
two unit test. The intent of this was to: allay fears; reassure the residents that something was
being done; determine homes with high to very high radon levels; identify homes where 90 day
tests would be needed to confirm mitigation; and, where radon levels were such, that allowing a
considerable time to elapse would not expose the residents unduly to high radon levels; and to
identify homes where mitigation, based on risk assessment, data and evidence, was required.

Previous Radon Surveys
Federal Building Radon Survey
The only specific data available for the Reserve was obtained by Health Canada (4). The
summarized results are presented in Table 1.
Building #
Max
Min
Average

Table 1: Federal Building Survey-Tobique Reserve – (Radon Bq/m3)
1
2
3
3
5
1217
520
390
277
<200
299
411
235
211
<200
497
455.3
285.7
233.5
<200

6
261
231
246
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Cross Canada Survey of Radon Concentrations in Homes
A generalized data set was obtained by the federal government during a national survey (5).
These results were reported by the Health Region. The health region containing the Reserve is
Region 3 and is shown in bold on Table 2.

Table 2: Radon Levels for Health Region 3 – Tobique Reserve
Health Region
> 200 Bq/m3
>600 Bq/m3
1
2
3
4
5
6
7

9.8%
8.1%
17.3%
25.0%
26.4%
33.3%
26.8%

2.0%
0.0%
7.7%
3.6%
5.7%
18.5%
3.4%

NB: Numbers reflects a 75.4% response rate to the 90 day survey. Numbers of respondents in
New Brunswick were 392, the total for all regions. (ie: average of 56 respondents/region.)
Region 3 covers the area of two counties.

Reserve Residential Housing
Typically, Reserve homes are 1,200 to 1,500 ft2 in size, and consist of a single storey bungalow
with a poured concrete wall basement. Typically, basements are occupied, with one and
sometimes two bedrooms; laundry room; recreation room and /or storage. Most homes have an
open basement sump into which the outside perimeter tile drain emptied. No sump pumps
however were seen in these sumps. (Photographs 1 and 2)

Photograph 1- Unfinished Sump Hole

Photograph 2- Temporarily Covered
Sump Hole
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From one to three small round drains are present in the concrete floor of the basement.
(Photograph 3)

Photograph 3 Unsealed Drain Holes
Basement floors normally showed both settlement and shrinkage cracks. (Photograph 4)

Photograph 4: Crack in Basement Floor
Vertical basement walls, where exposed and could be observed, often contained fine cracks. The
homes investigated and/or assessed were a cross section of the types and structures of the homes
built on the Reserve. Homes had been constructed in large groups over the years that funds were
available. Consequently, four to five different housing layouts were found, which were
applicable to the majority of homes. There are also four long single storey buildings containing
four small apartment units.

Radon Testing
E-Perms
The tests took place in March 2011, when there was an average 0.6 m (2 ft) of snow cover; a
frost layer 0.6 m (> 2 ft) thick, and, when homes were under winter heating conditions. Two EPerms were installed in 350 homes on the Reserve. They were installed using standard placement
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distances. At the end of the time period they were collected and analysed. Of the 350 E-Perm
sets, we found that 4 sets had been moved during the test period by children, and some residents
had moved the E-Perms to locations they spent the most time in, from the locations that they had
been set. We found that 346 test sets were untouched and the results were considered applicable.
Sniffer Surveys
With the results of the E-Perm survey, a determination was made considering all data and
available information that the homes with the highest radon concentrations should be considered
for mitigation. In order to assess the building needs for mitigation, sniffer surveys were
conducted in several typical house layouts. A Model VS472 Sniffer, manufactured by
Environmental Instruments Canada Inc., was used to assess radon entry points in these
basements. These surveys were conducted in early summer 2011.
Soil Surveys for Radon Gas
Given the known radon results from the Health Canada survey it was apparent that soil radon gas
concentrations had to be sufficiently high to cause the results found in the buildings. During a
forensic radon audit of the Wolastoqewyik Healing Lodge in early March 2011, three shallow
boreholes screened over the last foot, were drilled outside the building. When monitored, using
the VS472 sniffer for 5 minutes, high concentrations of radon were seen. Consequently,
additional shallow boreholes (10) were constructed across the Reserve in late spring to assess the
background radon gas concentration in the glacial soils.
The shallow boreholes consisted of a 3 ft (0.9 m) section of solid one inch (2.35 cm) PVC pipe
attached to a 1 ft (0.31 m) section of PVC screen.
The results from these shallow boreholes were supplemented by the monitoring of six deep
boreholes, drilled in February 2011, for an environmental assessment for two oil spills. The deep
boreholes consisted of 10-15 ft (3.05 – 4.6 m) of solid PVC pipe and screen lengths from 15-30
ft. (4.6 – 9.14 m). All boreholes were left for a minimum of 5 days before monitoring for 5
minutes using the VS472.
While no known Uranium occurrences are present in the region, the radon levels would indicate
that dispersed Uranium may be present in the glacial deposits.(6) Consequently, four soil
samples were obtained from the shallow boreholes and were analysed for Uranium content.

Results
Housing Survey
The house surveys identified the presence of a number of openings, through which radon could
easily enter. The total area of average size openings into a typical basement is shown in Table 3.
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Table 3: Typical Size Basement Openings
Sump
Cold Cracks
Drains (2)
Floor Cracks
Wall Cracks
Total opening available for radon entry:

0.79 ft2 (diameter 1 ft - 0.3 m)
2.08 ft2 (0.2 inch - 0.064 m width)
0.08 ft2 (0.25 ft/0.08 m diameter)
0.6 ft2 (0.1inch - 0.03 m width)
0.017 ft2 (0.04 inch - 0.01m width)
3.56 ft2 (0.331 m2)

E-Perm Survey
The results of the E-Perm survey are shown in Table 4 and Figure 3.

Table 4: E-Perm results
Homes Tested

350

(Suspect Units = 4)

Totals (All) E-Perms

350

(Totals Homes Accepted = 346)

<200 Bq/m3
167
166
200-600 Bq/m3
142
159
3
>600 Bq/m
41
41
Percentage of Homes with Radon above the Guideline of 200 Bq/m3
>200 Bq/m3
52.3%
50.9%
3
>600 Bq/m
11.7%
11.7%

8

Sniffer Survey
The detailed sniffer survey of 5 houses where the E-Perm tests gave radon concentrations above
1,000 Bq/m3, identified several potential radon entry openings. These are shown in Table 5.
Openings of the similar configuration and size were identified in many other homes, which were
surveyed for mitigation purposes.
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Table 5: Potential Radon Entry Openings in 5 Homes, June 2011
2 day Test Radon Levels in these homes were 3,767.7 to 1,086 Bq/m3, (March 2011)
Ambient Radon in Basement Air (June 2011)
1,140 to 633 Bq/m3
Cold Cracks (1)
Sump/Drain (3)*

3,780 Bq/m3
9,760 to 3,357 Bq/m3

Floor cracks (2)

1,816 to 1,218 Bq/m3

Under floor slab (14)**

4,174 to 1,125 Bq/m3

*Number of tests
** Holes drilled for connectivity testing

Soil Radon Gas Survey
In total, 13 shallow boreholes have been constructed in the glacial sands and gravels of the
Reserve, while 3 were completed in the ablation tills (sands, gravels, silts and clays) that lie on
the valley sides. The glacial sands and gravels of the valley floor have water tables deeper than 5
m below ground surface. On the valley sides, the glacial sands and gravels show water tables
greater than 15 m in depth. These glacial deposits have an estimated pore space percentage of
25% to 40%.
The three shallow boreholes drilled around the Healing Lodge in March 2011, gave radon
concentrations from 1,150 to 1,387 Bq/m3. These readings were obtained beneath a 0.6 m of
frozen soil and 0.6 m to 1.0 m of snow cover. All other boreholes were monitored in June 2011.
The results are shown on Table 6 and displayed on Figure 4.

Table 6: Radon Levels in Soils (Bq/m3)
Shallow Boreholes (13)
Glacial Sands and Gravels
310 - 2145 (ave. 920.6)
Ablation tills
293 - 1,555 (ave. 855)
Deep boreholes (6)
Glacial Sands and Gravels
267- 1,226 (ave. 700.8)
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Uranium in Soils
The soil analyses provided results of Uranium content of 0.4 to 1.2 mg/kg for the four soils
samples.

Discussion
The results of the E-perm survey showed that approximately 50% of the homes on the reserve
showed radon levels above 200 Bq/m3. It is interesting to note that the percentage of homes in
the County of Aroostook in the State of Maine, which lies immediately across the border from
Victoria County in New Brunswick and the Reserve, has a somewhat similar percentage of
homes (49%) above the US limit of 148 Bq/m3 (4 pCi/L). This gives some indication of a
potential commonality of radon occurrences across the entire area. Also, on an area basis, the
results of the Cross Canada Survey by Health Region indicated that 17.3% of homes had radon
levels above 200 Bq/m3, with only 56 homes, on average, were tested per region. In the case of
the Reserve 350 homes were tested. These tests were conducted on a significantly denser ratio
than the Cross Canada Survey. Even given the potential difference in readings between the short
term tests and the 90 day tests, the results indicate that the percentage of homes above 200 Bq/m3
in this, and likely other health regions could be much higher than previously thought. Of the 50%
of homes on Reserve above 200 Bq/m3, 11.7% were found to have radon levels above 600
Bq/m3, while the cross Canada Survey found 7.7% be to above 600 Bq/m3 for this region. While
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the two day E-Perm test is not comparable to a 90 day test of the Cross Canada Survey in its
ability to predict long term levels or a need for mitigation, it does confirm that the high
concentrations of radon present in the soils have access to the homes and can be present in the
homes at high concentrations.
The results of the E-Perm tests have been plotted on and are shown on Figure 3.
While the use of the results to generate an occurrence map is questionable, given that several
factors influence the presence of radon in homes, the exercise is still useful as the majority of
homes possess similar features, structures, entry points and radon levels in soils beneath and
adjacent to the homes. It is interesting to note that the main section of the Reserve, with the
highest density of homes, is located on the glacial sands and gravels and also shows greatest
number of homes above the guideline. This, together with results of the radon testing in the soils,
presents a strong case for linking the radon occurrences in homes to these glacial deposits.
On the Figure, two areas are defined where the radon levels in homes were lower than 200
Bq/m3. Given that homes in these areas were of similar construction and basement type, the
reason for lower levels of radon may be due to the location of these homes over a fine sand layer.
These fine sands are present from ground surface to a depth of as much as 2 m. Coarser sands
and gravels are present under the remainder of the Reserve located on the glacial floodplain. The
fine sands would be more susceptible to moisture blockage of pore space and would also have a
lesser ability to allow mobilization of the radon gas.
The soil probes have provided confirmation that there is a strong source of radon present beneath
the Reserve in both the glacial sands and gravels of the valley floor and the ablation till of the
valley sides that is the cause of the radon presence in the homes. Given that these soils are
highly porous and non-saturated and that the radon gas consequently has a high mobility
potential through these soils the presence of high levels of radon is not a surprise.
Comparing the shallow and deep soil probes boreholes, we see that the average concentration in
the shallow boreholes of 905.9 Bq/m3 is similar to the average for the deep boreholes of 700.8
Bq/m3. This would tend to indicate that the radon source and generation is relatively evenly
distributed throughout the soil profile. Radon is estimated to have a mobility of 2 to 3 m. (7)(8).
Given the high levels of radon found beneath the floors of the homes, the potential for
mobilization of radon immediate to the basement and the distribution and generation of radon
throughout the soil profile, the potential for radon presence in homes over the long term is high.
While conducting the sniffer surveys for identification of radon entry points, we covered two
sumps with plastic sheets, to assess other openings without interference from the radon entering
the sump and we noted a definite rise in the plastic covers of the sumps, when doors were opened
on the main floors of the homes. (Photograph 5)
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Photograph 5: Raised Plastic from Stack Effect

This demonstrated an active “stack effect’ in June, a summer month. One can then reasonably
assume, that these stack effects will be much greater in the winter months during active heating
of the homes.
Health Canada states that short term measurements are “never acceptable to determine if the
radon concentration exceeds the Health Canada guideline to assess the need for mitigation” and
it “recommend that the results of a short term test be confirmed with a ‘follow up’ long term test
made at the same location”. While I accept that a recommendation for a 90 day test prior to
determining a need for mitigation is an excellent recommendation in 95% of situations, there are
some situations where other evidence and data may preclude such a recommendation and where
the risk is high enough to recommend mitigation without the long term test. In the case of the
some of the Reserve housing such a situation exists.
Consequently, I recommended that mitigation be conducted on the homes where high
concentrations of radon were found. I further recommended that 90 day tests be conducted on
those homes with lower radon levels. This recommendation was based upon all the data
obtained from the investigation into the radon levels on the Reserve, not only on the 2 day EPerm results. The results were considered together with the following factors in considering a
recommendation for mitigation where radon was present at high levels:
-

There exists beneath reserve housing a source of high levels of radon gas.

-

The radon gas resides in highly porous non-saturated soils which impart ease of
mobile to the gas.

-

Reserve housing in general, possesses numerous openings that allow radon entry
and these openings, when combined, are significant in total size.
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-

High levels of radon are present in houses in both winter and summer months on a
short term basis.

-

Stack effects are observed to be operative in houses in summer months.

This accumulated information, assessed on a risk basis, indicates that at least homes with high
levels of radon should be mitigated as there are no known factors would indicate that long term
radon levels would be reduced to less than guidelines of 200 Bq/m3.

Consequences for the Saint John River Valley
The same glacial soils that are present beneath the reserve are also present throughout the entire
Saint John River valley. The larger deposits of glacial sands and gravels are shown on Figure 5.

Numerous other adjoining smaller deposits are also present especially along the smaller of the
valleys of the Saint John River valley system. Are the conditions on the Tobique Reserve
applicable to other housing along the Saint John River Valley?
It is estimated that between 145,000 and 150,000 people live in the Saint John River Valley. At
a household average of 2.6 persons per home this would equate to the presence of 57,600 homes
in the River Valley. Of these, approximately 40,000 homes are single family detached
dwellings. Many of these homes were built over 50 years ago and a significant number, over
100 years ago. These homes often have basement walls composed of field stone joined by lime
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mortar. In addition, these basements often have dirt floors. Many of the houses younger than 50
years will have cold joints and sumps similar to the houses on the Tobique Reserve.
Overall, one can assume that there is some degree of commonality in house building, structure
and basement as was evident on the Reserve. Given that similar glacial soils, also likely high in
radon, lie beneath a significant portion of these houses; and significant openings exist to allow
radon entry; the risk of similar levels of radon in the homes throughout the valley, is considered
to be high. Towards the lower end of the Saint John River Valley, lies the City of Fredericton.
A recent study of thorium exposure in Fredericton indicated that an estimated 18% of homes
have radon levels above 200 Bq/m3.(9)
Fredericton lies on a floodplain underlain by
approximately 5 m of glacial sands and gravels. This study supports the conclusion that radon is
a notable environmental contaminant present throughout the entire Saint John River Valley and
which
potentially
impacts
many
thousands
of
homes
located
there.
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Abstract
Data for 220Rn in indoors and workplace environment is scare due to the general perception
that its levels are negligible due to its shorter half life, and subsequently its contribution to
the total inhalation dose is ignored, in the presence of other significant sources of natural
radiation. The Bhabha Atomic Research Center (BARC), Mumbai, India has completed a
countrywide monitoring program of 220Rn along with 222Rn in the dwellings using
222
Rn/220Rn discriminating Solid State Nuclear Track Detector (SSNTD) based dosimeter
systems with large participation of research groups from different parts of the country.
Details about measurement, standardization of dosimeters and evaluation of the inhalation
dose is given. Results are compared with the values reported in literature for dwellings as
well as in high background radiation areas.

Keywords
India, indoor, inhalation dose, SSNTD, Thoron.

Introduction
Topics on background radiation has evoked concern between scientist and layman alike in
recent years due to the shift in focus of health effects from exposure of radiation from acute
to chronic low levels. Globally, many locations have higher levels of natural background
radiation due to elevated levels of primordial radionuclides in the soil and their decay
products like 222Rn and 220Rn in the environment. Of late, technologically enhanced naturally
occurring radioactive material has also contributed to the burden of background radiation. It
is estimated that inhalation of 222Rn, 220Rn and their short lived progenies contribute more
than 54% of the total natural background radiation dose received by the general population.
Due to this, it becomes necessary , when calculating dose, to supplement the external
component with an inhalation component. This component is not adequately estimated for in
any country so far on a national level. The 220Rn problem will also be a problem in industries
which use thorium nitrate. Including India, lamps using thoriated gas mantles are being still
used for indoor and outdoor lighting and hawkers in rural as well as urban areas. Considering
the fact that large amounts of thorium nitrate are being handled by these industries, the
contribution to the inhalation dose of workers from 220Rn gas emanated and build up of the
progeny in ambient air may also be quite significant. It is increasingly felt that it may be
necessary to have data on the 220Rn in the environment for obtaining a complete picture of
the inhalation dose. In this paper, the current status of 220Rn levels in the indoor environment
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in workplaces as well as in other industries where large amount of 232Th is being handled is
summarized. Methods of measurement and reported levels in literature are also summarized.

Succinct Literature Survey on 220Rn
The studies on uranium miners have established the presence of a positive risk coefficient for
the occurrence of lung cancer in miners exposed to elevated levels of 222Rn and its progeny.
Simultaneously there was a great upsurge of interest in the measurement of 222Rn in the
environment. It was also hoped that in conjunction with epidemiological studies, a large-scale
222
Rn surveys might lead to a quantitative understanding of the low dose effects of 222Rn
exposures. Considerable data has been generated on the levels of 222Rn in the environment
(UNSCEAR, 2000). In contrast, data on 220Rn is scarce due to the general perception that its
level is negligible due to its shorter half life (55 sec) and its contribution to inhalation dose is
ignored, in the presence of other more significant natural radiation. This may not be true from
the recent studies which observed high 220Rn in the living environments in various countries
and it is increasingly felt that it may be necessary to have information on 220Rn levels in the
environment for obtaining a complete picture of inhalation dose (Porstendorfer, 1994;
Steinhausler et al., 1994).
220

Rn was discovered in 1899 by Owen’s at McGill University in collaboration with Ernest
Rutherford. Most of the early work focused on the fundamental physical properties of natural
radioactivity, but some of it is still relevant to modern environmental considerations.
An important step in 220Rn research occurred in the atmospheric sciences when it was
realized that 220Rn and its progeny are a major source of atmospheric ions near the earth’s
surface, which are important to a wide range of atmospheric processes, including nucleation
of water drops which are necessary for the formation of thunderstorms. 220Rn and its progeny
have been used as a tracer in studies of atmospheric transport processes, such as eddy
diffusion. Much of the early atmospheric research was by Israel and others (Israel et al.,
1968; Dolezalek, 1972) and the field has continued to be very active (Burchfield et al., 1983).
There are few industrial situations where 220Rn can be found to be more in isolation from
222
Rn. Most of these are connected with industrial applications of 232Th. 232Th is a component
in certain alloys, like magnesium, which play a small role in nuclear fuel cycle industry. But,
the health problems associated with these applications have not been striking. Mining of
232
Th ore is done in well ventilated open pits since wastes and tailings from 232Th bearing
ores processed for metals other than 232Th can potentially release significant 220Rn.

Properties of 220Rn
Th is the ultimate progenitor of 220Rn; its distribution in the earth’s crust is important for
controlling the production of 220Rn. Tracers of 232Th permeate almost all soils and rocks, in
part due to the influence of ground water from which 232Th can precipitate over geological
time scales. 232Th usually exist in plus four valence state. It is not highly soluble itself, but
forms complex ions which are more soluble (Langmuir et al., 1980). 232Th can be leached
from primary source rock under proper conditions of acidity (pH) and oxidation potential
(Eh). It then can be carried by water to other locations where it is in solution. Even though
232
Th is not as soluble as 238U, there is some similarity in their geochemistry and soils
enhanced in 238U are often enhanced in 232Th.
232

In magmas and hard rocks, there is likely to be an even stronger correlation between 232Th
and 238U deposits since here the respective geochemical processes have a greater similarity
18

yet. The average concentration of 232Th in soil is estimated to be 25 Bqkg-1 (UNSCEAR,
2000). With organic matter, there is some tendency for unusually high 232Th content
(including monazite, thorite, zircon, sphene, and allanite). Rocks composed of granite or
black shale are likely to have high 232Th content. Monazite and zircon sands have an
especially high concentration of 232Th. In contrast, basalt, lime stone, and sand stone typically
have a below average concentration. 232Th is widely distributed in nature with an average
concentration of 10 ppm in earth’s crust in many phosphates, silicates, carbonates and oxide
minerals. Natural 232Th is present as nearly 100% 232Th isotope.
In general 232Th occurs in association with 238U and rare earth element (REE) in diverse rock
types; as veins of thorite, thorianite, uranothorite and as monazite in granites, syenites,
pegmatities and other acidic intrusions. Monazite also present in quartz-pebble conglomerate
sand stones and in fluviatile and beach placers. In addition 232Th is also found as an associate
element with REE bearing bastnaesite in carbonates. Current knowledge of 232Th resources in
the world is limited due to the low-key exploration efforts arising out of insignificant
demand. Apart from its main use in nuclear energy, as fertile material, 232Th finds limited
application in non-nuclear areas, mainly as thorium nitrate for gas mantle industries and to a
very limited extend as thorium oxide refractory, catalyst (for synthesis of either methane or
mixtures of saturated and unsaturated hydrocarbons from mixtures of CO and H2), throated
tungsten wielding rods and in magnesium-based alloys. All these applications give rise to a
higher inhalation dose rate to the public. The decay scheme of the 232Th series is given in
Table 1.

Table 1: Principal members of the 232Th series (UNSCEAR, 1988)
Nuclide
232

Th
Ra
228
Ac
228

228Th
224

Ra
Rn
216
Po
212
Pb
212
Bi
212
Po
208
Tl
208
Pb
220

Half-life

Alpha (MeV)
10
1.4 × 10 y 3.95, 4.01
5.8 y
6.13 h
1.91 h
5.34, 5.42
3.62 d
5.69
55.6 s
6.29
0.15 s
6.78
10.6 h
6.05
60.6 m
6.09
300 × 10-6 s 8.78
3.05 m
Stable
-

Major radiations and accompanying decay
Beta (MeV)
Gamma (MeV) and X rays (KeV)
L
39 KeV
1170, 1740
L, 338, 911,969
L
241
-

-

-

-

334, 573
1520, 2250
1280, 1520, 1790
-

238.6, 300.1
L, 727,785,1620
L, 511,583,860,2614
-

A number of locations with higher content of 232Th have been identified. Best known,
perhaps, are the monazite sands along the southern coast of Brazil, in Sri Lanka (Ceylon), and
on the south tip of India. In the United States, the Triassic Conway granite of North
Hampshire and coastal area of the southeast have large deposits of 232Th. In contrast, 232Th
content of the oceans far from freshwater discharge is typically quite low, <10-4 Bqkg-1
(Wedepohl, 1978). 232Th content in the soil around these high background areas varied from
0.5 to 1000 Bqkg-1 (UNSCEAR, 2006).
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The basic physical properties of 220Rn are given in Table 2. The immediate parent of 232Th is
Ra.

224

Table 2: Properties of 220Rn (UNSCEAR, 1988)
- 61.8 oC
- 71 oC

Boiling point
Melting point
Solubility in water:
At 0oC
20oC
50oC

0.51
0.25
0.14
8.0 at 0 oC
0.1 cm2s-1 at STP
1.1 × 10-5 cm2s-1 at 18 oC

Solubility in Acetone
Diffusion Coefficient in air
Diffusion Coefficient in water

This isotope, 224Ra, is not always in equilibrium with 232Th, particularly in ground water.
However, in broad terms its concentration in soils and rocks will correlate well with 232Th.
Upon 224Ra decay, the 220Rn atom will experience recoil. If decay takes place within a
mineral, the recoil range is of the order of 30nm. So, 220Rn atoms might be expected to
remain trapped in the grains for the short time they exist before decay. A typical value for
220
Rn levels in the pore air of deep soil is estimated to about 20000 Bqm-3 (corresponding to a
soil with about 25 Bqkg-1 232Th, porosity 50%, density 1.5 gcm-3 and an emanation
coefficient of 0.3). The typical values of 232Th content and 220Rn flux density in different
materials are given in Table 3.

Table 3: Common values of 232Th content and 220Rn flux density (Stenhausler, 1996)
Material
Soil
Limestone
Punic stone (thick)
Black shale
Granite
Sandstone
Basalts
Concrete
Gypsum
Monazite sand

232

Th (Bqkg-1)
10 70
5
100
Up to 400
100 – 200
5
2 – 15
25
10
4 ×104 to 3 × 105

Flux density (Bqm-2s-1)
0.5 – 5
0.04
0.5
0.05
0.04
0.1
-

Total known world reserve of 232Th in reasonably assured reserves (RAR) and estimated
additional reserve (EAR) categories are in the range of 2.23 MT and 2.13 MT respectively
(IAEA, 2005) and is given in Table 4.
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Table 4: Estimated 232Th reserves (tones of Thorium metal) (IAEA, 2005)
Country
Australia
Brazil
Canada
Greenland
Egypt
India
Norway
South Africa
Turkey
United States

RAR
19000
606000
45000
54000
15000
319000
132000
18000
380000
137000

EAR
--700000
128000
32000
309000
--132000
--500000
295000

In the RAR category, the deposits in Brazil, Turkey and India are in the range of 0.60, 0.38
and 0.32 million tons (MTs) respectively. 232Th deposits in India has been recently reported
to be in the range of 0.65 MTs. Large known reserves of 232Th are contained in the beach
sand and inland placer deposits of monazite, a mixture of phosphate minerals with chemical
formula (RE/TH/U) PO4. Monazite is a primary source of light REE and 232Th and a
secondary source of phosphate and uranium.
Hazards from 232Th can be from both external and internal sources. External hazards are due
to high energy beta and gamma rays, while the internal hazards are due to mainly due to
alpha emitting nuclides deposited inside the body. Internal hazards are mainly by way of
inhalation of 232Th bearing dust and short-lived decay products of 220Rn gas. Typical activity
content of beach sands and monazite of Indian continent is given in Table 5.

Table 5: Typical radioactivity content of beach sands and monazite of Indian continent (IAEA,
2005)
Activity concentration (Bqkg-1)
232

Raw sand
Monazite

Th
0.32 – 6.44
322

Radiation field(µGyh-1)

238

U
0.04- 0.74
37

00.5 – 5.0
180 - 250

Radon isotopes are inert gases which form chemical compounds only with difficulty (Stein,
1987). 220Rn progeny in the decay chain up to 214 Po contribute the most for airborne
dosimetry, particularly the alpha – particle emitters. All progenies are chemically reactive
metals which readily oxidize and attach to surfaces like walls or the surface of aerosols.
Immediately after decay, the recoiling nucleus of these progeny is most frequently in a
positively charged state. If unattached to aerosols, these, usually existing as molecular
clusters, have a diffusion coefficient in air about 0.05 cm2s-1, with the exact value depending
on the properties of the air moisture content and the presence of trace gases (Porstendorfer,
1994). Existence of high 220Rn levels were already investigated thoroughly where ever
surveys were carried out with the 222Rn - 220Rn discriminative measurements. 220Rn can
migrate to the earth’s atmosphere and can be inhaled along with its progeny. 220Rn is a
natural production of 232Th series in the earth’s crust like soil, rocks and also in building
materials (Schery and Wasiolek, 1997). Estimates show a range of values for 232Th levels in
the ground surface. As a result, UNSCEAR (2000) estimated a world average value of 232Th
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as 40 Bqkg-1 in soil, an upward revision by about 60% as compared to the earlier estimates
(NEPA, 1990); which is on par with the current world average value of 238U in soil. With
improving knowledge of radioactivity levels in soil, some areas have been identified to have
higher 232Th/238U ratio and, in extreme situations, a ratio up to 15 have been found in some
mineral sand areas resulting in higher air exposures of the order of 9.6 µSvh-1 (Steinhausler,
1996).
220

Rn level is governed by its emanation from soil or building materials containing 232Th, soil
characteristics and ambient atmospheric conditions. In terms of radiation protection aspects,
measurable amounts of 220Rn arise from the pronounced 220Rn activity concentration gradient
which can be found both indoors and outdoors. Long term profile studies outdoors have
shown that its levels vary about 3 orders of magnitude with in a range of 3m (Porsendorfer,
1991). Due to spatial variation of 220Rn within a definite measurement volume, the results
derived from integrated measurements depends to a large extent on the actual position of the
measurement device relative to exhaling surface. 220Rn levels in a dwelling depend mainly on
the type of material used for construction. Emanation and ventilation rate, in turn, govern
220
Rn levels in dwellings. Exposure to an individual inside a dwelling is mainly due to the
external gamma radiation dose received from the primordial nuclides present in the building
materials, and the inhalation dose due to 222Rn, 220Rn and their progenies. External gamma
exposure from cosmic rays will be less due to the shielding effect inside the dwelling.
Construction materials and design of the house determine the total exposure. Wide variations
in the activity of 232Th in building material is also noticed in (Shukla, 1995) as shown in
Table 6.
Table 6: 232Th levels in building materials used in India for construction
(Menon et al., 1987)
Material
Cement
Brick
Stone
Sand
Granite
Clay
Fly ash
Lime stone
Gypsum

232

Th
(Bqkg-1)
16 – 377
21 - 48
6 - 155
1 - 5074
4 - 98
7 - 1621
7 - 670
1 - 26
7 - 807

Resultant exposure rates varied from 0.04 to 0.79 mSvy-1 when the above materials in
different proportions are used for construction. 220Rn exhalation rate from soil covers a wide
range from 0.27 to 5 Bqm-2s-1 depending on the geology and the emanation characteristics of
the ground (Porstendorfer, 1994). In view of this considerable variability, the UNSCEAR has
recommended a value of 1 Bqm-2s-1, which appears to unreasonable, since the world average
would be close probably to 3 Bqm-2s-1. Tables 7 and 8 respectively gives the reported typical
values of 232Th content and 220Rn flux in different types of building materials and typical
values of 220Rn exhalation rate in soil and building materials (Steinhausler et al., 1994).
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Table 7: Typical values of 232Th content and 220Rn flux in different matrices (Stenhausler, 1994)
Material

Soil
Lime stone
Pumice tone(black)
Black shale
Gypsum
Granite
Sand stone
Basalt
Concrete
Monazite sand

232

Th
content
(Bqkg-1)
10-70
5
100
Up to 400
10
100 - 200
5
2 – 15
25
4×104 to 3×105

Flux density
(Bqm-2s-1)
0.5 – 5.0
0.04
0.5
0.1
0.05
0.04
0.1

Table 8: Typical values of exhalation rate for 220Rn in soil and building materials (Stenhausler,
1994)

Parameter

Unit

Soil
Range

Emanation power ( ε)
Density (ρ)
Diffusion coefficient(Db)
Diffusion length (Rb)
Activity mass con. (αb)
Exhalation rate (e)

103 (kgm-3)
(m2s-1)
(m)
(Bqkg-1)
(Bqm-2s-1)

0 01 – 0.2
0.8 – 3.0
10-8 – 10-5
0.1 – 0.3
5 – 120
10-3 – 0.005

Typical
value
0.05
2.0
5 × 10-6
0.02
40
1

Building material
Range
Typical
value
0.002 – 0.06
0.01
0.1 – 0.25
0.25
10-8 – 10-5
5 ×10-7
0.001 – 0.01
0.005
5 – 200
50
0.001 – 0.2
0.05

These graphs seem to point out the need to have a database on 220Rn levels in indoor air.
220
Rn gas is rarely measured, due to the difficulty in measuring an alpha particle emitting gas
with a short half-life. Another objection to 220Rn gas measurements for dosimetric purpose
has been that 220Rn may not be well mixed in the indoor air because of its shorter half-life.
Some reported values shows that indoor 220Rn concentrations vary with the distance from the
walls and floor (Zhuo, 2001). Indoor measurement results shows that unless the 220Rn
detector was located very close to a wall or floor source, the 220Rn was well mixed in room
air and provide typical exposure.
Large scale surveys of the 232Th concentration in construction materials have been carried out
in the past. The reference value of 50 Bqkg-1 for 232Th by UNSCEAR (1988) for building
materials can be considered as a representative for the construction materials traditionally
used in industrialized countries. Waste materials recycled as building materials; such as
bricks made of fly ash or slag, however, have values ranging from 250 to 300% higher than
the UNSCEAR (1988) reference value. No representative value for 232Th data exists for
construction materials used in developing countries. Mean specific activities of 232Th in some
building materials (ECRP, 1999; IAEA, 1994) used in several countries are given in Table 9.
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Table 9: Specific activity range of 232Th in some building materials used for construction by
different countries (IAEA, 1994)
Material
Sand
Cement
Concrete
Tiles
Bricks
Red bricks
Lime brick
Ceramic
Granite
Marble
Others
Soil
Coal fly ash
Gypsum

Range (Bqkg-1)
12 – 1008
44 – 860
42 – 918
328 – 7541
196 – 785
50 – 200
10 – 30
44 – 66
81 – 87
11 - 34
2 – 87
0.05 – 204
100 – 300
10 – 100

Direct measurements of the concentration of all short lived decay products of 220Rn are
difficult and limited. Theoretically, the vertical distribution of 220Rn can be predicted fairly
well, provided the flux density and eddy-diffusivity are known. Even though the subject of
research for several decades, the data base on 220Rn values outdoors is generally not a
representative one on a global scale, since the data were not derived from large scale surveys
with continuous, long term, time integrating 220Rn measurements (Druilhet, 1992; Reineking,
1992).
Concentrations are estimated from the level of equilibrium or disequilibrium between these
nuclides and its decay products. An equilibrium factor Feq is defined that permits exposure to
be estimated in terms of the potential alpha energy concentration (PAEC) from measurements
of 220Rn gas concentration. It has not been practical to assess the lung dose directly from
220
Rn gas measurements because the equilibrium factor between 220Rn and its decay products
was not well established. Past dose estimates of 220Rn were made from the filtered air
measurements of the 220Rn decay product 212Pb. Also, some measurement results are
available from Japan (Tokanami, 1997). It is also not possible to assess the radiation dose
from the inhalation of 220Rn decay products by epidemiological studies like 222Rn and there
fore it must be estimated using dosimetric modeling. Dosimetric studies (UNSCEAR, 2006)
have provided dose conversion factors for assessing the inhalation dose from 220Rn and its
progenies both at indoors and outdoors.
In India, data pertaining to 222Rn and 220Rn levels outdoor, over the ocean and at remote
location like Antarctica environment as well as in non-uranium mines have been available for
more than three decades. Recently, in India, the Bhabha Atomic Research Center (BARC)
has completed a countrywide monitoring program of 220Rn along with 222Rn in the dwellings
using 222Rn-220Rn discriminating Solid State Nuclear Track Detector (SSNTD) based
dosimeter. In this presentation, the methodology adopted and the results obtained pertaining
to 220Rn are discussed.
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Measurement Methodology
Several techniques are being used for the measurement of 220Rn in the indoor environment.
One has to select the suitable one for the measurement (Monnin, 1989). Conventionally used
techniques are either active or passive techniques. Some of these techniques are Nuclear
Emulsion, Adsorption, Gamma spectrometry, Solid Scintillation, Liquid Scintillation, Beta
Monitoring, Solid State Nuclear Track Detector, Ionization Chamber, Surface Barrier
Detector, Thermo Luminescent Detectors, Electret dosimeters, Collection Technique and
continuous monitors (Alpha Guard etc.) For the dosimetric point of view, the integrated
passive technique is preferred since it gives the diurnal, hourly and seasonal variation of
220
Rn and its progeny in the indoor environment. A cylindrical twin cup is used with small
strips of (2.5 × 2.5 cm size) LR 115 Type II 12 µm thick strippable SSNTD films placed on
the two compartments and another SSNTD placed outside the chamber as a detector. Each
compartment of the dosimeter has a length of 4.5 cm and a radius of 3.1 cm as shown in
figure 1.
3

M
Radon
Compartment 1

Membrane
Filter

1.
2.
3.

2

F
Radon +Thoron
Compartment

Glass Fiber
filter

Radon Cup mode SSNTD Film
Radon + Thoron Cup mode SSNTD Film
Bare mode SSNTD Film

Fig. 1: Schematic of twin cup 222Rn-220Rn dosimeter developed by Bhabha Atomic Research
Center, Mumbai, India
The dosimeter is designed, based on the observation that the efficiency of track production
depends on the ratio of over all effective volume to the total volume and that with an increase
in dimensions of the chamber housing the detector, there is initially a rise in the volume ratio
which reaches a maximum and then comes down gradually. Based on these criteria, a cup
with the above dimensions has been designed (Bhanthi and Bhagwat, 1996). A SSNTD
placed in a membrane filter compartment measures only 222Rn, which diffuses into the cup
from ambient air through a semi-permeable cellulose nitrate membrane sandwiched between
glass fiber filter paper, allowing >95% of the 222Rn gas to diffuse through and, due to the
shorter half life and diffusion properties, suppresses 220Rn gas to <1% (Ramachandran et al.,
1987).
The mean time for 222Rn to reach a steady state in the cup will be in the range of 4 to 5 hr. In
the filter paper and membrane combination mode, which is has a cut off efficiency of 99.8%
for sub µm aerosol particles, the particulates from 219Rn (T1/2:3.96 s) and 220Rn (T1/2: 55.6 s)
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will be cut off and will decay while diffusing through the filter paper and membrane
combination. 222Rn (T1/2:3.82 d) gas, which diffuses through the membrane, will produce the
alpha tracks on the detector films placed in this chamber. The SSNTD placed on the other
compartment having a glass fiber filter paper, allows both 222Rn and 220Rn gas to diffuse in
and hence, the tracks registered on the SSNTD film in this chamber are related to both 222Rn
and 220Rn gases. SSNTDs in bare mode (on the outer surface of the dosimeter) register alpha
tracks attributable to the airborne concentrations of both the gases and their alpha emitting
progeny, namely 218Po, 214Po, 216Po and 212Po. Parameters like the attachment to aerosol,
deposition (plate-out), and recoil of 222Rn, 220Rn and their short-lived progenies from aerosols
and surfaces, and decay has a major role in the track registration on the bare card detector
from 222Rn, 220Rn and their progeny. It is assumed that the SSNTD kept in the bare mode
responds to the airborne alpha emitters and not to the alpha activity deposited on it (Ilic and
Sutej, 2000). Studies by Jonsson (1981) have shown that for one hour etching at 60oC, the
alpha energy range for the formation of a hole is between 2.2 to 4.1 MeV at normal incidence
and the maximum value of the incident angle is about 42o. Upper cut-off energies hardly
changes with the angle of incidence. As a result of this, the alpha emission due to progeny
(energy >5 MeV) deposited on the SSNTDs are not expected to contribute tracks. This
supports the assumptions made and is confirmed by experiments by placing a 241Am – 239Pu
source (5.48 and 5.15 MeV alpha energies) directly in contact with an SSNTD film and
counting the tracks using a spark counter.
Experiments have shown that the registration efficiency is of the order of 0.001% (Eappen
and Mayya 2004). Background track density of the SSNTD detectors is important while
assessing its performance. Detailed study shows that, sensitivity of the detector exhibits a
trend of variation with its age. Variation up to 21% in the sensitivity of the film from two
different batches both processed one-year after the manufacturing has been observed. Twenty
five percent increases in the sensitivity factors were observed when these films were
recalibrated after a gap of one year. Background track density increases as the age of storage
increases from the date of manufacturing. A variation between 2 to 15 track cm2 in the
background for a storage period of two years was observed. Bare card mode of exposure is
also affected by the surface deposition of dust, during the exposure period. Studies carried out
to see the effect of dust load on bare card exposure mode have revealed that the dust
collection measured on the order of up to 0.3 mgcm-2 for a period of 90 days has not affected
the track registration on the detector (Muraleedharan et al., 1993).
Dosimeters were deployed into the field on a quarterly cycle of 3 months covering all the
seasons in more than 2000 houses of different construction types spread over 50 locations in
the country. After the exposure, the SSNTDs were retrieved and processed under standard
protocols and were scanned under a spark counter to get the total track densities recorded in
the bare, filter and membrane compartment. From the total tracks recorded, 220Rn
concentration is estimated using the sensitivity factor derived from the controlled
experiments (Eappen et al., 2001).

Results
220

Rn gas concentration varied from 5.7 to 42.4 Bqm-3 with a GM (Geometric Mean) of 12.2
Bqm3 (GSD 3.22). Higher 220Rn levels are recorded in some locations where the 232Th content
in the surrounding soil is high. Estimated 232Th content in Indian soil using gamma
spectrometric techniques varied from 3.5 to 24.7 Bqkg –1 with a mean of 18.4 Bqkg-1. It was
observed that the 232Th levels in the soil were high in the northern parts of the country
(Mishra, 1972). 232Th content in materials used for construction in India varied from 124.0
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Bqkg-1 in sand to 3.1 Bqkg-1 in the blue dust (Shukla et al., 1995). A radiation profile map of
India also shows higher levels in the northern parts of the country due to high 232Th content in
the rocks (Shukla et al., 1995), which supports the present observations. Some locations in
India are classified as high background radiation areas due to either heavy deposits of
monazite or uranium. One such area is located in the southern parts of India (Chavara,
Kerala) with high 232Th content in soil. Results of a sample survey carried out in this region
shows the 232Th content in the soil varied from 75 to 9070 Bqkg-1 with a mean of 827.0 Bqkg1
(Sankaran et al., 1986), which is 56 times the national average of 18.4 Bqkg-1 for the
country as a whole excluding the high background radiation regions (Krishnan Nair et al.,
1999). Results of a sample survey carried out in nearly 350 dwellings of different types of
construction spread over four electoral wards in the high background region (two outside the
monazite belt and two near to the monazite belt) shows that the indoor 220Rn levels varied
from 0.4 to 69.6 Bqm-3 , with a median of 8.3 Bqm-3 in dwellings belonging to the normal
background region and from 5.0 to 214.5 Bqm-3 with a median of 44.2 Bqm-3 in the monazite
belt region (Mishra and Sadasivan, 1971). Using UNSCEAR (2000) dose conversion factors
the estimated annual inhalation dose due to 220Rn and its progeny in Indian dwellings around
the normal background region varied from 0.047 to 0.39 mSvy-1 with a mean of 0.14 mSvy-1
(GSD 1.36). This, when compared with the estimated inhalation dose rates of 1.05 mSvy-1 for
indoor 222Rn and its progeny in Indian dwellings (Ramachandran et al., 1995), implies a total
inhalation dose due to 220Rn and its progeny to be very small. Inhalation dose rates due to
220
Rn and its progeny in dwellings, from the high background region of Chavara, Kerala work
out to be 0.41 mSvy-1, which is about 3.2 times higher than that recorded for the country from
normal background region. The reported 220Rn levels (Bqm-3) in dwellings and work places
available in the literature are given in Table 10 (Muccetelli and Bochicchio, 1998).
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Rn levels measured in Indian dwellings are comparable with those reported for Austria,
Brazil and USA. The recorded 220Rn levels in dwellings of China gave a mean concentration
of 168 Bqm-3 which is 3.5 times the recorded in dwellings from high background regions of
India. 220Rn and its progeny can also be significant in underground mines as well as in a
closed environment. The 232Th mineral itself is usually mined from open-air surface deposits.
But, they are commonly associated with uranium minerals, so 220Rn exhalation rate from ores
of uranium mines is often significant. In addition, due to the possibility of restricted
ventilation and proximity to bare soil and rock, any underground mine or enclosures can have
significant levels of both 222Rn and 220Rn. If ventilation is not present, underground
enclosures can be expected to have 220Rn levels approaching the high values of soil gas.
Table 10: 220Rn levels in Dwellings in Literature (Muccetelli et al., 1998)
Country

Location

Max

Min

Dwelling
Dwellings
Cellars
Lecture room
Garage

No. of Mean
data
9
19.0
1
19.0
4
8.9
1
0.7
1
7.6

Austria
Brazil
Germany

74.0
--39.1
--8.3

< 3.3
--2.2
-4.1

Italy
Sweden

Dwellings
Apartment
Wooden house
Basement
Dwellings

21
-----45

54.7
10.0
2.0
200.0
430.0

--5.0
1.0
5.0
1.0

8.5
-----31.0
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Japan
China (HBRA)
USA

India (present work)

Dwellings
Dwellings
Dwellings
Basement
Garage
Ground floor
Dwellings

21
-7
6
1
1
1800

8.5
168.0
10
13
10
12
12.2

54.7
-34
40
18
16
42.2

---2.0
MDL
6
9
5.7

Hence, ventilation, whether natural or man made, is the key factor which controls the
absolute concentrations of 220Rn and its progeny. Few data are available for 220Rn gas alone.
The focus is more on 220Rn progeny since they may be a significant contributor to total
inhalation dose. Biju (1981) reviews some mine models and the 220Rn problem in
underground uranium mines. These data indicate a median ratio of PAEC (220Rn) / PAEC
(222Rn) of 0.65 with a range of about 0.4 to over 1.5. Stranden (1985) and Dixon (1985) have
reported measurements on a variety of underground mines and enclosures in Norway and
UK. Estimated ratios of PAEC (220Rn) / PAEC (222Rn) were usually in the range of 0.1 to 1.0.
Unoccupied mines and natural underground caves will tend to have higher values of PAEC
(220Rn), but lower values of the ratio of PAEC (220Rn) / PAEC (222Rn), due to generally poor
ventilation from natural convection. There exists a strong correlation between PAEC (220Rn)
and PAEC (222Rn) seems fairly pervasive over a range of housing and locations, although
evidence indicates the relation is not a linear one. A study carried out in France by Rannou
(1987) has indicated that the phenomenological relation PAEC (220Rn) ∝ [PAEC (222Rn)]
0.4
agrees well with the indoor data on 220Rn and 222Rn progeny. This relationship is found to
be quite consistent. Houses with high levels of 222Rn progeny will thus have less 220Rn
progeny.
Although limited measurements of 220Rn in indoor air are available, most investigators have
reported both the 222Rn and 220Rn equilibrium equivalent concentrations. This allows some
generalizations to be made from derived ratios. Based on the physical characteristics of 222Rn
and 220Rn and model entry rates in buildings, ICRP estimated the expected concentrations in
the buildings (ICRP, 1987), this ranged from 10 to 100 Bqm-3 for 222Rn and 220Rn both in
outdoor air, concrete and brick building materials, and a ventilation rate of 0.7 h-1. In terms of
EEC, these indoor concentrations are 2 to 50 Bqm-3 for 222Rn and 0.04 to 2 Bqm-3 (mean 0.5
Bqm-3 for 220Rn). This corresponds to a 220Rn-222Rn EEC ratio of 0.03 (UNSCEAR, 2000).
Table 11 gives the rounded values of means or medians of the reported ratio of potential
alpha energy concentration of 220Rn to that of 222Rn progeny for various locations. In India,
lamps using thoriated gas mantles are still used for indoor and outdoor lighting in homes and
hawkers in rural as well as urban areas. Presently there are about 75 manufacturing units
handling on an average about 200 metric tons of thorium nitrate per annum in the
manufacturing of gas mantles in the country. On an average 200 million mantles are made
per year, from which 25 % are exported. Considering the large quantities being handled
contribution to the inhalation dose of the workers from the 220Rn gas emanated and the buildup of the progeny in ambient air may also be significant.
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Table 11: Reported 220Rn/ 222Rn Progeny Levels in Literature (Rannou, 1987)

Location

220

Rn/222Rn
Progeny

Italy (Latium)

1.3

Canada (Elliott Lake)

0.3

Hungary
Norway
FRG (Western part)
FRG (Southwestern)
FRG
US
China(Hubei Provinces)
France (Finistere)
Hong Kong
Austria
UK
USA

0.5
0.5
0.5
0.8
0.5
0.6
0.4
0.3
0.8
0.7
0.14
0.3

India(present work)

0.53

Comment
Anomalous (volcanic area), 50 dwellings, poor
ventilation
Samples at 95 dwellings, source activity 238U/232Th
∼1
22 dwellings
22 dwellings, source activity 238U/232Th ∼ 1
150 measurements spread over an year
95 dwellings
27 houses
68 measurements in 20 states
37 measurements, 238U/232Th ∼ 0.6
219 measurements
10 indoor sites, a typical tropical coast
12 dwellings
8 dwellings
53 measurements in 8 south eastern cities on main
floor
1800 houses

As per the regulatory body specification, the quantity of thorium allowed in a gas mantle
depends on its luminous intensity. The permitted quantity of thorium in a mantle of up to 400
cd rating is 600 mg and for greater than 400 cd, it is 800 mg (The mantle industry continuous
to specify the rating in candle power which is equivalent to candela – cd in SI units)
(Sadagopan et al., 1997).
In addition, in the high background areas of Chavara, Kerala, inhalation exposure due to
Rn and its progeny is also high. Table 12 gives the reported 220Rn levels in some industries
across the world (Paschoa and Pohl-Ruling, 1993).
220

Table 12: Reported 220Rn levels in some workplaces (Paschoa, 1993)
Location
Gas mantle factory (UK)
Mg/Th alloy factories (UK)
Underground U mine (CND)
Monazite processing plant (Brazil)
Thorium processing plant
Gas mantle factory, India
220
Rn levels in dwellings around some
villages of Chavara, Kerala:
Neendakara
Chavara
Allappad

Number of
Data
13
4
2
8

Concentration (Bqm-3)
Min
Max
Mean
1100
11000
370
3700
1055
9309
4932
560
1800
18000
17
3034
-

100
135
120

8.9
3.9
4.8

60.7
423.0
76.8

17.7
27.6
12.4

From this Table it can be seen that other than the dwelling environment, other workplaces
like gas mantle and monazite processing industry and thorium processing plants also have
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higher 220Rn exposures. Table 13 summarizes major findings on the data on the biological
effects among humans due to exposure to 232Th and decay products. Here the main exposure
pathways are non-occupational exposure to 220Rn and decay products; occupational exposure
to natural thorium and medical exposure to thorium oxide. These studies were confined to
three fields: (i) Non-occupational exposure to 220Rn and decay products, (ii) Occupational
exposure to natural thorium confined to long term, elevated exposure of industrial workers
and (iii) medical exposure to thorium oxide confined to injections of thorotrast.
Table 13: Summary of data on biological effects due to exposure to thorium
and its daughter products (IAEA, 2005)
Cohort

No. of
exposed
persons

Exposure
Characteristics

Observed effects

Residents in HBRA in:
Brazil ((Paschoa and ~ 7000
Pohl-Ruling, 1993)
China (Wei, 1993)

~ 80,000

220

Rn levels in air:
0.4 – 19 Bq.m-3
220

Rn levels indoors :
168 Bq.m-3

India (Sunta, 1993)
~ 70,000

External dose :
7 mGy/y

Increased chromosome aberration
Increased chromosome aberration,
elevated down’s syndrome
Increased still birth and infant
mortality.
Elevated
down’s
syndrome

Occupational exposure:
Miners of iron ore and 588
Rare earth (Chen et al
1993)

Th lung burden:
0.85 Bq

Workers in monazite 300
industry (Lipoztein et
al., 1992)

External
dose 14 mSv.y-1

Increased lung cancer incidence.
Respiratory diseases
Increased chromosome aberrations

Workers in Thorium 592
processing
plant
(Polednak et al., 1983)

Elevated SMR (lung cancer;
pancreatic
cancer,
respiratory
Emanating at mouth : diseases)
24.5 Bq of 224Ra

Medical Exposure:
German, Japanese and
Portuguese
~ 53,000
(Hofmann, 1988)

Bronchial life time
dose : 357 mGy;
Liver dose 2.5 to 3.6
Gy/y

Liver tumors
Hepatic tumors

Radionuclides of natural origin are ubiquitous in the environment at variable, but generally
low, activity concentrations. Regulation of human activities involving material containing
these radionuclides at activity concentrations that would invoke widespread regulatory
consideration, in circumstances where it is unlikely to achieve any improvement in
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protection, would be an optimum use of regulatory resources. So, values of activity
concentrations in materials 1 Bqg-1 for 238U and 232Th and 10 Bqg-1 for 40K are specified in
the standards as being values below which it is usually unnecessary to regulate, irrespective
of the quantity of material or whether it is in its natural state or has been subject to some form
of processing (Zhuo et al., 2001). Table 14 gives the types of operations involving naturally
occurring radioactive materials pertaining to 232Th, identified as required regulation on the
basis of worker dose. Table 15 gives the Naturally Occurring Radioactive Material pertaining
to 232Th on the basis of the activity concentration reported in literature (Zhuo et al., 2001).
Table 14: Types of operations involving naturally occurring radioactive materials pertaining
232
Th identified as required regulation on the basis of workers dose
(IAEA, 2005)
Types of
Operation

Description

TiO2
pigment Scales during removal
production
from pipes/vessels
Thermal
Fume and precipitator
Phosphorous
Dust
production
Rare earth
Monazite
extraction
Thorium Concentrate
from monazite
Scale
Residue
Production of
Thorium concentrate
Thorium
Thorium concentrate
compounds
Manufacture
Thorium compounds
of thorium
Products
containing
products
Processing of
Ore
niobium
Pyrochlore Concentrate
/tantalum ore
BaSo4 precipitate
Slag
Preceptor dust
Some
Underground
mines
Oil and gas
production

Ore
Scales from
Ra rich water
Scales during removal
from pipes/vessels

Fused
Zirconia
production

Do

Dominant nuclide

Conc.
(Bqg-1)

228

1 to 1600

Workers
dose
(mSvy-1)
1 to 6

1000

0.2 to 5

Th
Th
228
Ra
228
Ra
232
Th
232
Th

40 to 600
up to 800
1000
23 - 3150
Up to 800
Up to 2000

Could approach or
exceed dose limit

232

Up to 2000
Up to 1000

> 1 to a significant
fraction of dose
limit

1 to 8
80

Could reach a
significant fraction
of dose limit

Ra210Pb

232
232

Th
Th

232

232

Th
Th

232

228

Ra
Th
210
Po
232
Th
228
Ra
232

228

210

Ra

Po

Typically
6 to 15 Processing

200
20 to 120
100 to 500
Up to 10
Up to 200

< 1 to a significant
fraction of dose
limit
0.1
to < 1 to a significant
15000
fraction of dose
limit
Up to 600
0.25 to 3
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Table 15: Naturally occurring radioactive material that is considered for regulation pertaining
to 232Th on the basis of activity concentration (Zhuo, 2001)

Material Category

Material

Raw material

232
Monazite sand
Th
232
Metal ore
Th
232
Bauxite
Th
Gas mantle
232Th
232
Thoriated glass
Th
Thorium
containing 232Th
optical polishing powders
Thoriated
welding 232Th
electrodes
232
Thorium alloys
Th
238
U
Zircon refractories

Products

Slag
Scales,
sediments

Sludges,

Niobium extraction
Tin smelting
BaSO4 precipitate

Predominant Nuclide

232

Th
Th
232
Th
232

Typical Activity
( Bqg-1)
40 – 600
up to 10
0.035 – 1.4
500 – 1000
200 – 1000
150
30 – 150
46 – 70
0.14 - 2
20 to 120
0.07 – 15
200

Findings
Based on the literature and the data generated in India, the following has been found:
a. 220Rn levels in Indian dwellings varied from 5.7 to 42.2 Bqm-3 with a GM of 12.2 Bqm-3 .
b. Higher 220Rn levels are recorded in dwellings around locations where the 232Th content in
soil also high.
c. The estimated national average value of 220Rn levels for India are comparable with those
reported for Austria, Brazil and USA.
d. The inhalation dose rate due to 220Rn and its progeny varied from 0.047 to 0.39 mSvy-1
with a GM of 0.14 mSvy-1.
e. The inhalation dose rate due to 220Rn and its progeny in dwellings from high background
regions were found to be nearly 3.2 times higher than those recorded in dwellings around
normal background regions in India.
f. The estimated ratio of 220Rn/222Rn progeny levels in Indian dwellings works out to be
0.93, which lies within the range of 0.3 to 1.0 reported from different countries all over
the world.

Conclusions
Preliminary indoor surveys carried out in some western countries are indicative of a non
negligible 220Rn / 222Rn exposure component for some members of the general public.
This is also the case with some occupational exposure received at some work places,
particularly in monazite processing industry. But the presently available data on 220Rn /
222
Rn daughter levels, aerosol characteristics, and their behavior outdoors and indoors
cannot be considered as representative. There is also added ambiguity in the current
understanding of potential health determinants due to the lack of any established dose
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effect relationship and contradictory evidence of biological effects induced by
Rn daughters.

220

Rn/

222

Efforts should be warranted to address the 220Rn/ 222Rn progeny issue on an international
scale. Emphasis should be on such areas which will assist in improving the current dose
assessment of population groups expected to receive significantly elevated 220Rn/ 222Rn
daughter exposures. In view of limited resources, research work should be focused, first
of all, on identification of specific situations expected to be problematic and second of all,
to improve the estimate of overall contribution from 220Rn. This would represent a less
expensive goal than the broad scaled search and rescue operations like the one which
occurs with 222Rn.
Exposures to 220Rn and its decay products is of increasing interest, and a number of
research workers have reported that 220Rn can be detected as a significant component of
the total 222Rn + 220Rn in the environment; 220Rn can thus be a source of error in
residential 222Rn measurement studies which do not distinguish the two contributions to
exposure (Zhuo et al., 2002).
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Abstract
Seasonal variations in radon concentrations were measured in pharmacies and shops
in Alzarqa town – Jordan, during: the summer, autumn, winter, and spring seasons of
1999 - 2000. In this survey, 202 measurements were collected using passive
calibrated Solid State Nuclear Track Detectors (SSNTDs). The test results found that
the seasonal radon concentration levels in pharmacies and shops, are minimum at
summer (18.2 ± 6.7) Bq/m3in pharmacies, and (16.6 ± 3.9) Bq/m3 in shops, and
maximum in winter season (50.0 ± 4.1) Bq/m3in pharmacies, and (45.1 ± 4.2) Bq/m3 in
shops. These values of concentration are far below the radon action level (200- 600)
Bq/m3 as recommended by ICRP (ICRP, 1993), and lower than the world-wide,
population weighted, average radon of 40 Bq/m3 as reported by UNSCEAR
(UNSCEAR, 2000).

Keywords
Radon; radon concentration; CR-39; seasonal variation; Pharmacies; Shops.

Introduction
Naturally occurring Radon and its decay products are significant sources of human
radiological exposure (UNSCEAR, 2000). Radon is a noble gas, and is chemically
inert in nature. It most common isotope, Radon 222 has a half-life of 3.8 days and
comes from the alpha decay of Radium-226 (half-life 1600 years). Because
measureable concentrations of Radium-226 (itself a daughter of Thorium-230) are
commonly found in soil and rocks throughout the world, trace amounts of Radon
(<10 Bq/m3) in the atmosphere are found as well. However, within enclosed
environments that are in contact with the soil or underlying rock, Radon can
accumulate to levels orders of magnitude higher than the outdoor levels (Liendo et
al., 1997). Epidemiological studies have shown that exposure to indoor radon and it
progeny does increase the risk of contracting lung cancer in both homes and the work
place (Lubin et al.,1994; Pershagen et al., 1994; Lubin and Boice, 1997).
There are many sources of exposure of workers to radiation. Common man made
sources include radioactive pharmaceuticals, and building materials (concrete and
decorative stones). Whereas examples of work related exposures would include
underground miners, nuclear energy cycles, scientific researches, and aircraft
crewman. In conjunction with these exposures, workers could be exposed to elevated
radon both at home and at work (Jacques, 1992). As for the radon component of this
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exposure, it had been clear that, long-term average measurements of radon
concentrations are not an adequate indicator of inhalation risk in workplace (Solomon
and Wang, 1994). Because radon exposure at the work place could be significant,
steps should be taken to reduce it (Rimington, 1992). Recently the International
Commission on Radiological Protection (ICRP) has considered the issue of
workplace exposure to background radiation, in particular, exposure from elevated
levels of radon and radon progeny (ICRP 60, 1990). The ICRP suggested an
investigation level for radon exposures between 400 and 2000 Bq/m3 and has
proposed a conversion convection of 5 mSv/WLM for risk assessment from
workplace exposure to radon progeny (ICRP 65, 1994).
This paper addresses the observed seasonal variation of indoor radon concentration in
pharmacies and shops of Alzarqa town-Jordan collected from June 1999 to May
2000.

Measurement Technique
Radon was measured by using the passive closed-can technique (Elzain et al, 2008;
Al-Bataina and Elzain, 2003; Hadad et al., 2007; Abumurad et al., 1994). About 202
detectors were distributed in pharmacies (114 detectors) and shops (88 dosimeters) in
the town of Alzarqa. This detector consisted of a cup (7.00 cm in diameter and 4.6 cm
in depth) containing a chip of CR-39 Track Etector. (1.5 cm × 1.5 cm × 500 µ m). A
circular hole with a diameter of 1.5 cm was made in the lid, and was covered by a
piece of membrane (sponge 2.00 cm × 2.00 cm × 0.5 cm), glued into the interior
surface of the lid (Elzain et al, 2009; Al-Bataina, 1999). This configuration was
necessary to prevent the entry of radon daughters and airborne particulate, but
allowed for radon gas to readily diffuse into the cup. These detectors were exposed
for 96 days during the summer of 1999 (June, July, September), 98 days during the
autumn of 1999 (September, October, November, December), 100 days during the
winter season of 1999 – 2000 (December, January, February, March), and 70 days
during the spring of 2000 (March, April, May). The collected chips were chemically
etched, using a 30% solution of Potassium Hydroxide (KOH), at a temperature of (70

± 0.1) C for nine hours. An optical microscope was then used to count the number of
track per cm2 on each chip. To relate the density of the recorded tracks to radon
concentration, the dosimeters were previously calibrated in the School of Physics and
Space Research at Birmingham University, England (Al-Bataina, 1999). The indoor
radon concentration in pharmacies and shops (C), in units of Bq/m3, is then calculated
using the following formula:
C=

C0t0 ρ
ρ0t

Where Co is the radon concentration of the calibration chamber (90 kBq/m3), to is the
calibration exposure time (48 hours), ρ is the measured tracks number density per
cm2 on the CR-39 detectors inside the dosimeters used, ρ is the measured track
number density per cm2 on the detectors of the calibrated dosimeters, t is the
exposure time in days for pharmacies and shops.
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Results and Discussion.
In general the buildings tested had similar designs, resided on the same geology and
were tested on the ground floor. The radon test results, listed in Tables 1 and 2, and
illustrated in Figures 1 and 2, shows the radon concentrations as a function of season
and building use in Alzarqa town. As can be seen in Figures 1 and 2, radon levels in
the shops and pharmacies clearly exhibited seasonal variation (radon levels were
highest in the winter and lowest in the summer). A partial explanation of this finding
is the local custom of keeping buildings well ventilated during the summer months
either naturally (e.g. open doors) or by using fans during the summer months.
Presumably, this custom increases the building’s ventilation rates and may play a role
in reducing the radon concentrations in the building. This correlation between indoor
radon concentration and ventilation has also been reported by the US EPA (EPA,
1993) and by Abu-Jarad where air turbulence was found to reduce the working level
concentration of radon daughters (Abu-Jarad and Sextro, 1988; Abu-Jarad and
Frimlen, 1982). Conversely, during the winter months, the buildings windows and
doors tend to be closed for longer period of time in particular at night when the
ambient outdoor temperature drops. Presumably this would result in a lower average
ventilation rate and thus would allow for a corresponding increase in the indoor radon
concentration. This conclusion is consistent with other reports (Narayana et al.,1998;
Ramachandran et al., 1990).
As for the autumn season, the radon concentrations were found to be relatively higher
in shops than those in pharmacies. This may possibly be attributed to the higher
humidity inside shops vs. the pharmacies during this season. During this season, the
shops doors were usually closed for long periods of time due to the seasonal heavy
rainfall. This increase in rain fall increases the outdoor humidity which induces the
workers to keep the doors closed. This observation is consistent with other reports as
well (Islam et al., 1989; Merrill and Khanzadeh, 1998).
As for the spring season, the radon levels were consistently lower than autumn and
winter for both the pharmacies and the shops but higher than in the summer. As
before it is suspected that the prevailing climate may play an important role. The
spring in Alzarqa town is typically low humidity as a result of significantly lower rain
fall with a significant number of sunny days. However, the nights are cooler than
those in the summer and may result in the closing of windows and doors. Therefore,
because of the more palatable daytime weather, the workers would presumably leave
the windows and doors open more than the autumn or winter but keep them closed
more at night than in the summer. This in turn would help reduce the radon indoor
radon levels when compared to the autumn and winter but slightly higher than the
summer. This phenomena has also been observed and reported by Oufni (Oufni et al.
2005).
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Conclusions
In summary, a comparison of our results with the suggested reference values by the
International Commission on Radiological Protection: 500 Bqm3 for workplaces
(ICRP, 1993), shows that the annual averages of radon concentrations are relatively
low for both pharmacies and shops in Alzarqa town. These reported concentrations
(Tables 1 and 2) are far below the radon action level (200- 600) Bq/m3 as
recommended by ICRP (ICRP, 1993), lower than the world-wide, population
weighted, average radon of 40 Bq/m3 as reported by UNSCEAR (UNSCEAR, 2000),
and lower than the arithmetic mean obtained in autumn-winter period of 117 Bq/m3
in Italy (Friuli-Venezia Guilia) (Malisan et al., 1991). In addition, our findings
support others that have reported seasonal radon concentrations linked to
meteorological factors (Moses et al. 1963; Ikebe, 1970) as well. This study also
shows that the radon levels are not a serious radiation risk to the workers in either the
pharmacies or shops in Alzarqa town.
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Table 1. Statistical summary of radon concentration with seasons inside pharmacies
of Alzarqa Town.

No

Season

1
Summer
2
Autumn
3
Winter
4
Spring
All types

N
23
28
33
30
114

Min. C Max.
Bq/m3
Bq/m3
6.9
58.8
16.5
68.3
37.2
86.3
14.7
55.2
6.9
68.2

C Mean
C Bq/m3
18.23
32.54
49.96
27.13
31.97

S.D Bq/m3
4.06
8.00
4.08
4.15
5.07

Figure 1. Measurements of radon concentrations with seasons inside pharmacies of
Alzarqa Town.
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Table 2. Statistical summary of radon concentration with seasons inside shops of
Alzarqa Town.
No

Season

1
Summer
2
Autumn
3
Winter
4
Spring
All types

N
24
20
23
21
88

Min. C Max.
Bq/m3
Bq/m3
10.2
38.7
16.7
113.1
34.8
63.7
17.0
27.1
10.2
113.1

C Mean
C Bq/m3
16.63
42.57
45.04
22.04
31.66

S.D Bq/m3
3.94
9.67
4.21
3.92
5.44

Figure 2. Measurements of radon concentrations with seasons inside shops of
Alzarqa Town.
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WATER BY-PASS AND ICE BLOCKING DEVICE WITH CLEAN-OUT
PORT TO PROTECT OUTDOOR RADON FANS
Wayne E. Bailey, Dominion Radon LLC

Abstract
Protecting an outdoor radon fan from water and ice damage is key to the extended life of the
outdoor radon mitigation system. With winter freezing conditions, the radon fan may be exposed
to back draining of condensate and falling ice. Water by-pass devices are a defense against
condensate flowing back through the fan housing. Diverta Drain1 is a system that protects the
fan from water condensate and ice that may dislodge from the exhaust pipe and fall into the fan.
Additionally, the Diverta Drain includes a port which allows visual inspections and air flow
testing, all of which can be performed without climbing on the roof or entering the residence.
The ice screen located inside the Diverta Drain can eliminate the need of a critter screen at the
top end of the exhaust pipe. Traditionally, the critter screen at the top end of the exhaust pipe
has been a factor in ice build-up. The Diverta Drain clean-out port allows debris removal at
ground level.

Introduction
Dominion Radon has found a need for a product that will help to keep the outdoor radon fan
from getting damaged from water and ice in the radon exhaust pipe. As a Radon Mitigator we
could not find one that had all of the features we were looking for. So we decided to develop a
product that we know will meet the needs of a water by-pass system with the added value of the
features of the Diverta Drain system. The following paper will explain the value and the features
of the Diverta Drain system, but more importantly, the need for a water by-pass system to be
installed on all new and existing Radon Mitigation systems.

Methodology
The Diverta Drain water by-pass system is designed to drain water and block ice away from the
Radon fan system. The system was conceived and engineered to combine five principles for
protection and ease of maintenance.
Enhanced Water By-pass Using a Water Diverting Gutter
The Diverta Drain is based on a 45-degree elbow for 4” or 6” inch PVC pipe. At the bottom
portion of the bend in the elbow, a water diverting gutter and drain hose connection allows water
to be both collected and diverted more effectively away from the fans internal components. The
proximity of the gutter and drain enhances the use of gravity for controlling the direction of the
water flow that may otherwise damage the fans internal components.

(1) Note: The Diverta Drain is a commercial product produced and marketed by the author.
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Proximity to the Radon Fan for Reducing Ice Formation.
The proximity of the Diverta Drain to the radon fan should be carefully chosen for the efficient
way it protects the fan and drains away excess moisture. It should be installed directly above the
fan or at least in close proximity above the fan. This is important because freezing temperatures
are to be avoided and the pipe cools the further away from the fan the air travels. The thermal
image in figure 1 below demonstrates the major temperature difference between where the fan is
installed and the top of the radon mitigation system.

Figure 1 – Thermal Image (Temperature differences within radon system piping).
Ice and Debris Screen Guard
The ice screen was designed to block any falling ice and debris from damaging the radon fan
blades while the size of the screen was designed to allow maximum air flow. See figure 2.

Figure 2 – Features of Diverta Drain
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Clean-Out Plug for Inspection, Maintenance and Air Flow Testing.
The design of the clean-out plug located at the drain hose connection was carefully conceived. It
is large enough to allow an average worker to use his or her fingers for cleaning debris out of the
device that might be collected and to visually inspect of the ice screen. It also provides
convenience for airflow testing.
Proximity to the Ground for Inspection, Maintenance and Air Flow Testing.
The Diverta Drain is designed to be installed close to the ground for easily inspecting the device.
In doing this there is no need for a ladder to climb onto the roof. The inspection can be
performed safely at ground level. See figure 3.

Figure 3 – Diverta Drain Installed

Conclusion
The need for a water by-pass system is known in Radon Mitigation professional circles and
government agencies. The Diverta Drain’s key features allow for easily checking the fan’s air
flow and cleaning the ice blocking screen. This all can be done from the ground level.
Consequently, there is no need for a ladder. This alone will save either the installer or the client
time by making it more efficient to check the device and radon fan. Ground level also allows for
the possibility of either a warranty service or maintenance checkup without a lot of time to
perform the inspection. By having a screen installed in the device eliminates the need for the
critter screen at the top of the Radon Mitigation exhaust pipe. The Diverta Drain system brings
the basic outdoor radon mitigation installation to a higher level of long-term safety and reliability
for the homeowner.
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Abstract
The effective dose due to the inhalation of indoor radon (222Rn) and its progeny account, on
average, for about one-half of all natural sources of radiation. However, recently the indoor
surveys in Asia revealed that the dose contribution from 220Rn and its progeny can be equal to
or even exceed that of 222Rn and its progeny. In view of this, an attempt has been made to
observe the distribution of 220Rn levels for Bangalore, India. Dosimeters were installed at a
constant distance from the wall, ceiling and flooring of the room. All the windows and doors
were closed for 90 days to study the variations with respect to the distance. Dosimeters were
also deployed in upper and lower parabolic fashion. Higher concentrations were observed at
the wall, ceiling and flooring of the room lowering as the detector is moved away from them.
Results are discussed in detail.
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Rn, 220Rn progeny, wall, ceiling, flooring and distance
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Introduction
220

Rn (thoron) has a short half-life, 55.6 s, as compared to 222Rn with a half-life of 3.82 days.
This means that the distance 220Rn gas atoms can migrate in ground, inside building
materials, buildings etc. before they decay is much shorter than that traveled by 222Rn gas.
Thoron can be easily stopped by wall paper and other surface sealants. Therefore, the risk for
high 220Rn levels in the indoor environment can be expected to be low, at least much lower
than the risk for high levels of 222Rn. However, in buildings with an ineffective barrier
between soil and indoor air the entry of 220Rn could be significant. This is prominent if the
gravel or sand filler or the soil itself immediately under the building has 232Th. Li (Li et al.,
1992) has demonstrated that the soil is a significant source of indoor 220Rn.
The release of 220Rn from building materials is also to be considered, especially for unsealed
surfaces such as bare walls, floorings and ceilings. Under certain circumstances, outdoor air
probably is the source of high indoor 220Rn levels. Increased concentrations of 220Rn were
also measured in traditional residential dwellings in China (Tschiersch and Müsch, 2005;
Shang et al., 2005) and India (Sreenath Reddy et al., 2004). Because of the short half-life of
thoron gas, the main source of indoor concentration is the surrounding building materials. In
traditional dwellings, this is the bare soil flooring, either soil in cave dwellings or unburned
adobe bricks and uncovered stone and walls in above ground dwellings. Measurements were
performed in order to form a basis for assessing the risk for high indoor 220Rn levels in
Bangalore city, India. The 220Rn concentration in a controlled room of volume 30 m3 is
studied. The resulting indoor 220Rn concentration is not only determined by the exhalation but
also by the detector distance from the wall, ceiling and the flooring of the room. Because of
its short half life, the indoor concentration is not homogeneous but decreases from the walls
UNSCEAR (1993). It is reported that the annual effective dose from 220Rn and its progeny is
75 µSv, and is only about 6% of that of 222Rn and its progeny (UNSCEAR, 1993; 2000).

Literature Review on 232Th content and 220Rn levels
220

Rn, a decay product of 232Th, series exist in soil and rocks. Differing from 222Rn sources in
dwellings, soil itself is not the main criterion as a source of 220Rn in indoors, because the
migration range of 220Rn is very limited due to its short half life. The estimated
concentrations of 226Ra, 232Th and 40K in the soils of Bangalore region vary in a wide range
(Shiva Prasad et al., 2008). The 226Ra is in the range of 7.7 –111.6 Bqkg-1 with a mean value
of 26.2 Bqkg-1, the 232Th has 16.7–98.7 Bqkg-1 with a mean value of 53.1 Bqkg-1 and 40K
varies between 151.8 to 1424.2 Bqkg-1 with a mean of 635.1 Bqkg-1. It is also reported that in
about 67% of the samples in the region, the 232Th concentrations were more than the world
average of 40 Bqkg-1. In our studied samples the concentrations were more than two-fold of
that of the world average and the concentration was around 90 Bqkg-1. However, the mean
concentration of 232Th was (53.1 Bqkg-1) comparable to that of India and world average
values (Shiva Prasad et al 2008). In other studies (Ningappa et al., 2008a) it is reported that
the 220Rn concentration in granite quarries varies from 30 to 160 Bqm-3 with a median of 84.5
Bqm-3 and its progenies range from 0.1 to 4.0 mWL with a median value of 1.2 mWL
respectively.
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Data available in the literature on indoor 220Rn are limited. Surveys from different countries
have shown that the 220Rn and its progeny value varies from 0.3 to 3.5 Bqm-3 and 1.1 to 12.7
mWL respectively, with a mean below 1.0 Bqm-3 (Mjones, 1986; Steinhäusler et al., 1994).
In the UK, (Wrixon et al., 1988) measurements have been made in 390 dwellings and the
mean was 0.6 Bqm-3. It is also reported that the results from measurements in 150 dwellings
in the Pennines, with a mean of 0.3 Bqm-3, are more likely to be typical of the concentrations
in dwellings. This has been confirmed by measurements in 50 dwellings in five major cities
in the UK (Cliff et al., 1992). For Germany, Keller et al., (1982) have reported the results
from measurements in 148 homes with a median of 0.3 Bqm-3. From two departments in a
granitic area in Brittany in western France medians of 0.7 and 0.8 Bqm-3 have been reported
(Rannou et al., 1988). Schery (1985) has measured 212Pb at 68 indoor locations in 18 states in
US and found a mean of 0.28 Bqm-3. In Elliot Lake, Canada about 95 dwellings have shown a
mean concentration of 220Rn as 1.5 Bqm-3 (Gunning and Scott, 1982).
In recent years, there are extensive studies on 220Rn by Japanese research groups. They have
found relatively high levels of 220Rn and its progeny in traditional Japanese buildings with
one or more walls covered with a widely used soil-based plaster. Guo et al., (1992) have
found a mean 220Rn concentration as 3.5 Bqm-3 in 4 houses with plaster walls in Nagoya area.
A mean 220Rn gas concentration of 394 Bqm-3 was found from measurements in 9 such
houses (Guo et al., 1993). Doi and Kobayashi (1994b) have measured 220Rn gas in 21 houses
in the Hiroshima prefecture with a mean of 85 Bqm-3 and a maximum of 550 Bqm-3. The
measurements were made 20 cm from the wall. Several investigations have also reported that
concentration decreases with the distance from a wall (Doi et al., 1994a).
Ningappa et al., (2008) have reported that the activity concentrations of 226Ra, 232Th and 40K
in rocks of granitic regions of Bangalore area were found to vary from 32.2 to 163.6, 128.3 to
548.6 and 757.4 to 1418.4 Bqkg-1, respectively, with corresponding arithmetic mean values
of 93.2, 306.2 and 1074.4 Bqkg-1. However, the activity concentrations in soil samples were
found to vary from 32.4 to 55.2, 39.9 to 214.3 and 485.4 to 1150.2 Bqkg-1, respectively, with
corresponding arithmetic mean values of 40.7, 93.1 and 750.4 Bqkg-1. The average activity
levels of all these radio nuclides in Bangalore regions are above the global average.
Construction materials and the design of the house determine the total exposure. Wide
variation in activity content of 232Th in building material used for construction in India
(Menon et al., 1987) is shown in Table 1.
Table 1: 232Th levels in building materials used in India for construction (Menon et al., 1987)

Material
Cement
Brick
Stone
Sand
Granite
Clay
Fly ash
Lime stone
Gypsum

232

Th
(Bqkg-1)
16 – 377
21 - 48
6 - 155
1 - 5074
4 - 98
7 - 1621
7 - 670
1 - 26
7 - 807
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Methods and Measurements
Solid State Nuclear Track Detectors
The inhalation pathway is reported to be the major contributor to the radiation dose received
by man from natural sources (UNSCEAR 2000). This pathway dose is mainly contributed to
by radon and progeny nuclides. Measurements of radon in the indoor air thus becomes
pertinent while assessing dose from the natural environment. Since radon gas concentrations
in the environment vary diurnally and seasonally, it is essential that long-term integrated
measurements are carried out for a meaningful estimate of the gas concentration. Solid State
Nuclear Track Detector (SSNTD) based dosimeters are used for long term measurement of
radon in atmosphere (Fleischer, 1988). In the present method, the mode of sampling is
passive and time integrated for long duration sampling. Since they are less expensive
compared to commercially available continuous monitoring equipments like Alpha Guard,
Radon scout etc., SSNTD dosimeters can be used in large numbers covering more numbers of
sampling locations for integrated long-term measurements (Ilic and Sutej, 1977). For this
study the twin cup dosimeter developed in Bhabha Atomic Research Centre (BARC),
Mumbai, India was used. A description of these dosimeters can be found elsewhere
(Ramachandran and Sathish, 2011a).
The dosimeters were kept at a height of about 1.5 m from the ground, considered to be the
least disturbing to the occupants, and the sensitive area of the bare card at least 10 cm away
from any surface to avoid tracks due to attenuated alphas reaching from other surfaces. After
the exposure of the dosimeters for 3 months, the SSNTD films were retrieved and etched in
10% NaOH solution at 60 ºC for 60 minutes with mild agitation throughout (Miles, 1997).
The exposure period was continued for all the seasons of a calendar year. The tracks recorded
on LR-115 films were counted using a spark counter. A methodology developed using track
densities to obtain individual equilibrium factors for 222Rn and 220Rn by way of ventilation
parameters (Mayya et al., 1998) is employed in this study:
C R ( Bqm −3 ) =

CT ( Bqm − 3 ) =

Tm
d × Sm

T f − d × CR × S rf
d × Stf

(1)

(2)

where Tm is the track density of the film in membrane compartment (Trcm-2), d is the period
of exposure in days (d), Sm refers to the sensitivity factor of membrane compartment
(Trcm-2)/(Bqdm-3), Tf is the track density of the film in filter compartment (Trcm-2), Srf is the
sensitivity of 222Rn in filter compartment(Trcm-2)/(Bqdm-3), and, CR and CT are the
concentrations (Bqm-3) of 222Rn and 220Rn, respectively.
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C R × FR
3.7
CT × FT
RT ( mWL) =
0.275

Rn ( mWL) =

(3)

( 4)

where Rn and RT refers to the progeny concentrations of 222Rn and 220Rn, respectively.
FR = 0.104 FRA + 0.514 FRB + 0.37 FRC

(5)

FT = 0.91FTB + 0.09 FTC

(6)

where FRA, FRB and FRC are the activity fractions with respect to parent gas. But FR and FT
represents the equilibrium factors for 222Rn and 220Rn progeny corresponding to the extracted
ventilation rate (Mayya et al., 1998). Equilibrium factor is determined using the working
level concentrations, and the inhalation dose rates (mSvy–1) are estimated by using
UNSCEAR (2000):

(

)

D mSv y −1 = 0.8 × 24 × 365 × [(0.17 + 9 FR ) C R + (0.11 + 40 FT ) CT ]× 10 −6

(7 )

The detailed description of calibration facility, standardization of dosimeter and dosimetric
methodology are discussed elsewhere by Ramachandran and Sathish (2011b)

Results and discussion
The main aim of the study is to find an approximate mean concentration and the range of
220
Rn and its progeny in buildings in order to assess the possible health hazards from indoor
220
Rn levels in Bangalore Metropolitan, India. The measured values of 220Rn in a test room
for a period of three years are presented. All the measurements were made on the ground
floor.

Fig.2: Deployment of dosimeter in equidistant fashion

Fig.3: Deployment in lower parabolic fashion
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Fig.4: Deployment of dosimeter in upper parabolic fashion

Dosimeters were suspended equidistant from the floor and ceiling of the room and were at a
distance of 50 cm each up to 400 cm from north to south wall as well as from south to north
wall of the test room of volume 31m3 and also in a lower and upper parabolic fashion shown
in Figs. 2-4.
The results of the measurement of 220Rn concentrations with wall distance placed in an
equidistant manner are depicted in Fig.5. The figure illustrates that the concentration drops
exponentially as a function of distance and it may be due to its short half life (Tso and Li,
1987; Yamasaki et al., 1995). This suggests that it is necessary to hold the distance from the
wall constant while measuring indoor 220Rn.

Fig.5: Horizontal distribution of 220Rn in a dwelling Fig. 6: Distribution of 220Rn concentration from the wall
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But as the detector is moved from one wall (say, north wall) to the other wall, (say, south
wall) the effect of distance on the concentrations are different as is shown in Fig.6. The
measurements were also made by twin cup dosimeters to observe the distribution of 220Rn
and 222Rn concentration simultaneously at different distance from walls, ceilings and floors.

Fig. 7: Distribution of 220Rn and 222Rn concentrations

Figure 7 represents the distribution of 222Rn and 220Rn concentrations in a dwelling. It is
believed that the walls were constructed using bricks which are of local origin and flooring
was of local soil materials which are the source of 222Rn and 220Rn. Because of the short halflife of 220Rn and the time necessary for its transport, the concentration decreases towards the
room center as evident in Fig. 6, above. In contrast, the 222Rn concentration is homogeneous
within the dwelling due to its much longer half-life of 3.82 days. Close to the walls the 220Rn
concentration is significantly higher than 222Rn concentration as shown in Fig. 7. At
increasing wall distances, the concentration become more similar, and at wall distances larger
than about 15 cm, the 220Rn concentration may decrease below the 222Rn concentration and
remains steady and is plotted in Fig. 7. Similar type of observation was also made in several
dwellings of Gansu area (Shang et al., 2005), so that it appears to represent a general feature
of 222Rn indoor concentration. The turbulent transport from the wall into the room center
decreases the relative contribution of 220Rn close to the wall. This is important for dose
assessment of the dwellers only for ventilation rates above the exhalation saturation of the
total activity (Tschiersch et al., 2007).
Fig. 8 represent the vertical distributions of 220Rn and its progeny concentration. As distance
increases from the floor, the 220Rn concentration drops exponentially, whereas the progeny
concentration was nearly independent of the distance from wall. The uniformity of 220Rn
progeny concentrations in a dwelling may be due to their long half life (10.64 h) and this was
confirmed through model calculations (Tso and Li., 1987).
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Fig. 8: Vertical distributions of 220Rn and its progeny concentration

The measurements were also made by deploying the dosimeters in upper and lower parabolic
fashions and the variations are shown in Figs 9 and 10.

Fig. 9: 220Rn level when the dosimeters placed
in lower parabolic fashion: Distance from flooring

Fig. 10: 220Rn level when the dosimeters placed
in upper parabolic fashion: Distance from flooring

It is very interesting to see the reverse order of concentrations with respect to the position of
the dosimeters and it may due to the short half of 220Rn, as the detector is moved away from
the flooring of the room the concentration drops and yielded the overturn in concentrations.
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Conclusions
Twin cup passive detectors were used for measuring the 220Rn and its progeny concentrations
in a controlled room of Bangalore Metropolitan, India. The concentrations were high near the
wall, ceiling and flooring of the room and drops exponentially with the distance from wall,
ceiling and flooring of the room. Indoor 220Rn progeny concentrations are uniform with the
distance from the wall. Continuous and long-term studies such as diffusion of 220Rn from
each wall of the building materials used and factors that influences the 220Rn progeny levels
in dwellings are necessary to assess the dose due to 220Rn and its progeny. More detailed
studies on the evaluation of public exposure from the natural radiation; particularly the
exposure from 220Rn and its progeny should be planned and performed in the country.
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Abstract
Humans are continuously exposed to ionizing radiation from natural sources. The main
contributors to natural radiation are high-energy cosmic radiation and radioactive nuclides
that originate in the earth’s crust. 222Rn, a decay product of 226Ra, originates from the
naturally occurring 238U decay series. 222Rn, the only gas in the 238U decay series, is
chemically inert, but is radioactive and exposure to it and its decay products constitutes about
half the radiation dose received by general population. The quantity of radon that escapes
from the earth depends mainly on the concentration of radium in the soil along with other
factors, like the type of the soil cover, porosity, etc.
With this in mind, a systematic study of radionuclide in samples of soil, rocks and water and
also in ambient air was measured at about 500 locations in Mysore City, India. Radon, thoron
and its progeny concentration in the atmosphere were determined using solid state nuclear
track detectors (SSNTD), LR-115 type II which were placed inside the dosimeters and were
suspended at a height of 2.5 m above the ground. The Gamma ray spectrometry method was
employed to estimate the activity of 226Ra, 232Th and 40K in the soil and rock samples. Radon
in the soil gas and radon exhalation rates from soil and building materials were also measured
using SSNTDs. A gamma ray scintillometer was used to measure the gamma absorbed dose
levels. Uranium analysis in water samples was performed using a laser flurometer. Radium
and Radon concentration in water samples was measured using radon bubblers and
scintillation cells.
Analysis of the samples found that the concentration of 222Rn, 220Rn and their daughters in the
atmosphere occurred higher during winter and lower during summer. The geometric median
activity of 226Ra, 232Th and 40K in soil samples is found to be 20.3, 64.0 and 396.7 Bq kg-1;
and rock samples was found to be 46.4, 68.7 and 634.9 Bq kg-1 respectively. The average
gamma absorbed dose rate in dwellings varies from 46.2 to 286.5 nGy h–1. Radon exhalation
rates varied from 8.3 to 196.3 mBq m-2 h-1 in different types of soil and rock samples. The
222
Rn and Uranium concentrations in water samples were found to vary from 280 to 794,170
Bq L-1 . and from 0.3 to 635.4 μg L-1 respectively.

Introduction
Great interest has been expressed worldwide for the study of naturally occurring radiation
and environmental radioactivity. This interest has led to the performance of extensive
surveys in many countries (UNSCEAR, 2000). The primary reason for these studies is the
simple fact that natural radiation background is the primary source of human radiological
exposure. A significant component of this background radiation exposure comes from natural
radionuclides in soil. The high geochemical mobility of certain radionuclides in the
environment allows them to migrate and under certain conditions, concentrate at levels where
exposure to them may cause a human radiological hazard. Naturally occurring radionuclides
in the earth’s crust are strongly influenced by the local geological and geographical
conditions. Soil is a complex mixture of different organic and inorganic compounds and solid
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rock. In nature, soil is an important source of exposure to natural radiation because of the
presence of gamma emitting radionuclides (primarily 226Ra, 232Th and 40K). Knowledge of the
distribution and concentrations of these radionuclides in soil and rocks is of great importance
for radiation protection and measurements (Beretka et al., 1985).
When ground water moves through radium/radon bearing soil and rocks, radon, which is
soluble in water, is dissolved and transported with the water. Hence, the higher the radium
and uranium concentrations in the soil and rocks the greater the potential for radon
absorption. With respect to human health risk from radon in water, the risk from inhalation
(from desorption into air) far exceeds those associated with direct ingestion.
Mysore, Karnataka State, India lies between 120N latitude and 760E longitude, 770 m above
sea level forming a part of the catchment zone of the Cauvery and Kabini rivers. Mysore city
has an area of about 89 sq.km (Figure 1). For the study, this geographical footprint was
divided into 8 zones separated by an angle of 450 with each area less than 2.5 km from the
center considered as central zone. As for orientation, a large water reservoir namely
Krishnaraja sagar (KRS) is situated towards north west of Mysore city. Chamundi hill
(1048m) is situated towards south east of Mysore.
The archean rocks of south India are best developed in Mysore and are made up of schists,
gneisses and granites. The rocks known as the Peninsular Gneisses are widely distributed in
Mysore. They consist mainly of gneisses, granites and granodiorites of varying composition,
texture and structure. The emplacement of alkaline dykes has domed up the area southeast of
Mysore. It is predominantly pink granite with a minor component of grey granite. Pegmatitic
intrusions into the Precambrian gneisses and schists have also been found near Krishna Raja
Sagar. Red sandy loams are mainly found in the entire Mysore district.

Figure 1. The Study area, Mysore City, Karnataka State, India.
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Material and Methods
Ambient gamma level
Indoor and outdoor ambient gamma radiation levels in Mysore city were measured using a
scintillometer. Indoor measurements were performed using dosimeters in all locations. All
measurements were made one meter above the ground level. The arithmetic mean of the
readings were taken as representative figure for each location. The conversion coefficient of
0.7 per Gray and occupation factor 0.2 for outdoor and 0.8 for indoor was used to convert the
absorbed dose in air to effective equivalent dose for an adult (UNSCEAR, 2000).
Estimation of 226Ra, 232Th and 40K in soil samples
The concentration of 226Ra and 232Th in soil samples were measured using HPGe gamma ray
spectrometer (IAEA/RCA, 1989; Chandrashekara et al., 2011). The total absorbed dose rate
(nGy h−1) in air due to the activity concentrations of 226Ra and 232Th at 1m above the ground
surface was calculated using the formula (UNSCEAR, 2000),
D (nGy h−1) = 0.462ARa + 0.604ATh +0.0417AK,
Where, ARa is the activity of 226Ra, ATh is the activity of 232Th and AK is the activity of 40K.
Estimation of 222Rn in water
Water samples were collected from the selected locations around Mysore City from manually
operated bore wells, open wells, lakes and running water. Radon and radium concentrations
in water was determined by emanometry using water samples (60 ml glass bottles) from
different locations. To estimate 226Ra activity, 20 liters of water was collected and preconcentrated by chemical methods. The pre-concentrated sample of about 60 ml was then
transferred to and evacuated radon bubbler. An evacuated scintillation cell was then
connected to the bubbler and radon in the water was transferred to the cell. The cell was
coupled to an alpha counter for analysis. The radon and radium concentration in water was
determined by measuring the net alpha counts using a standard procedure (Raghavayya,
1990; Chandrashekara et at., 2011). Dose due to ingestion of radon from drinking water was
calculated by the equation (UNSCEAR, 2000),
Ingestion dose (mSv) = 222Rn (k Bq l-1) × 60 l.y-1 ×10-3 m3 l-1 × 3.5 nSv Bq-1

Solid State Nuclear Track Detector (SSNTD)
The concentrations of radon, thoron and their progeny were measured in dwellings of
Mysore city using Solid State Nuclear Track Detectors (SSNTD). For each measurement,
three SSNTD films fixed in twin cup dosimeters were used (Mayya et al., 1998; Eappen and
Mayya, 2004; Sannappa et al., 2003). These dosimeters are suspended from the mid-point of
the house at a height of 2 meters from ground level. To measure outdoor concentrations, the
detector was mounted inside an inverted 1-liter plastic cylinder protected against direct
sunlight. A nylon stocking was then placed over the entire assembly to protect the dosimeter
from dust and insects. Radon exhalation rate from soil samples was measured using the Can
Technique employing SSNTD (Abu-Jard, 1988; Khan et al., 1992).
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The inhalation dose due to radon and thoron, was calculated by using a conversion coefficient
of 9 nSv (Bq h m-3)-1 and 32 nSv (Bq h m-3)-1 and equilibrium factors 0.4 and 0.1 for radon
and thoron respectively. The dose coefficient for radon and thoron dissolved in blood are
calculated using conversion coefficient 0.17 nSv for radon and 0.11 nSv for thoron
respectively. The inhalation dose in mSv.y-1 may then be provided using the formula
(UNSCEAR, 2000),
Dose 1 (mSv) = Indoors Radon ( Bq m-3) × 0.4 × 7,000 h × 9 nSv (Bq h m-3)-1
Dose 2 (mSv) = Outdoors Radon ( Bq m-3) × 0.6 × 1,760 h × 9 nSv (Bq h m-3)-1
Dose 3 (mSv) = Indoors Thoron EEC ( Bq m-3) 7,000 h × 32 nSv (Bq h m-3)-1
Dose 4 (mSv) = Indoors Thoron EEC ( Bq m-3) 1,760 h × 32 nSv (Bq h m-3)-1

Results and Discussion
Radon/thoron and their progeny levels
As was mentioned in the Introduction, for this inhalation dose study a geographical footprint
was divided into 8 zones separated by an angle of 450 with each area less than 2.5 km from
the center considered as central zone. The results are shown in Table 1 and Table 2.
Examination of the data shows a small variation in the concentration of radon and its
daughter products in Mysore city as a function of geographical location. For example, the
data shows concentrations higher in the north east, east and south east regions with no
significant variation in the other parts of the city. These measurements are consistent with the
observation of higher concentrations of radon and thoron (226Ra and 232Th) in these locations
as well as significant levels of radon measured in the water samples collected from the
borewells. However, lower concentrations outdoors was observed in all locations. Inhalation
dose due to radon and its progeny concentration was calculated to be 1.51 mSv.y-1 and 0.58
mSv.y-1 for indoor and outdoor environment respectively.
Table 1. Annual average indoor radon/thoron and their progeny concentrations
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Area
North
North East
East
South East
South
South west
West
North west
Central
Average

Concentration Bq m
Rn
19.03
47.18
51.89
39.91
28.73
21.51
26.21
27.89
31.51
32.65

Tn
38.09
42.61
35.09
26.99
22.70
15.40
20.27
25.27
26.27
28.08

Progeny
concentrations
mWL
Rn
Tn
1.13
1.78
0.90
2.57
0.87
2.27
1.05
0.91
0.33
0.34
0.24
0.14
0.30
0.21
0.40
0.34
0.39
0.24
0.62
0.98

Dose mSv.y-1
Rn
0.50
1.24
1.37
1.05
0.76
0.57
0.69
0.74
0.83
0.86

Tn
0.88
0.99
0.81
0.63
0.53
0.36
0.47
0.59
0.61
0.65

Total
1.39
2.23
2.18
1.68
1.29
0.93
1.16
1.32
1.44
1.51
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Table 2. Annual average outdoor radon/thoron and their progeny concentrations

Area
North
North East
East
South East
South
South west
West
North west
Central
Average

Concentration Bq m-3
Rn
9.00
17.56
27.79
23.49
11.65
10.62
8.98
11.65
9.86
14.51

Tn
10.39
14.22
26.15
31.10
8.98
8.42
7.89
10.62
7.65
13.94

Progeny
concentrations mWL
Rn
Tn
0.22
0.13
0.22
0.16
0.86
2.27
0.46
0.70
0.21
0.22
0.14
0.09
0.29
0.21
0.39
0.34
0.18
0.14
0.33
0.47

Dose mSv.y-1
Rn
0.09
0.17
0.27
0.23
0.11
0.10
0.09
0.11
0.10
0.14

Tn
0.06
0.08
0.15
0.18
0.05
0.05
0.05
0.06
0.04
0.08

Total
0.12
0.20
0.34
0.34
0.13
0.12
0.11
0.14
0.11
0.18

The average seasonal variation of indoor radon concentration as a function of zone is shown
in figure 2. The concentration is at its maximum during the winter periods of Nov-Feb with
lower concentrations observed during the summer. The lower summer levels are due
primarily to increased natural ventilation because of open windows and possible vertical
mixing and dispersion caused by increased ceiling fan usage.

Figure 2. Seasonal variation of radon concentration.
3.2 226Ra, 232Th and 40K concentration in soil samples
The variation of 226Ra, 232Th and 40K concentration in soil samples collected from the
different zones and 222Rn exhalation rates from soil samples are shown in Table 3. The
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exhalation rate of radon is highest from samples collected in the east and south-east regions
and lowest samples collected in the north and north-east samples. High levels of 226Ra, 232Th
and 40K concentrations were also found in samples collected in the east and south regions.
Equivalent effective dose estimated from 226Ra,232Th and 40K in soil varies from 0.22 to 1.05
mSv.y-1 with an average value of 0.44 mSv.y-1. The average measured equivalent effective
dose in outdoor and indoor is 0.51 and 0.09 mSv.y-1 respectively.
Table 3. Variation of exhalation rate of radon, 226Ra, 232Th and 40K concentration in soil
samples and equivalent effective dose.
Exhalation
Equivalent Effective Dose
Concentration (Bq kg-1)
of Radon
mSv y-1
Area
-1 -1
Bq kg s
226
232
40
Ra
Th
K
Estimated Indoor Outdoor Total
x10-5
14.30
0.38
0.09
0.47
North
0.63
25.63 343.5
0.22
9.65
0.65
0.10
0.75
North East
0.86
98.39 492.4
0.52
95.20 115.60 986.2
0.83
0.14
0.97
East
3.57
0.95
70.30 156.24 1074.5
1.41
0.16
1.57
South East
3.25
1.05
13.85 125.70
0.38
0.09
0.47
South
1.02
51.1
0.52
15.12
0.23
0.07
0.30
South west
2.25
29.30 768.3
0.35
14.60
0.27
0.08
0.35
West
2.81
47.92 401.2
0.32
12.20
0.26
0.05
0.31
North west
1.28
68.70 246.80
0.35
16.98
0.31
0.06
0.37
Central
1.41
32.60 349.60
0.26
Geometric
20.30
0.43
0.09
0.53
2.12
64.00 396.75
0.44
Mean
3.3 238U, 226Ra and 222Rn concentration in water samples
The 226Ra and 222Rn activity concentration in ground water (bore well, open well, running
water and lakes) samples collected from different locations around Mysore city were
determined by an emanometry method. The 226Rn activity concentration in ground water
samples varied from 0.52 to 456.56mBq L-1 with a geometric mean of 16.97 mBq L-1. The
geometric mean (GM) values of 226Ra concentration in water samples of each sector are
shown in Table (4). The highest 226Ra activity concentration in ground water sample was
found in south-east region with GM of 189.10 mBq L-1 whereas the lowest 226Ra activity
concentration was found in western region with a GM of 4.62 mBq L-1. As for 222Rn
concentration in ground water, activity was found to vary from 2.80 to 794,170 Bq L-1 with a
GM of 38.6 Bq L-1. As for the GM of the 222Rn concentrations in ground water, the highest
was found in the south-east region (434.60 Bq L-1) with the lowest in the northern region
(12.50 Bq L-1). The geometric mean of ingestion dose for 222Rn is estimated to be 7.10 µSv
y−1. The Uranium concentration in the water samples was measured using a Laser
Flurimeter. The GM values of concentration (ppb) in each zone are also shown in Table 4.
The highest uranium concentration is observed in south-west region with a GM of 16.50 ppb
and lowest is observed in north-east region with a GM of 2.24 ppb.
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Table 4. 238U, 226Ra and 222Rn in ground water and dose due to ingestion of 222Rn.

Area
North
North East
East
South East
South
South west
West
North west
Central
Geometric Mean

226

222

Uranium
(PPB)

Ra
(mBqL-1)

Rn
(BqL-1)

Ingestion Dose
(µSv y−1)

6.30
2.24
5.55
14.60
12.30
16.50
3.60
4.50
5.50
6.50

12.68
9.21
40.00
189.10
17.16
14.15
4.62
18.06
16.98
18.87

12.50
15.17
56.00
434.60
17.75
19.00
37.18
48.44
20.50
33.79

2.63
3.19
11.76
91.27
3.73
3.99
7.81
10.17
4.31
7.10

For completeness, a dose summary to the population from other natural sources is
summarized in Table 5. In summary, the annual average inhalation dose due to radon and
thorn was calculated to be 1.00 mSv.y-1 and 0.73 mSv.y-1 respectively whereas the ingestion
dose from drinking radon in water was found only to be 0.02 mSv y-1. Combined, the total
dose due to radon and thoron from airborne inhalation and ingestion was calculated to be 1.75
mSv y-1. With respect to other terrestrial natural radiation sources, the equivalent effective
dose was estimated to be 0.60 mSv y-1. For dose due to cosmic rays, the Indian annual
effective dose of 0.32 mSv.y-1 was used for Mysore. All total, the total dose from natural
radiation sources in the Mysore region was found to be 2.67 mSv y-1 which is slightly higher
than the world average (2.4 mSv y-1) (UNSCEAR, 2000).

Table 5. Annual average dose due to natural radiation sources
Components of source
Cosmic ray

Dose rate
(mSv y-1)
0.32

Terrestrial radiation

0.60

Inhalation (Radon)
Inhalation (Thoron)
Ingestion dose from
radon in drinking
water
Total

1.00
0.73
0.02
2.67
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Conclusion
222

220

The concentration of Rn, Rn and their daughters in the indoor and outdoor atmosphere
were studied at Mysore city, India. Higher concentrations were observed in East and South
East zone where the geometric median activity in soil of 226Ra, 232Th and 40K was found to be
20.3, 64.0 and 396.7 Bq kg-1 respectively. Based upon these measurements, the annual
average inhalation dose due to radon was calculated to be 1.00 mSv.y-1 and thoron 0.73
mSv.y-1. Analysis of the collected water samples estimated that the ingestion radon dose from
drinking water to be only 0.02 mSv y-1. Combining the radon (inhalation and ingestion) and
thoron doses, a dose of 1.75 mSv y-1 was estimated which was found to be significantly
higher than the estimated equivalent effective dose due to terrestrial radiation (0.60 mSv y-1).
All combined the total dose from natural radiation sources in the Mysore region was found to
be 2.67 mSv y-1which is slightly higher than the world average dose of 2.4 mSv y-1.
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ABSTRACT
An indoor radon survey was performed in Kassala State, Eastern Sudan. The radon
survey utilized 290 measurements in the cities of Aroma, Halfa Aljadida and Khashm
Algirba using passive integrated solid-state nuclear track devices containing allyl
diglycol carbonate plastic detectors. The results indicated a radon concentration
arithmetic mean of 91.5 ± 15.3 Bq/m3 in Aroma city, while in Khashm Algirba city
the average was found to be 64.1 ± 6.1 Bq/m3. Lastly, the arithmetic mean of the
concentration in Halfa Aljadida was 94.2 ± 14.2 Bq/m3. The annual average
effective dose equivalent for the three towns was estimated as 2.08 mSv and the
relative lung cancer risk for radon exposure of the population indoors as about
1.08%. The distribution of the radon concentration is discussed as a function of
several local parameters.

KEYWORDS
Radon; indoor radon concentration; allyl diglycol carbonate; Kassala State.

INTRODUCTION
Human exposure to radon and its decay products is pervasive. Radon occurs at work
and in the home, with high levels possible in both places. The consequence of
exposure is an increased risk of cancer; limitation of exposure is therefore necessary.
In an enclosed environment with little ventilation there is a possibility of
accumulation of radon and its radioactive progeny (Liendo, 1997). Radon is a unique
natural element in being a noble gas and with all of its isotopes being radioactive.
Often, two of the naturally occurring isotopes of radon, namely radon-219 and radon220, are neglected and only radon-222 is taken into account (EPA, 1991).
Measurements of radon concentration are of importance, because the radiation dose
to human populations due to inhalation of radon and its progeny contribute more than
50% of the total dose incurred from natural background radiation (UNSCEAR, 1988).
The concentration of radon in indoor air varies significantly from season to season
and from house to house with respect to the surrounding environment (Al-Bataina,
1999; Al-Bataina & Elzain, 2003; Elzain, 2000). The main source of radon inside
dwellings is the soil. Positive correlation was observed between radon levels inside
dwellings and radium in underlying soil (Narayana et al., 1998). Other factors that
may influence the radon level indoors are construction materials, building
characteristics, the soil permeability, the radon diffusion coefficient (Nazaroff and
Nero, 1988), weather, lifestyle of the people, tap water and ventilation rates. In
investigating radon levels we used the technique of passive radon dosimeters to
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record the alpha particles emitted from radon that diffused into them from the
surrounding environment.
The aim of this work is to present and discuss the data obtained from a radon survey
carried out in three towns; namely, Aroma, Khashm Algirba and Halfa Aljadida, in
the State of Kassala, in the eastern part of Sudan (see Figure 1). The climate there is
hot and rainy in summer, but is relatively cold and dry in winter. Therefore, this study
takes into account the measurement of radon levels in three Kassala State cities in
two seasons during the period from July to December 2002.

MEASUREMENT TECHNIQUE
In this work, precalibrated passive dosimeters containing solid-state nuclear track
detectors using allyl diglycol carbonate of supergrade quality (Pershore Moulding,
Ltd., U.K.) were used to study radon-222 concentrations. The passive dosimeters
used are similar to those used by Al-Bataina and Elzain (2003). In total, 304
dosimeters were distributed. After three months, 290 dosimeters were collected and
chemically etched, using a 30% solution of KOH at a temperature of 70.0 ± 0.1 °C
for nine hours. An optical microscope was used to count the number of tracks per
cm2 that were recorded on each detector. The indoor radon concentration (C), in the
unit of Bq/m3, was then calculated using equation (1):
C0t0 ρ
(1)
ρ0t
where Co is the radon concentration of the calibration chamber (90 kBq/m3), to is the
calibration exposure time (48 hours), ρ is the measured track density (tracks per cm2)
on the allyl diglycol carbonate detectors for the dosimeters used in the field, ρo is the
measured track density (tracks per cm2) for the calibrated dosimeters and t is the
exposure time for this survey (2208 hours).
C=

The annual effective dose equivalent (mSv) was computed from the average radon
concentration (Bq/m3), with a conversion factor of 50 µSv/y per Bq/m3 (ICRP 65,
1993), assuming that the fraction of time spent indoors (occupancy) was 0.5. The
relative risk of lung cancer (RRLC) was calculated using equation (2) (Lubin &
Boice, 1997):
RRLC = exp(0.00087352 CRadon)

(2)

where CRadon is the radon concentration (Bq/m3).
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Figure 1. Map of Kassala State.

RESULTS AND DISCUSSION
The total number of dosimeters distributed indoors was 304, and the number
collected was 290. The study was conducted in the towns of Aroma (96), Halfa
Aljadida (96) and Khashm Algirba (98) through their inner regions.
Table 1 and Figure 2 show the results of indoor radon concentration measurements
for the studied locations in the town of Aroma. The minimum concentration was
found to be 43.5 Bq/m3, in the Alsuge area. This may be due to the type of buildings
in that area, which are constructed mainly from straw and wood. This agrees well
with data reported by Kenawy et al. (1989) where the lowest reported value of
concentration was from a wooden house. Also, we noticed that the rooms were
designed with a few simple openings to avoid the natural times of heat or windy
conditions. Weather conditions such as temperature, pressure and seasons can affect
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the radon concentration (Abu-Jarad, 1983; Islam and Bakkush, 1981). The maximum
value of concentration (327 Bq/m3) was found in the Altwahin area. The
measurement was made in a house, surrounded by other houses. Also, the house was
very crowded and consisted of many rooms (with an unsealed basement). The house
was built from pure mud with well sealed doors and windows. It has been reported
that an unsealed basement allows higher radon entry from the soil underneath the
house (Baixeras et al., 1997).
Table 1. Statistical summary of indoor radon concentration (Bq/m3) in the town of
Aroma (n = 96).

Residential Area
Altwahin
Alhila Aljadida
Alsuge
Alkartuon
Alnaser
Almuassasa
Albytary
Aliska Hadid
Almuadhafeen

No.
17
6
20
9
6
23
6
3
6

Minimum
(Bq/m3)
45.5
60.5
43.5
53.5
67.4
47.1
61.5
48.4
54.2

Maximum
(Bq/m3)
327
115
170
132
234
216
92.7
68.1
159

Mean ± s.d.
(Bq/m3)
98.8 ± 13.7
89.8 ± 16.4
92.8 ± 14.5
82.5 ± 13.0
145 ± 22
82.6 ± 13.3
73.7 ± 14.3
59.0 ± 10.4
99.9 ± 20.7

Figure 2. Indoor radon concentration in residential sectors of the town of Aroma.
In the town of Aroma, the smallest average value of concentration, 59 Bq/m3, was
measured in the Aliska Hadid area. The houses in this area are built from red brick;
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larger houses with good apartments and well planned. The largest average value of
concentration, 145 Bq/m3, was found in the Alnaser area. This may be due to bad
design and planning. The houses in the area seem to be built primarily with mud.
The economic and educational status of the people is below the average. Also, these
houses have few openings, and the inhabitants spend most of their time working
outdoors. These types of dwellings also are of particular interest since the interiors of
the houses contain hardly any paint or soil coating. Besides, the climate is quite
warm and humid and rainy; all these parameters can contribute to a large value of
indoor radon concentration (Cherouti and Djeffal, 1989).
The areas of Alhila Aljadida and Alsuge exhibited values near the town average. The
areas of Alkartuon and Almuassasa are in the same geographical location and showed
similar values far below the town average. The values obtained for the
Almuadhafeen and Altwahin areas were greater than the town average. Lastly, the
Albytary area had an average value that was greater than the minimum but below the
town average. It has been reported that meteorological conditions such as wind speed
and direction seem to correlate with radon concentration (Akber et al., 1992; Merrill
and AkberKhanzadeh, 1998). During late summer, the weather of the town of Aroma
becomes windy, and a lot of dust particles (mainly fine sands) float in the surface air.
It is clear that during or following a rainfall, a considerable amount of dust particles
settle on the ground leaving the atmosphere cleaner. The overall average of the
measurements of indoor radon concentration in the town of Aroma was 91.5 Bq/m3,
with a standard deviation of 15.3 Bq/m3. In addition to that, the overall average
indoor radon concentration in Aroma is smaller than the corresponding value reported
for Swaziland (Africa) which is 107 Bq/m3 (Nsibande et al., 1994) and less than 150
Bq/m3, which is the intervention level suggested by the U.S. Environmental
Protection Agency (EPA) (Espinosa and Gammage, 1990; Atwood, 1992; Subba
Ramu et al., 1990).
Table 2 and Figure 3 show the results of measuements of indoor radon concentration
in the town of Halfa Aljadida. The average values obtained for different town
quarters fell within the range of 69.8 Bq/m3 and 133 Bq/m3. In the Faculty of
Agriculture the sampling sites were either offices or laboratories, which were often
opened from the morning to the end of afternoon (3 o’clock daily). These sites were
found to have one, or more than one, fan; most of the basements of the buildings are
well sealed. The type of building material used is red brick with cement. The wind
can pass freely to the inside. So, this might account for the minimum amount of
radon indoors, since the outdoor radon is normally low (UNSCEAR, 2000; Yeğingil,
1989). The largest value of concentration measured in this town was 227 Bq/m3, at
Alsuge, in a clothing shop, which was designed with no windows. The ventilation in
this shop is from air conditioning using water. This configuration requires the
workers to close the door most of the working time to keep the shop cool. This may
increase the indoor radon concentration. It was found that, energy conservation may
involve reduction of ventilation by sealing of windows and doors or by reduction of
exhaust ventilation. These measures enhance the radon concentration approximately
in inverse proportion to ventilation rates (Nybolm, 1980).
Table 2. Statistical summary of indoor radon concentration (Bq/m3) in the town of
Halfa Aljadida (n = 96).
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Area
Faculty of Agriculture
Almurabaat
Hay Altuggar
Alsuge

No.
8
4
12
72

Minimum
(Bq/m3)
28.8
45.9
31.5
37.1

Maximum
(Bq/m3)
186
197
182
227

Mean ± s.d.
(Bq/m3)
69.8 ± 11.2
133 ± 19
70.7 ± 10.5
104 ± 16

Figure 3. Indoor radon concentration in locations in the town of Halfa Aljadida.
The largest average concentration was 133 Bq/m3, at Almurabaat. The average
concentration at Hay Altuggar was similar to that at the Faculty of Agriculture. The
measurements were conducted in a well designed house, with good apartments and
large windows and doors, any room with one or two fans. Both the occupants’
behavior inside these houses and the economic status played a large role in
minimizing the concentration values. In the Alsuge area, the average concentration
was higher relative to the town average. The overall average of the measurements of
indoor radon concentration in Halfa Aljadida was 94.2 ± 14.2 Bq/m3. This value falls
under the action level of 200 – 600 Bq/m3 recommended by the ICRP (1993).
Comparing the average indoor radon concentration observed in the town of Halfa
Aljadida with other results obtained worldwide, our result is lower than that found in
India, 444 Bq/m3, during autumn at Chach Dadh Village (Singh et al., 2005), and in
Sweden, 288 Bq/m3 (Amgarou et al., 2003). Our value is slightly higher than that
found in U.S.A., 50 Bq/m3 (Cohen, 1986) but is typical of that reported from Kuwait
95.8 Bq/m3 (Malik and Atari, 1989) and from Jordan 96.8 Bq/m3 (Abumurad et al.,
1997).
Table 3 and Figure 4 show the results of measurements of indoor radon concentration
in the town of Khashm Algirba. The smallest value measured was 21.1 Bq/m3, in
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Hay Alidara. We noticed that the people in this part of the town enjoy a good
economic status compared with other quarters. The houses are constructed from red
brick and are well designed with large rooms and floors covered with carpets and
plastic sheets. As such they were better sealed against radon entry from the soil
underneath the building (Baixeras et al., 1997; Islam et al., 1989; Khan et al., 1987).
In addition, they contain fans for air exchange. The location of this quarter is also far
away from the town center. It was reported that the use of fan systems within houses
minimizes the contribution of soil gas radon into buildings (EPA, 1993). The largest
indoor radon concentration measurement was found in Alhay Alshimaly (150 Bq/m3).
The smallest average concentration was 49.3 Bq/m3, in Alhila Aljadida, where the
houses are large and built from the red brick with zinc roofs underlined by wood
plates. This situation agrees very well with what has been reported by Kenaway et al.
(1989). The largest average concentration, 80.5 Bq/m3, was found in Hay Aliska
Hadid. The houses there are built from mud with very small, or without, windows.
The overall average of indoor radon concentration measurements in Khashm Algirba
was 64.1 ± 6.1 Bq/m3. This is the lowest average indoor radon concentration
amongst the investigated towns. The soil of this town is white fine sand of low
humidity. The elevation of the town ground is irregular, and so the rainwater flows
quickly outside the town through natural channels. It has been found that there is
strong correlation between the radon concentration and elevation (Khayrat et al.,
2001). The wet sand is also a contributor in decreasing the diffusion of radon from
soil and lowers the radon entry to indoor air (Shweikani et al., 1995). One can infer
from other results that the average indoor radon concentrations in selected countries
range from 35 to 114 Bq/m3 in several Brazilian cities (Urban et al., 1985; Paschoa et
al., 1989), 166 Bq/m3 in Vise-Belgian (Albering et al., 1996) and 62 Bq/m3 in Jordan
(Al-Bataina, 1999). Recent surveys in a number of European countries have shown
that the average indoor radon level ranges from 20 to 50 Bq/m3 with some countries
having radon levels of several hundred to a few thousand Bq/m3 in a very small
percentage of the housing stock (Bruno, 1983; CEC, 1987; McLaughlin, 1988).
Table 3. Statistical summary of indoor radon concentration (Bq/m3) in the town of
Khashm Algirba (n = 98).

Area
Aliska Hadid
Alhay Alshimaly
Alsuge
Alhila Aljadida
Alidara

No.
4
27
12
25
30

Minimum
(Bq/m3)
57.2
24.1
41.6
24.1
21.1

Maximum
(Bq/m3)
144
150
102
72.5
99.7

Mean ± s.d.
(Bq/m3)
80.5 ± 7.4
78.4 ± 6.8
63.2 ± 5.5
49.3 ± 5.3
52.3 ± 5.8
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Figure 4. Indoor radon concentration in Khashm Algirba town locations.
Table 4 and Figures 5 and 6 present the statistical summary of indoor radon
concentration and the annual dose equivalent for the studied towns. The
concentration range for locations in all towns was from 21.1 to 327 Bq/m3. The
overall total average indoor radon concentration was 83.3 ± 12.0 Bq/m3. This value
of indoor radon concentration is far below the radon action level (200 - 600) Bq/m3 as
recommended by ICRP (1993), slightly higher than the world-wide, populationweighted, average radon concentration of 40 Bq/m3 as reported by UNSCEAR
(2000), and lower than the arithmetic mean obtained in autumn-winter period of 117
Bq/m3 in Italy (Friuli-Venezia Guilia) (Malisan et al., 1991). Further, it is in
agreement with data obtained by Andam (1991) in tropical areas, and Binns et al.
(1998) in Brazil. We noticed that the towns of Aroma and Halfa Aljadida had higher
average values relative to Khashm Algirba, which is characterized with a fine sandy
soil. The ground is irregularly elevated, and the humidity is usually low there. It was
observed that pronounced maximum indoor radon concentration levels existed in
autumn and early winter in Kassala State. This peak is in agreement with the
generalization by UNSCEAR, which stated that “a maximum value of radon
concentration at the ground level is reported to occur in the autumn and early winter
corresponding to a minimum in turbulent transfer” (UNSCEAR, 1977; Kenawy et al.,
1989). The annual effective dose equivalent due to indoor radon received by the
inhabitants of the three towns was 2.08 mSv, which is larger than the “normal”
background level of 1.1 mSv as quoted by UNSCEAR (2000), but lower than the
recommended action level range of 3 – 10 mSv (ICRP, 1993) and less than the
maximum permissible dose defined by the International Atomic Energy Agency
(IAEA) which is about 5 mSv (ICRP, 1977). The corresponding relative lung cancer
risk for all the inhabitants of the towns is 1.08%.
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Table 4. Statistical summary of indoor radon concentration, annual dose equivalent
and relative risk of lung cancer for the studied towns.

Town
Aroma
Halfa
Aljadida
Khashm
Algirba
Total

No.
96

Annual Dose
Min
Max
Mean ± s.d. Equivalent
(Bq/m3) (Bq/m3)
(Bq/m3)
(mSv)
43.5
327
91.5 ± 15.3
2.29

Relative Risk
of Lung
Cancer %
1.08

96

28.8

227

94.2 ± 14.2

2.36

1.09

98
290

21.1
21.1

150
327

64.1 ± 6.1
83.3 ± 12.0

1.60
2.08

1.06
1.08

Figure 5. Average indoor radon concentration in the studied towns.
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Figure 6. Annual dose equivalent (mSv) for the studied towns.

CONCLUSIONS
In this study 290 indoor radon concentration measurements using previously
calibrated passive dosimeters containing allyl diglycol carbonate have been made in
three towns of Kassala State in the eastern part of the Sudan.
From the results of our study we can conclude that:
Red brick and well ventilated buildings, as well as good geometrical design and the
inhabitant’s occupancy indoors, altogether contribute to a minimum indoor radon
concentration, while maximum averages were found to relate to bad ventilation rates.
Mud buildings showed the largest indoor radon concentrations (Mukhtar and Elzain,
2006).
The lowest indoor radon concentrations were recorded in buildings constructed from
limestone, wood and straw.
Slightly larger average indoor radon concentrations were measured in Aroma and
Halfa Aljadida relative to Khashm Algirba.
Comparing the types of ventilation and their effects on indoor concentration values, it
was observed that natural and forced ventilation decrease the concentration levels,
while air conditioning was found to contribute to increasing the indoor concentration
levels.
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Buildings with zinc ceiling and underlined with wooden plates (as in Alhila Aljadida
– Khashm Algirba) comparatively show low values for indoor radon concentrations.
The average of indoor radon concentration in the studied towns was found to be
lower than the action level (200 – 600) Bq/m3 as recommended by ICRP (1993) and
higher than the population-weighted global average radon concentration indoors 40
Bq/m3 (UNSCEAR, 2000).
The annual effective dose equivalent for the studied towns is calculated to be 2.08
mSv, which is lower than the action level range as recommended by ICRP.
The evaluation of indoor radon risk was based on the relative risk of lung cancer
(RRLC) as it had been calculated by Lubin & Boice (1997). The RRLC was
calculated to be 1.08% for the population of the studied towns.
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Abstract
The 222Rn and 220Rn levels have been measured using solid state nuclear track detectors in
various types of houses at 10 different locations around Bangalore city, India. The average
values of more than 100 samples of 222Rn and 220Rn concentrations were found to be 33.4 ±
6.1 and 21.6 ± 2.5 Bqm-3, respectively. The dose rate received by the population of Bangalore
ranged between 0.6 and 2.6 mSvy-1 with the arithmetic and geometric mean of 1.01 ± 0.05
and 1.03 mSvy-1 respectively. Overall, the result does not show much significant radiological
risk for the inhabitants and the 222Rn levels are well within the limits of global average
concentration of 40 Bqm-3. However, the 220Rn levels observed were higher than the global
average of 10 Bqm-3. The details of results were discussed in detail regarding the types of
houses and the variation of concentration.

Keywords
Dose, indoor, radiation, 222Rn, 220Rn.
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Introduction
Radon is an important natural source and is the largest contributor to the effective dose
received by the population from natural sources. It has been estimated that radon and its
progeny contribute three quarters of the annual effective dose received by human beings from
natural terrestrial sources and are responsible for about half of the dose from all the sources.
According to UNSCEAR (UNSCEAR, 2000) estimates, indoor inhalation dose due to 222Rn,
220
Rn and their progeny is to be about 1.2 mSvy-1 of the total 2.4 mSvy-1 background dose.
Radon emanates to a certain degree from all types of soil and rocks. The radiological
importance of radon does not rest on the concentration of radon gas itself, but on its short
lived decay progenies such as polonium, bismuth and lead. During breathing, radon is
exhaled but the short lived progenies, being material particles, gets deposited onto the lungs
(UNSCEAR, 1993).
Some factors that influences the diffusion of radon from soil into the air are the existence of
uranium and radium in soil and rock, emanation capacity of the ground, porosity of the soil
and/or rock, pressure gradient between the interfaces, soil moisture and water saturation
grade of the medium (Schery and Gaeddert, 1984).
The concentration of indoor radon also depends on the ventilation rates of the dwellings
where reduced ventilation rates enhance the concentration of radon and its daughters in air. In
an earlier survey (Subba Ramu et al., 1990) have carried out extensive studies on indoor
levels of radon daughters in some higher background areas in India by using SSNTD
technique and the reported values of the 222Rn (GM) concentration vary between 35.3 – 86.0
Bqm-3 with a geometric mean of 9.4 mWL of potential alpha energy exposure level from
radon daughters with annual effective dose equivalent value of 3.1 mSv. The authors have
also cited that the dose equivalent estimated for all the studied locations is found to be 2.4
times higher than the annual background value of 1.3mSvy-1 given by EPA for the United
States.
The track etch technique is being recognized as the most reliable one for integrated and long
term measurement of indoor radon concentrations (Abu Jarad and Fremlin, 1981). As a part
of the measurements initiated in this country for a nationwide mapping the measurement for
222
Rn and 220Rn concentrations were instigated by using plastic track detectors in and around
Bangalore Metropolitan, India and the results obtained are discussed in detail. The data was
continuously obtained for a period of three years starting in 2007, covering more than 150
dwellings and all the four seasons of the calendar year. The work presented is the first of its
kind for the Bangalore environment and shows interesting results. The area of the present
study is given by Sathish et al., (Sathish et al, 2010) and the detailed experimental
methodology is discussed by Ramachandran and Sathish (Ramachandran and Sathish, 2010).

Results and Discussion
About 150 dwellings in ten different locations of Bangalore city, India, were selected on the
basis of construction, age of the building, nature of walls, floorings, rooms and different
volumes of the houses to see the effective dose rates due to indoor 222Rn, 220Rn and their
progeny levels in dwellings during different seasons of the year. The houses were categorized
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on the basis of ventilation that depended on the number of windows, doors and usage pattern
(such as closed, open, partially open/close) to identify them as poor (no or 1-window),
moderate (2-windows) and good (3 and above windows) ventilated houses.
Geographical variations
The concentration of 222Rn, 220Rn and their short lived progeny levels were observed
simultaneously for a period of three years over a large area of Bangalore city. Figure 1
summarizes the average values of 222Rn and 220Rn found in the different locations during
2007 to 2010.

Fig. 1: Mean values of 222Rn and 220Rn
The lower 222Rn concentrations were observed in Rajajinagar and the higher were found in
Government Science College of Gandhinagara; the lower and higher concentrations of 220Rn
were seen in Vijayanagar and Government Science College of Gandhinagara respectively,
this may be due to the activity concentrations of 226Ra, 232Th and 40K in the respective areas
(Shiva Prasad et al 2008). The observations made for Bangalore region lie in the same range
as reported elsewhere (Mishra and Sadasivan, 1971). The estimated 222Rn concentration
levels at different locations of India varied from 6.4 to 95.4 Bqm-3 with a geometric mean
(GM) of 25.5 Bqm-3 (GSD 2.1), whereas for 220Rn they ranged between 3.5 and 42.8 Bqm-3
with a GM of 12.2 Bqm-3 (GSD 3.22) (Mishra and Sadasivan, 1971).
The arithmetic mean values of 222Rn and 220Rn with different ventilation condition are given
in Table 1. The results shows the concentration levels are higher in poor ventilated houses
than in well ventilated houses. Comparisons of indoor 222Rn concentration for different
seasons are made. The winter to summer ratio was observed maximum while the winter to
autumn ratio was found minimum. The high values in winter are mainly because of
ventilation factor.
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Table 1 Arithmetic mean values of 222Rn and 220Rn with different ventilation condition
AM ± SE
220
Rn
Rn
Concentration (Bqm-3)
Excellent
7.3 ± 0.8
9.4 ± 0.9
Very Good 16.6 ± 0.9 10.6 ± 1.7
Good
31.3 ± 1.4 19.7 ± 2.0
Moderate
42.7 ± 1.1 29.5 ± 6.4
Partial
54.0 ± 1.5 33.9 ± 7.5
Poor
81.0 ± 3.5 38.6 ± 6.1

Number of Nature of
windows Ventilation
5
4
3
2
1
0

222

The indoor radon is influenced mainly by the ventilation condition of the dwellings. In most
of the class rooms of the Government Science College, high 222Rn concentration in summer
seasons were recorded than in winter season. This anomaly observed may be due to the fact
that the class rooms are closed for a longer duration in summer (April to June) holidays.
Further, the higher concentrations in Gandhinagar (GNR) may be due to the higher activity
concentrations (Shiva Prasad et al., 2008) of 226Ra and 232Th and higher concentrations of
radon gas in ground water in the surrounding area (Hunse et al., 2010). The winter to summer
ratio in different locations are found to vary between 1.9 and 3.7 and this ratio is high
compared to the ratio of winter to rainy and winter to autumn. This again depends on
ventilation conditions of the dwellings. The concentrations of 222Rn and its progeny also
follow the same trend, i.e., a maximum in summer and minimum during winter
(Ramachandran et al., 1989).
In order to get a clear idea of the spatial variations, the observed values are compared with
surveys made in different areas. The range (minimum to maximum) values of 222Rn and 220Rn
are plotted in Figure 2. The elevated radon levels are seen in poor ventilated houses in all
locations where most of the houses were built with local soil and sedimentary gravel. Some
buildings with higher radon levels were found on gravel but all the lower values were
observed in Rajajinagar area. This may be due to the lower radon concentration in the ground

Fig. 2: Location versus range of 222Rn and 220Rn
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water in the surrounding area (Hunse et al., 2010). Whereas the higher concentration may be
due to the higher activity concentrations of 226Ra and higher concentrations of radon in water
in those monitored locations.
The authors (Shiva Prasad et al., 2008; Hunse et al., 2010) have also reported that the activity
concentrations of 226Ra in the surrounding area of Rajajinagar (Mallathalli) and Gandhinagar
(Lalbagh) are 23.7 ± 0.7 and 111.6 ± 1.2 Bqkg-1, whereas the activity concentrations of 232Th
in the surrounding areas of Vijayanagar (Mallasandra) and Gandhinagar (Lalbagh) are
29.5±0.9 and 95.4±1.5 Bqkg-1. The concentrations of 222Rn in water of Nagarbhavai
(Vijayanagar), Rajajinagar and Lalbagh area were found to be 97.17 ± 5.74, 166.62 ± 8.08
and 887.67 ± 34.1 BqL-1 respectively.
The frequency distribution of 222Rn and 220Rn are plotted in Figure 3. About 60% of indoor
radon levels are found to vary between 20 and 39 Bqm–3.

Fig. 3: Frequency Distributions of 222Rn and 220Rn
The higher concentrations of values more than 80 Bqm-3 were observed in 6% of the studied
houses. Nearly 23% of buildings show concentrations of 50–80 Bqm–3 and they were 40-year
old dwellings, poorly constructed with several cracks in foundation, walls and basic slabs,
thorough which radon can easily enter the rooms. About 85% of the dwellings have shown
220
Rn concentrations below 30 Bqm-3; 15% of them had the concentrations above 50 Bqm-3.
The estimated (Mishra and Sadasivan, 1971) 222Rn concentration levels at different locations
of India varied from 6.4 to 95.4 Bqm-3 with a GM of 25.5 Bqm-3 (GSD 2.1), whereas for
220
Rn they were ranged between 3.5 and 42.8 Bqm-3 with a GM of 12.2 Bqm-3 (GSD 3.22)
with the effective annual dose of 0.94 mSvy–1.
The observed values of 222Rn (17.2 to 85.8 Bqm-3) and 220Rn (8.3 to 38.3 Bqm-3)
concentrations for the environment of Bangalore are found to be comparable with the
observations made elsewhere in India (Mishra and Sadasivan, 1971). In general the radon
concentration was found higher in mud houses than in cemented houses (Ramola et al.,
1995). Such houses on the ground floor are directly constructed on the top of soil with a
coating of mud. This being the case, the ground floor allows more radon to diffuse inside the
houses because of the higher porosity of materials used (Sathish et al., 2006).
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Seasonal variations and dose rates
The mean values of the 222Rn and 220Rn concentrations of all the studied locations during
different seasons are shown in Figure 4(a) and the annual effective dose rates in Figure 4(b).
The concentration shows clear trends of seasonal variations. The concentration is found to be
maximum during the winter and minimum in summer months as observed elsewhere (Virk
and Sharma, 2000).
The majority of the houses are well ventilated in the summer season and the indoor radon
concentrations might be expected to be lower for summer than in winter season
(Ramachandran et al., 1989).

Fig.4: Seasons and dose rates of 222Rn, 220Rn
The higher concentrations observed during the winter season may be due to the radioactive
gases that are trapped near the surface because of temperature inversions. In summer, the
higher rate of vertical mixing and dispersions lifts the aerosols to higher altitudes resulting in
a decrease in the concentration near the ground level air (Sesana et al., 2003). Magalhaes
(Magalhaes et al, 2003) has observed two-orders of magnitude variability, with a maximum
of 50 Bqm-3 in winter and a minimum of 0.5 Bqm-3 in summer months. In addition, radon
exhalation rates also decrease during the monsoon as soil pores get filled by water, resulting
in lower concentration of 222Rn and 220Rn (Nagaraja et al., 2003).
Association between wall variations and dose rates
The mean concentration of 222Rn and 220Rn levels within houses constructed using different
walls is shown in Figure 5(a) and the respective dose rates in Figure 5(b). Higher
concentrations and dose rates were observed in mud wall houses and lower in concrete walls.
The concentrations were found to vary from wall to wall. The variation may be due to the
random distribution of radioactive rock species used indiscriminately in the construction of
houses (Kumar et al., 1994).
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Fig. 5: Wall materials versus 222Rn and 220Rn dose rates

Association between floor variations and dose rates
The higher concentrations of 222Rn and 220Rn were observed in granite flooring houses and
lower in mosaic flooring and are shown in Figure 6(a). Granite is rich in radium and it may
be the reason for the higher concentration of radon in granite flooring houses. The materials
used for construction of buildings are sufficiently porous and allow radon to enter into the
indoor atmosphere (Gaso, 2005). Granite samples show higher radon exhalation rate than
mosaic. There is a positive correlation between radium content of granite with radon
exhalation and its concentration (Al-Jarallah., 2001). The variations of dose rates in different
floorings are shown in Figure 6(b). The elevated levels were observed in the granite floorings
and the lower in mosaic floorings.

Fig.6: Floor materials versus 222Rn and 220Rn dose rates
Association between room variations and dose rates:
Variations of indoor 222Rn and 220Rn concentrations in different rooms of houses are shown in
Figure 7(a). The high concentrations were observed in the bath room, bed room and the
lower concentrations in living rooms.
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Fig.7: Variations of 222Rn and 220Rn dose rates in different rooms
One can clearly see in the figure that there is a larger concentration in the bathroom compared
to the other rooms of the houses. Bed rooms might be expected to be least ventilated, on the
average, based upon limited use patterns and bath rooms may receive some additional 222Rn
due to 222Rn dissolved in water (Sathish et al., 2006). 222Rn is shown to be released in spray
from faucets or shower fixtures(Gessel, 1980). Air in living rooms, on the other hand, is most
readily diluted due to outdoor air ventilation.
Association between room volume variations and dose rates
Rooms were also classified broadly into ‘6-groups’ on the basis of their volume, which
ranged between 30 to 310 m3 (30–40, 45–60, 65–75, 80–100, 110–120 and 200–310). At least
7 rooms were selected for each dimension and this covered ten different locations. Hence, the
total number of rooms covered in each volume is 42 rooms of different dwellings. However,
the total number of rooms monitored is 42×10 locations = 420 rooms. These 420 rooms have
been analyzed for four seasons and lead to 1680 measurements. The total number of films
(LR-115 detectors) exposed during this period of measurement is more than 5000. The
volumetric variations of 222Rn and 220Rn are shown in Figure 8(a).

Fig. 8: 222Rn and 220Rn versus room volume
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Higher concentrations were observed in lower volume rooms than in the higher volume
rooms. The concentrations in a dwelling of volume 30-310 m3 ranged from 4 to 93 Bqm-3. It
is interesting to note that as the volume of room varies in geometric progression; there is no
linear dependence on the concentrations. This clearly indicates that though the observations
have been made almost for similar type of constructions, ventilation and lifetime of the
houses, but as the volume of the room increases the concentrations reduces exponentially and
it becomes almost constant above the house volume 150 m3. The regression coefficients for
the exponential drops for 222Rn and 220Rn are 0.99 and 0.98 respectively. The variations of
dose rates are shown in Figure 8(b). The present work reveals that the dwellers of lower
volume houses will expose themselves to the higher dose rates 4.4 times the dose received in
higher volume rooms.

Conclusions
The estimated concentration of 222Rn and 220Rn for the environment of Bangalore, India
varies from 17.2 ± 1.2 to 85.8 ± 2.3 Bqm–3 and 8.3 ± 1.2 to 38.3 ± 5.4 Bqm-3 with a mean of
35.0 ± 0.9 and 22.6 ± 0.7 Bqm–3, respectively. The dose rate received by the population of
Bangalore ranged between 0.6 and 2.6 mSvy-1 with the arithmetic and geometric mean of
1.01 ± 0.05 and 1.03 mSvy-1 respectively. The lower concentration of 222Rn is observed in
Rajajinagar and higher in Government Science College of Gandhinagara.220Rn is lower in
Vijayanagar and higher in Government Science College. The investigation shows no
significant radiological risks for the inhabitants and is well within the limits prescribed by
UNSCEAR. The study on estimations of dose rates in dwellings of different features reveals
the higher values for “lower volume” house, granite flooring house, bath room, mud wall
houses and during winter season. Among these, the lower volume and granite flooring house
inhabitants are exposed to higher dose. Hence, it is recommended that the “lower volume”
houses should have good ventilation to reduce the effective dose rate.
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