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The components of the effective dose through inhalation from radon and its progeny are im-
portant for human health since they contribute to more than 50% of the total radiation dose
from natural sources. As a consequence, radon has been identified as the second leading cause
of lung cancer after smoking. Radon and its short lived decay products (213Po, 214Pb, 214Bi,
214Po) present in dwellings are a radiation hazard, particularly if such sources are concen-
trated in the enclosed areas like poorly ventilated houses and underground mines. The indoor
radon, thoron, and progeny concentrations were measured in a small hilly town of
Budhakedar and the surrounding area of Tehri Garhwal, India, by using LR-115 Type II plas-
tic track detector in a twin cup radon dosimeter. The concentrations of radon progeny were
measured as the highest in winter and the lowest in summer while the thoron progeny concen-
tration was found maximum in rainy season and minimum in autumn. The annual exposure
to the potential alpha energy of radon and thoron were found to vary from 0.04 WLM to
0.69 WLM with an average value of 0.29 WLM, and 0.03 WLM to 0.37 WLM with an aver-
age value of 0.16 WLM, respectively. The annual effective dose due to the exposure to indoor
radon and progeny in Budhakedar homes was found to vary from 0.16 mSv to 2.72 mSv with
an average value of 1.14 mSv and the effective dose due to the exposure to thoron and progeny
was found to vary from 0.18 mSv to 2.49 mSv with an average value of 1.05 mSv. The results
of systematic study have been obtained by considering the room as a space in which the radon
and thoron levels are directly related to the dynamic and static parameters.
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INTRODUCTION

Health hazards from radon (**’Rn) and thoron
(**°Rn) and their progeny are of considerable concern
to the general population. It is now accepted that there
is an appreciable correlation between radon exposure
and some types of cancer [1-4] (and kidney diseases
[2, 5]).There is arisk of a lung cancer from the inhala-
tion of radon due to the alpha radiation emitted by the
short-lived radon decay products. To estimate the an-
nual average equivalent dose, a number of indoor ra-
don surveys have been carried out around the world
[6]. The inhalation exposure of the general population
to the ambient radon progeny constitutes the most sig-
nificant health hazard of the natural radiation environ-
ment [7]. It is generally accepted by the scientific com-
munity that a considerable fraction of all naturally
occurring lung tumors is caused by the inhalation of
the short-lived radon progeny [8]. This risk is exacer-

* Corresponding author; e-mail: rcramola@gmail.com

bated for certain identifiable subpopulations, such as
tobacco smokers and uranium miners [9-14]. The as-
sessment of radiological risk related to the inhalation
and ingestion of radon and radon progeny is based
mainly on the integrated measurements of radon
[15-18]. Dose calculations indicate that the effective
dose would be 20-50% higher for children than that for
adults [19, 20]. However, the sensitivity of the chil-
dren to radon exposure is not known. According to the
mine data, the relative risk coefficient decreases with
age and with the time since the exposure. The miner
data support the presence of an inverse dose-rate effect
as well as a lower relative risk coefficient at low total
dose [21].

The exposure of a person to a high concentration
ofradon and its short-lived progeny for a long period of
time leads to pathological effects like respiratory func-
tional change and the occurrence of a lung cancer
[22-24]. In some countries, the radiation dose to man
caused by inhaled radon daughters constitutes more
than 50% of the total dose [24]. Any inhaled gas, in-
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cluding radon, is slightly soluble in body tissues. Radon
in lungs diffuses to blood and is transported to other or-
gans, where the gas and the decay products that build up
in tissues deliver a radiation dose. In a study of inhaled
radon, Harley et al. [25] determined the solubility of ra-
don in the body. Two persons were in a controlled, rela-
tively high-radon atmosphere for about a day. Sequen-
tial exhaled-breath samples were used to infer retention
times in the five major body-compartments: lungs,
blood, intracellular and extra cellular fluid, and adipose
tissue. The data were used in the metabolic modeling of
the dose to other organs from inhaled radon [26]. The
dose to organs other than the lungs had been calculated
previously by Jacobi and Eisfeld [27]. Radon, thoron
and their short-lived decay products contribute to the
population annual average effective dose equivalent of
about 1 mSv per person [28, 29]. This amount is often
higher in the uranium and thorium rich areas, especially
near the mines and mille. Therefore it is necessary to
monitor the environmental radioactivity around these
objects and to asses the influence of radiation to the
population.

EXPERIMENTAL METHOD

A twin cup radon dosimeter is used in the present
study for the measurements of indoor radon and thoron
concentrations. The radon dosimeter system is a cylin-
drical plastic chamber divided into two equal compart-
ments each having an inner volume of 135 cm® and
heightof4.5 cm (fig. 1). Ithas been designed and devel-
oped by the Department of Atomic Energy, Govern-
ment of India.

The exposure of the detector inside the cup is
termed as the cup mode and the one exposed to the
open is termed as the bare mode. One of the cups has its
entry covered with a glass fiber filter paper which per-
meates both radon and thoron gases into the cup and is
called the filter cup. The other cup is covered with a
semi-permeable membrane [30] sandwiched between
two glass fiber filter papers and is called the membrane

Figure 1. Twin cup radon dosimeter

cup. This membrane has permeability constant in the
range of 1078-1077 cm?/s [31-33] and allows more than
95% of the radon gas to diffuse while it suppress the
entry of thoron gas almost completely. Thus, the
SSNTD film inside the membrane cup registers tracks
contributed by radon only, while that in the filter cup
records both radon and thoron. The third SSNTD film
exposed in the bare mode registers alpha tracks con-
tributed by the concentrations of both gases and their
alpha emitting progeny.

The dosimeter is kept at a height of 1.5 m from
the floor of the room and care is taken to keep the bare
card at least 10 cm away from any wall surface. This
ensures that the errors due to tracks from the deposited
activity from nearby surfaces are avoided, since the
ranges of alpha particles from radon/thoron progeny
fall within 10 cm distance. After the exposure period
of 90 days, the SSNTD films are retrieved and chemi-
cally etched in 2.5N NaOH solution at 60 °C for 60
minutes with mild agitation throughout [34]. The
tracks recorded in all the three SSNTD films are
counted using a spark counter. A methodology has
been developed to derive the equilibrium factors sepa-
rately for radon and thoron using the track densities
based on the ventilation rates in the dwellings [35, 36].
The recorded track densities were converted in Bg/m?
by using an appropriate calibration factor [37]. The
measurements were repeated over time integrated four
quarterly cycles to cover the four seasons of a calendar
year.

RESULTS AND DISCUSSION

The values of radon progeny concentration in
the houses of Budhakedar for the four different sea-
sons of a year are given in tab. 1. The concentration of
radon progeny was found to be the highest in winter
and the lowest in summer. Radon progeny concentra-
tion in summer was found to vary from 0.86 mWL to
13.41 mWL with an average value 0f4.60 mWL and in
winter season from 0.65 mWL to 23.14 mWL with an
average value of 8.93 mWL. The highest radon con-
centration in winter is mainly due to the poor ventila-
tion conditions of houses during this season. Since the
study area is located in the cold region, people keep the
doors and windows closed during winter to conserve
the energy inside the house. The building material in
mud houses also contributes to the additional radon in-
side the room, which also influences the indoor radon
and progeny concentrations.

The values of thoron progeny concentration in the
houses of Budhakedar for four different seasons of a
year are shown in tab. 2. The concentration of thoron
progeny was found to be the highest in rainy season and
the lowest in autumn. Thoron progeny concentration in
autumn was found to vary from 0.11 mWL to 1.73
mWL with an average value of 0.61 mWL and in rainy
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Table 1. Radon progeny concentration in Budhakedar homes for different seasons

Location Radon progeny concentration [mWL] Room V3olume Ei:tlgrl;%
Autumn Winter Summer Rainy Average (] House
Niwalgaon 2.49 1.95 0.86 1.73 1.76 19.44 Cement
Niwalgaon 1.41 2.59 2.49 2.38 2.22 14.21 Cement
Niwalgaon 1.41 0.65 0.86 0.86 0.95 20.41 Cement
Agar 6.59 7.35 2.49 11.68 7.03 11.23 Mud
Rashagrom 6.05 7.68 6.59 9.30 7.41 17.01 Mud
Ghordhi n. a. 12.76 3.14 4.22 6.71 35.64 Cement
Rashagram 8.76 15.57 7.46 8.43 10.06 17.49 Mud
Bhigum 23.46 8.76 6.27 3.35 10.46 22.68 Mud
Agunda 2.16 5.73 5.95 4.11 4.49 20.79 Cement + Mud
Agunda 1.62 6.05 3.89 n. a. 3.85 16.20 Mud
Bishan 12.32 13.73 5.51 22.59 13.54 27.72 Mud
Bishan 4.65 4.76 1.19 7.57 4.54 15.12 Mud
Budhakedar 4.22 4.86 3.14 7.46 4.92 27.12 Cement
Budhakedar 5.51 6.38 2.27 4.22 4.60 34.02 Cement
Budhakedar 13.41 23.14 13.41 16.54 16.63 33.85 Cement
Vinayakal 6.59 19.78 8.76 4.11 9.81 45.36 Mud
Kamlanagar 9.41 10.16 4.00 14.38 9.49 17.01 Mud
Average 6.88 8.93 4.60 7.68 6.97
Minimum 1.41 0.65 0.86 0.86 0.95
Maximum 23.46 23.14 13.41 22.59 16.63
Table 2. Thoron progeny concentration in Budhakedar homes for different seasons
Location Thoron progeny concentration [mWL] Room V301ume Ell;ltlgrl;%
Autumn Winter Summer Rainy Average [rm’] House

Niwalgaon 0.30 0.16 0.27 0.46 0.30 19.44 Cement
Niwalgaon 0.46 0.59 0.38 1.70 0.78 14.21 Cement
Niwalgaon 0.14 0.22 0.19 0.24 0.20 20.41 Cement
Agar 0.62 0.24 0.46 3.35 1.17 11.23 Mud
Rashagrom 0.24 2.00 0.68 7.08 2.50 17.01 Mud
Ghordhi n. a. 0.54 1.57 0.22 0.78 35.64 Cement
Rashagram 0.57 3.95 1.51 0.81 1.71 17.49 Mud
Bhigum 1.54 1.59 0.27 0.73 1.03 22.68 Mud
Agunda 0.11 0.27 0.22 0.62 0.31 20.79 Cement + Mud
Agunda 0.27 0.65 0.46 n. a. 0.46 16.20 Mud
Bishan 1.73 4.46 2.73 1.73 2.66 27.72 Mud
Bishan 0.49 3.51 0.65 1.00 1.41 15.12 Mud
Budhakedar 0.14 1.97 1.03 1.59 1.88 27.12 Cement
Budhakedar 0.27 0.62 0.22 0.35 0.37 34.02 Cement
Budhakedar 0.59 0.27 0.54 3.84 1.31 33.85 Cement
Vinayakal 1.73 0.54 0.51 0.35 0.78 45.36 Mud
Kamlanagar 0.65 2.73 0.86 5.03 2.32 17.01 Mud
Average 0.61 1.43 0.74 1.82 1.17
Minimum 0.11 0.16 0.19 0.22 0.20
Maximum 1.73 4.46 2.73 7.08 2.66




G. Prasad, et al.: Assessment of Dose Due to Exposure to Indoor Radon and ...
Nuclear Technology & Radiation Protection: Year 2010, Vol. 25, No. 3, pp. 198-204 201

season from 0.22 mWL to 7.08 mWL with an average
value of 1.82 mWL. A majority of the houses in the area
are mud houses, which also influences the radon,
thoron, and progeny concentrations in the houses of the
study area. The observed values of radon, thoron, and
progeny concentrations in mud houses were found
comparably higher than those in other houses.

Radon exposure

The exposure to the potential alpha energy (£,)
is the quantity related to the inhalation dose. However,
the monitoring of the exposure to radon gas from the
time integral of the radon concentration in air is rela-
tively straightforward [38]. Thus, the additional pa-
rameter, F, known as the equilibrium factor, has been
devised for practical application [39]. This expresses
the airborne concentration of the potential alpha en-
ergy as a fraction of the highest possible value
achieved when the progeny has the same activity con-
centration as the measured radon gas. Thus, the poten-
tial alpha-energy concentration is 1 WL when the ra-
don concentration is 3700 Bq/m>. F is the equilibrium
factor and is calculated independently for each mea-
surement. The annual exposure to the potential alpha
energy, £, is then related to the average radon concen-
tration, Cg,, by the following expression [40]

WLM_876O><n><F><CRn
’ y 170 x 3700

where Cg, is the radon concentration in Bq/m3, n—the
fraction of time spent indoors (occupancy factor),
8760 is the number of hours per year, and 170 — the
number of hours per working month. Taking the occu-
pancy factor to be 0.8 [39, 41], the annual exposure to
the potential alpha energy is given by 0.011- FCy, in
the conversion unit WLM per Bg/m’. The annual ex-
posure to the potential alpha energy was found to vary
from 0.04 WLM to 0.69 WLM with an average value
of 0.29 WLM (tab. 3).

Thoron exposure

There is relatively little information on the char-
acteristics of the thoron progeny aerosol in room air
and the degree of radioactive equilibrium. The first
progeny, Po-216, will always be close to the equilib-
rium with the thoron gas because of its very short
half-life (0.16 s). The second progeny, Pb-212, will
not approach the equilibrium with thoron, because its
half-life of 10.6 h is much longer than the effective rate
of removal from room air by ventilation or loss to sur-
faces. The estimates of the activity of Pb-212 in indoor
air relative to that of the thoron gas have ranged from
approximately 2% [38, 42] to about 10% [43]. The ac-
tivity of the third progeny, Bi-212 (half-life 61

minutes), again will be only a fraction of that of its par-
ent. In general, therefore, more than 90% of the
potential alpha energy associated with thoron progeny
in indoor air is carried by Pb-212. Although the activ-
ity concentration of Po-216 may be 50 times higher,
the associated fraction of the potential alpha energy is
minute and the dosimetric consequence of inhaling
this activity (even as unattached particles) is negligi-
ble. The quantity related primarily to the dose is the in-
take of the potential alpha energy in air [38]. The an-
nual exposure to the potential alpha energy can be
related adequately to the mean activity concentration
of Pb-212 in air by the following expression

WLM 8760 x nx C*'?Pb
Py 170 x 300

where Cpy.212 1 the concentration of 212ph in Bq/m3, n—
the fraction of time spent indoors (occupancy factor),
8760 — the number of hours per year, 170 — the number
of hours per working month, and 300 is the concentra-
tion of *'*Pb in Bq/m’ per WL.

Taking n to be 0.8, the annual exposure to the po-
tential alpha energy of thoron progeny was found to
vary from 0.03 WLM to 0.37 WLM with an average
value of 0.16 WLM (tab. 3). The thoron progeny expo-
sure value in WLM is comparable to the radon prog-
eny exposure value in the indoor atmosphere of
Budhakedar The average concentration of >'?Pb in in-
door air may be typically about one-fortieth of that of
the radon gas [39]. However, in the present study, the
thoron annual exposure potential alpha energy is
found to be roughly half of the radon annual exposure
potential alpha energy, which shows the importance of
the thoron monitoring in the study area.

E

Effective dose

The estimates of the absorbed dose to the critical
cells of the respiratory tract per unit 22Rn exposure
applicable to the general population can be derived
from an analysis of information on aerosol size distri-
bution, unattached fraction, breathing rate, fractional
deposition in the airways, mucous clearance rate, and
location of the target cells in the airways. For both ra-
don-exposed underground miners and those exposed
to other carcinogenic aerosols such as cigarette smoke,
75% of lung tumors are found in the branching air-
ways of the bronchial tree and 15% in the gas ex-
change region, or parenchyma [14]. The dosimetry of
the inhaled radon and decay products is therefore di-
rected to the cells of the bronchial epithelium. The
most important variables affecting the alpha dose to
the nuclei of these cells are the aerosol size distribu-
tion, the unattached fraction, the breathing rate, and
the depth in tissue of the target cell nuclei. The effec-
tive dose due to the exposure to radon and progeny
may be calculated by the relation [24]
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Table 3. Calculated annual dose due to the exposure to radon and thoron daughters in the Budhakedar homes
Location House type Roon[1 n\;}(ilume Radon pr[({)\g/ilﬁ ]exposure e{(ggrs%?epfg\%flﬁ/}[]]
Niwalgaon Cement 19.44 0.07 0.04
Niwalgaon Cement 14.21 0.09 0.11
Niwalgaon Outside 20.41 0.04 0.03
Agar Mud 11.23 0.29 0.16
Rashagrom Mud 17.01 0.31 0.34
Ghordhi Cement 35.64 0.28 0.11
Rashagrom Mud 17.49 0.41 0.24
Bhigum Mud 22.68 0.43 0.14
Agunda Cement + Mud 20.79 0.19 0.04
Agunda Mud 16.20 0.16 0.06
Bishan Mud 27.72 0.56 0.37
Bishan Mud 15.12 0.19 0.19
Budhakedar Cement 27.21 0.20 0.26
Budhakedar Cement 34.02 0.19 0.05
Budhakedar Cement 33.85 0.69 0.18
Vinayakal Mud 45.36 0.40 0.11
Kamlanagar Mud 17.01 0.39 0.32

Effective dose = Cg,, (Bqm™) x 20.8 x
x 7000 h x 9 nSv (Bghm 3) !

where Cy, is the annual average of the measured radon
concentration in the houses of Budhakedar and 0.28 is
the average of the equilibrium factor for radon and
progeny measured in the houses of Garhwal Himalaya
[44]. The effective dose due to the exposure to indoor
radon and progeny in Budhakedar homes was found to
vary from 0.16 mSv to 2.72 mSv with an average value
of 1.14 mSv (tab. 4).

The effective dose due to the exposure to thoron
and progeny may be calculated by the relation [24]

Effective dose = Cy,, (Bqm™) x 0.09 x
x 7000 h x 40 nSv (Bqhm3)"!

where Cr, is the annual average of the measured
thoron concentration in the houses of Budhakedar and
0.09 is the average of the equilibrium factor for thoron
and progeny measured in the houses of Garhwal
Himalaya [44]. The effective dose due to the exposure
to thoron and progeny in the houses of Budhakedar
was found to vary from 0.18 mSv to 2.49 mSv with an
average value of 1.05 mSyv (tab. 4).

CONCLUSIONS

The results of the systematic study are obtained
by considering the room as a space in which the radon
and thoron levels are directly related to the dynamic
and static parameters. The main dynamical variables,
i. e., the ventilation rate of the system could not be de-
fined at every state but the data were analyzed on the
basis of the ventilation conditions of the room. Unpre-

Table 4. Estimated annual effective dose due to the
exposure to radon and thoron in the Budhakedar homes

Location Effective dose Effective dose

(radon) [mSv] (thoron) [mSv]
Niwalgaon 0.28 0.28
Niwalgaon 0.37 0.73
Niwalgaon outdoor 0.16 0.18
Agar 1.15 1.08
Rashagram 1.22 2.34
Ghordhi 1.09 0.73
Rashagram 1.64 1.59
Bhigun 1.71 0.96
Agunda 0.74 0.28
Agunda 0.64 0.43
Bishan 2.21 2.49
Bishan 0.74 1.31
Budhakedar 0.81 1.11
Budhakedar 0.76 0.35
Budhakedar 2.72 1.23
Sounla 1.61 0.73
Kamal Nagar 1.55 2.17

dictable and uncontrolled disturbing parameters of the
dwellings set a limit to the precession of the measured
data. Minor modification in the houses is usually ne-
glected during the measurements. Our earlier study
shows that the indoor radon and thoron concentrations
in the study area are below the recommended action
level set by various organizations, while the radon
concentration is high in soil-gas and groundwater of
the area [45]. It was observed that the indoor radon and
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thoron progeny concentrations follow a specific trend
of seasonal variation. The indoor radon progeny con-
centration in Budhhakedar was found to be the highest
in winter and the lowest in summer while the thoron
progeny concentration was maximum in rainy season
and minimum in autumn. Based on these results, it is
concluded that the seasonal variations should be taken
into account to calculate the precise values of the an-
nual effective dose.
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lanem [TIPACA/L, I'ypynax C. 'Y CAUH, Buna LIOIIN, Pakem: 4. PAMOJIA

MNPOLEHA JTO3E YCIEO U3JATAIBBA PAJOHOBUM U TOPOHOBUM
INOTOMIIMMA Y 3ATBOPEHUM IIPOCTOPUJAMA

Yneo y edeKTUBHO] MO3U yCle] WHXajaluje KOju MOTHYe Off pajJjoHa M HEroBUX MOTOMaKa
3HavajaH je 3a JbYACKO 37IpaBibe jep gonpuHocu Bute o 50 % yKymHOj 1031 3padera n3 MPUPOIHAX U3BOPA.
Orypa je, mociie mymema, pajoH O3HadeH ApyruM BofehuM y3pokoM paka rpia. PajoH W HeroBu
kpaTkoxusehu npoussoau npucytau y cranosuma (*'8Po, 214Pb, 214Bi, 214Po) npeacrasmbajy pagujauuonn
pU3MK, MOCEOHO aKO Cy TH M3BOPH KOHIEHTPHCAHH Yy 3aTBOPEHHM INPOCTOPHMa Kao MITO cy cnabo
npoBeTpeHe Kyhe m moa3zeMHHN KomoBW. KoHIEHTpammje pafoHa, TOPOHA M IIOTOMaKa MEpeHe Cy Y
3aTBOPEHMAM IPOCTOpHjaMa MaJioT IUTaHWHCKOT rpajga bymxakemapa u okonmue, y Texpu ['aBpxBany,
WMupnja. Kopumthen je LR-115, tun II, muactuyHu Tpar AETEKTOP CMEUITEH Y JBOJHOM PajlOHCKOM
npo3uMeTpy. Mi3mepeHe KOHIeHTpalllje ToToMaKa pajjoHa Ouie cy HajBUIIIE 3UMH, a HAaJHUKE JIETH, IOK CY
KOHIEHTpAalllje TOTOMaKa TOpoHa Ousie MaKCUMallHe y KUIITHOj Ce30HM, a MUHUMAalTHe y jecer. Habeno je ga
TOIMIIIHE M3aarame MOTSHIMjalTHOj eHePrUju anda 3paverha of] paoHa  TOpOHA Bapupa: 3a pajioH, Of
0.04 WLM 10 0.69 WLM, ca cpegwom Bpepuotrhy ox 0.29 WLM, a 3a TopoH, o 0.03 WLM g0 0.37 WLM, ca
cpenmoM BpepHourhy of 0.16 WLM. T'opuinma eekTuBHA Jlo3a yciief u3jaramba pajoHy U HEeroBUM
MOTOMIIMA Y 3aTBOPEHUM TPOCTOpHjaMa Oyaxakemapckux jomoBa Mmemana ce off 0.16 mSv mo 2.71 mSv, ca
cpeawoM BpeniHolthy of 1.05 mSv. PesynTaTu cucremMckor nmpoyuaBama JooujeHu cy Bofehu paduyHa ja je
coba mpoCTOp y KOME CY HMBOW PajjOHa M TOPOHA HEMOCPETHO MOBE3aHM, Ca JUHAMUYIKUAM U CTATHUKUM
mapameTpHuMa.

Kmwyune pequ: paoow, itiopoH, usaazarse, egpekiiugHa 003a



