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Among radiation exposure pathways to human beings, inhalation dose is themost prominent one. Radon, thoron, and their progeny
contribute more than 50 per cent to the annual e
ective dose due to natural radioactivity. South west coast of India is classi�ed
as a High Natural Background Radioactivity Area and large scale data on natural radioactivity and dosimetry are available from
these coastal regions including the Neendakara-Chavara belt in the south of Kerala. However, similar studies and reports from
the northern part of Kerala are scarce. �e present study involves the data collection and analysis of radon, thoron, and progeny
concentration in the Wayanad district of Kerala. �e radon concentration was found to be within a range of 12–378 Bq/m3. �e
thoron concentration varied from 15 to 621 Bq/m3. Progeny concentration of radon and thoron and the diurnal variation of radon
were also studied. In order to assess source term, wall and oor exhalation studies have been done for the houses showing elevated
concentration of radon and thoron.�e average values of radon, thoron, and their progeny are found to be above the Indian average
as well as the average values reported from the High Natural Background Radioactivity Areas of Kerala. Exhalation studies of the
soil samples collected from the vicinity of the houses show that radonmass exhalation rate varied frombelow detectable limit (BDL)
to a maximum of 80mBq/kg/h. �e thoron surface exhalation rate ranged from BDL to 17470 Bq/m2/h.

1. Introduction

Among all the natural sources of radiation dose to mankind,

inhalation of radon (222Rn), thoron (220Rn), and their
progeny contribute about 50% of global e
ective dose [1].
Epidemiological studies enhance our understanding of the
health risk to ionising radiation. Initially the epidemiological
studies from the miners were used to assess the health risk
from exposure to radon. However, in the recent past several
case control studies of residential exposure to radon have also
been reported. �ese studies also show an increasing risk of

lung cancerwith increasing exposure to radon [2].�oron, on
the other hand, has not been studied in detail with reference
to lung cancer risk [3]. Only recently the contribution of
thoron to the radiation dose has been recognised [4–7].
�e south west coast of India is very well studied in terms
of both terrestrial radioactivity and the radon and thoron
concentrations [8, 9]. However studies in the northern part of
Kerala, especially the Malabar region, are scarce. No study of
terrestrial radioactivity or indoor radon, thoron, and progeny
concentration is so far reported from theWayanad district of
Kerala.Wayanad is one of the coldest high range tourist places
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situated in the Western Ghats of southern India. Several
studies have proved the increase in the concentration of
indoor radon with decreasing temperature [10–12]. �ese
studies have reported indoor radon thoron levels which are
higher than those seen in the High Natural Background
Radioactivity Areas (HNBRA) of Kerala. Hence the present
investigations in Wayanad district are imperative to analyse
the e
ect of temperature and ventilation on these gases with
respect to the warmer regions of Neendakara and Chavara
which are one among the six HNBRAs of the world.

�e locationwe have chosen for the present investigations
is Bathery region of Wayanad. �is region has large number
of granite quarries and granite is already known to possess
higher radioactivity when compared to other types of rocks
[13–15]. It may be of interest to know the e
ect of granites in
terms of radiation dose, when used as construction material
for building. Wayanad is the native place for a large popula-
tion of tribal community of Kerala who belong to low income
group. �ese people live in houses made of construction
materials likemud available locally.�e study aims to analyse
the e
ect of the locally available construction materials
comprising granites and mud on the inhalation dose due to
radon and thoron to the residents of Bathery Taluk.

2. Materials and Methods

2.1. Geology. Wayanad district is situated on the southern tip
of the Deccan plateau and forms a part of theWestern Ghats.
�e geographical coordinates for the district are 11∘36�18��N
and 76∘04�59��E. �e population is 816558 as per the 2011
census and the area is 2132 km2. �e altitude ranges from 700
to 2100 meters above sea level. �e mean annual temperature
is 23.8∘C. During December–January temperature lowers to
15∘ C. Bathery is located at 11.67∘N 76.28∘E. It has an average
elevation of 907m. Ambalavayal is part of Bathery and is one
of themain regions having a large number of granite quarries.
�e Ambalavayal granite is of four types, namely, foliated
granite, pink granite, grey granite, and aplitic granite [16].
�ese are composed of quartz, pink feldspar, hornblende, and
biotite.

2.2. Materials. Indoor radon and thoronmeasurements were
divided into two phases of one year each. In the �rst phase
(2014-2015), pinhole dosimeters were used for the measure-
ment of indoor radon and thoron concentrations. �is study
included all the villages in Bathery. From this study spatial
variation of radon and thoron in Bathery was assessed. Along
with the indoor radon and thoron concentration studies,
soil samples were collected from the top surface (of 15 cm
thickness) from the vicinity of the houses. �ese samples
were analysed using gamma ray spectrometry for assessing
terrestrial radioactivity. Radon and thoron exhalation studies
were also done on the samples to obtain the mass exhalation
rate for radon and the surface exhalation rate for thoron.
In the second phase, 19 houses in the Ambalavayal region
were studied during 2015-2016. Out of these 10 houses
were intensively studied using both active and passive mea-
surement techniques. �e second-phase study involved the
measurement of both radon and thoron concentrations as

well as their progeny. �e diurnal variation of radon and
wall and oor exhalation was also studied by using active
measurement techniques.

2.2.1. Passive Measurement. LR115 �lms based pinhole
dosimeters [17] were used for the passive measurement of
radon and thoron concentration.�is device has a single face
for gas entry and gives the time integrated measurement of
radon and thoron. Pinhole dosimeters equipped with LR-115
Type II Solid State Nuclear Track Detectors (SSNTD) with

2 × 2 cm2 area were hung in a room of the houses (at least
30 cm away from nearby wall) for a period of three months.
�e dosimeters were hung at a height of around 2m from the
oor.�e principle, working, and processing of the dosimeter
are discussed in detail elsewhere [17, 18].�e dosimeters were
replaced with new ones at the end of every threemonths until
a cycle of 1 year was completed. �e retrieved dosimeters
were processed in the laboratory and the developed tracks
were scanned using a spark counter by the standardised
protocol.�eminimum detectable limit for radon in pinhole
dosimeter is 2 Bq/m3 and that for thoron is 6 Bq/m3.

Progeny measurements were done using the deposition
based Direct Radon Progeny Sensors and Direct �oron
Progeny Sensors (DRPS/DTPS) [19]. DTPS is made of LR-115
SSNTDmounted with absorbers in 50�m aluminised Mylar.

�is detects the alpha particle emitted from 212Po (thoron
progeny with energy 8.78MeV). �e radon progeny sensor
DRPS is made of LR115 mounted with the absorber thickness
37 �m. �is detects 7.69MeV alpha particles emitted from
214Po. �e minimum detectable limit for radon progeny in

DRPS is 1 Bq/m3 and that for thoron progeny in DTPS is

0.1 Bq/m3. �e principle and method of measurement of
radon and thoron progeny is discussed in detail by Prasad et
al. [20].

2.2.2. Active Measurements. �e active measurements were
done using the state-of-the-art equipment, the Portable
Radon Monitor (SMART RnDuo), developed by BARC
(Bhaba Atomic Research Center, Mumbai). �e detector
works on the principle of scintillation counter by scintillation
with ZnS(Ag).�e detection limit of Portable RadonMonitor

(SMART RnDuo) is in between 8 Bq/m3 and 50MBq/m3

(Operational Manual of Portable Radon Monitor—SMART
RnDuo, March 2015). �e detector has a progeny �lter
that eliminates the radon and thoron progenies. For the
estimation of radon concentration, thoron is eliminated by
the di
usion time delay based thoron discriminator which
takes advantage of the short half-life of thoron.

For thoron monitoring, program based sampling is car-
ried out using a ow mode sampler connected to the pump
inlet of the monitor. Each measurement cycle consists of
15 minutes. During this the pump is kept ON for the �rst
5 minutes. �is gives a measure of the thoron and the
background. A delay of 5 minutes is maintained a�er this
to ensure the complete decay of thoron. �e last 5 minutes
gives a measure of the background count for the cycle. �e
background count is subtracted from the total count of the
initial 5 minutes to get the thoron concentration.
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2.2.3. Gamma Ray Spectrometry and Exhalation Studies. Soil
samples were collected from the top 15 cm of the surface
soil. �ese samples were then dried, sieved, and sealed in a
hermetically tight container and kept for 30 days to attain
secular equilibrium between the radon and its parent nuclide.
NaI (Tl) scintillation detector available at the Radiologi-
cal Safety Division of Indira Gandhi Center for Atomic
Research (IGCAR) was used for gamma ray spectrometry
of the sources. �e method for estimation of the terrestrial
radioactivity using NaI (Tl) detectors is discussed in detail in
many papers [21–23].

�e radon and thoron exhalation studies were done by
using the enclosed sample method as explained by Petropou-
los et al. [24]. RAD 7 detector [25, 26] manufactured by
Durridge Inc. USA was used for the soil exhalation studies.
It detects the radon and thoron concentrations, between
4 and 400,000 Bq/m3. �e methodology suggested by the
manufacturer was followed. �e mass exhalation rate of
radon was calculated using the formula [22, 27–29].

�� = �0 ⋅ �−�⋅� +
� ⋅ �
� ⋅ 	 ⋅


 ⋅ 	
1 − �−�⋅� ,

(1)

where �0 is the initial radon concentration (Bq/m3), � is
the accumulated radon concentration, and �� is the mass
exhalation rate (mBq/kg/h). Accumulated time is denoted by

	 (h),� is the e
ective volume inm3 (volume of the container
+ volume of the detector − volume of the sample),� is mass
of the sample in kg, and 
 denotes the e
ective decay constant
of radon, which is the sum of the leak rate (if existing) and the

radioactive decay constant of radon (h−1).
�e thoron measurement is also done by keeping the

sample in a closed chamber. �e thoron surface exhalation
rate is calculated using the formula [29].

�� =
�	 ⋅ � ⋅ 

� .

(2)

Here �	 is the equilibrium thoron concentration which is
attained in a short time period.� is the residual air volume of
the setup in m3, 
 is the thoron decay constant (0.0126 s−1),
and � is the surface area (m2) of the sample.

�e soil gas radon activity measurements were done to
study the contribution of the radon gas in the subsoil to
the indoor radon concentration. �e soil gas measurement
was done at a depth of 0.8m as it is already known from
the literature that the activity concentration of radon in the
soil increases with increasing depth up to around 1m from
the surface and then it reaches saturation [30, 31]. �e soil
gas radon activity measurements were done in ten houses
(selected based on indoor radon and thoron concentra-
tion, availability of power point, and safety of the equip-
ment) where the active measurements were conducted using
Portable Radon Monitor SMART RnDuo. A steel probe was
inserted into the soil for measurement. �e measurement
cycle was set at 15minutes. Soil gas was sampled for 2minutes
using a pump before starting themeasurement.�emeasure-
ment is continued for 1 hour to have a stabilised reading of
radon concentration.

Table 1: Average concentration of radon and thoron in Wayanad,
Kerala, India. Result of phase 1 study.

Radon [Bq/m3] �oron [Bq/m3]

Minimum 13 21

Maximum 108 621

Average 31 96

Standard deviation 20 115

Geometric mean 27 72

Geometric standard deviation 2 2

�e health e
ect due to radon and thoron exposure was
quanti�ed in terms of the annual e
ective dose �. Annual
e
ective dose � was calculated as [32].

� = � ×  × � × 	, (3)

where � (in Bqm−3) is the concentration of isotope of
interest,  (nSv per Bq hm−3) the dose conversion factor
(9 nSv per Bqhm−3 for radon and 40 nSv per Bqhm−3 for
thoron), and � the equilibrium factor (EF) for radon and
thoron (�
 and �	, resp.). 	 is the total time of exposure
calculated by using an indoor occupancy factor of 0.8 (	 =
7000 hr/y). � is calculated as follows [20]:

� = EEC� .
(4)

Here, EEC is the equilibrium equivalent concentration of
radon and thoron (EERCandEETC, resp.) calculated as given
by Prasad et al. [20].� is the concentration of radon or thoron
as the case may be.

3. Results

In the �rst phase, 25 houses were studied in Bathery. �e
average of radon and thoron concentration for a year is as
given in Table 1. �e average ratio of thoron to radon is 3.3. It
is seen that the thoron concentration in one house is highly

elevated (annual average thoron concentration = 621 Bq/m3)
as compared to all the other houses. As this house is very
close to the granite quarries, intensive study was planned in
the houses in the vicinity of this house and those near other
granite quarries. �e frequency distribution of both radon
and thoron has a positive skewness as shown in Figures 1 and
2. �e Q-Q plot of the logarithm of radon concentration for
the 25 samples is shown in Figure 3. �e same is repeated
for thoron excluding the outlier and given in Figure 4. �e
linearity of the plots (Figures 3 and 4) con�rms the lognormal
distribution of radon and thoron concentrations. A similar
observation of lognormal distribution of radon and thoron
concentration was made in the HNBRA of Kerala and some
other studies [8, 33].

3.1. Radon, �oron, and Progeny Measurements. To �nd the
concentration of radon and thoron progeny, in the second
phase, measurements were carried out in the vicinity of the
house showing high concentration of thoron as well as a few
houses in the vicinity of other granite quarries.�e average of
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Figure 1: Distribution of radon concentration in phase 1 study.
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Figure 2: Distribution of thoron concentration in phase 1 study.

the radon, thoron, and progenymeasurements for the second
phase is as given in Table 2. �e average equilibrium factor
determined for the region is 0.7 for radon and 0.04 for thoron.
�e EF is higher for radon as compared to the UNSCEAR
value of 0.4. �e equilibrium factor for thoron is also greater
than the value (0.02) given in UNSCEAR [34]. Similar result
of higher EF for radon and thoron as compared to the world
average or the HNBRA of south west coast of India is found
in the Beijing area of China. In the Chinese study, it is seen
that the EF increases during the period of Haze-fog [35].

�e inhalation dose for the residents of the region using
the average equilibrium factor for radon and thoron is as
given in Figure 5. From the study of the radon and thoron
concentration it is seen that, out of the 44 houses studied, only
one house [2.3%] showed radon concentration greater than
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Figure 3: Q-Q plot for radon concentration.
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Figure 4: Q-Q plot for thoron concentration.

the action limit prescribed by International Commission on

Radiological Protection, ICRP (300 Bq/m3).

3.2. Active Measurements. As the passive measurements
using the pinhole dosimeters may be inuenced by factors
like the bulk etching rate, leakage from the cup, and so
forth [36], active measurements were done to ascertain and
validate the concentration obtained using pinhole dosime-
ters. Ten houses including the houses showing higher radon
and thoron concentrations were intensively studied. �e
active measurements were done for a period of �ve days
in every house to study the diurnal variation. Plot of the
diurnal variation is as given in Figure 6. It is seen that the
concentration of radon reduces during the day time when
the houses are more ventilated as compared to the night.
�ere is no particular pattern and the concentration keeps
uctuating during day time. �e maximum concentration of
radon is found a�ermidnight and in the earlymorning hours.
In the house showing the highest concentration of radon, the

value increased to as high as 1533 Bq/m3 at night (Figure 7).
However, the concentration dropped to levels shown during
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Table 2: Average concentration of radon, thoron, and progeny in Wayanad, Kerala, India. Result of phase 2 study.

Maximum Minimum Average ± SD GM (GSD)

Radon concentration [Bq/m3] 379 20 68 ± 74 54 (2)

�oron concentration [Bq/m3] 576 16 123± 115 95 (2)

EERC [Bq/m3] 160 10 43 ± 30 37 (2)

EETC [Bq/m3] 8 1 3 ± 2 3 (2)

�
Rn

0.89 0.43 0.69 ± 0.14 0.68 (1.24)

�
Tn

0.14 0.01 0.04 ± 0.03 0.03 (1.83)
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Figure 5: Inhalation dose to the residents of Bathery, Wayanad,
Kerala.
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Figure 6: Diurnal variation of radon in one house for 5 days.

the day time when the room had increased ventilation by
keeping the door of the room open overnight.

Figure 7 shows the signi�cant variation which ventilation
can make to the concentration of radon. �e maximum
concentration of radon decreased by a factor of 5 when the
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Figure 7: Diurnal variation of radon in the house showing maxi-
mum radon concentration.

door was kept open along with the window opposite to it in
the corridor which opens to the outside environment.

3.3. Exhalation Measurements. As part of phase 1 study,
soil samples were collected from the vicinity of the houses.
As mentioned earlier, since majority of the houses in this
area are made up of mud blocks procured from the site of
construction itself, the aim of collecting the soil samples was
to study the correlation, if any, between indoor radon thoron
concentration and the radon thoron exhalation rate from the
soil samples. From the gamma ray spectrometry of 25 soil

samples, it is observed that the 238Uconcentration varies from
below detectable limit (BDL) to 68 Bq/kg with an average of

18 ± 15Bq/kg. �e 232� concentration ranges from BDL to
112 Bq/kg with an average of 40 ± 29Bq/kg.

Exhalation studies using RAD 7 were done on the 25
samples. Out of the 25 samples, 14 had radonmass exhalation
rate as BDL. 12 samples also showed BDL values for thoron
surface exhalation rate.�e radonmass exhalation rate varied
fromBDL to amaximumof 80mBq/kg/h.�e thoron surface

exhalation rate ranged from BDL to 17470 Bq/m2/h. No cor-
relation was found between the indoor radon concentration
and radon mass exhalation rate from soil. Similarly, no
correlation was found between indoor thoron concentration
and the thoron surface exhalation rate. No correlation was
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Figure 8: 232�versus thoron exhalation rate in soil.

found between radon exhalation rate from soil and 238U
concentration in the soil. However, as seen in Figure 8, there is

a good correlation between thoron exhalation rate and 232�
concentration in soil.

To analyse the source term for the relatively higher
concentration of radon and thoron, exhalation studies were
done for the walls and oor in the houses showing the
highest concentration of radon and thoron. �e result of the
exhalation studies for radon shows that the exhalation rate
is more from the oor (4.39 ± 0.19Bq/m2/hr) as compared
to the walls (1.34 ± 0.12Bq/m2/hr). �e house showing high
concentration of thoron was also studied by wall and oor
exhalation. It is found that the walls are the major source
of thoron as compared to the oor (mean wall and oor
contribution being 5.81±0.20 and 2.53±0.18Bq/m2/s, resp.).

Soil gas radon activity measurements were done to
analyse the contribution of the soil gas under the houses to

the indoor radon concentration. A maximum of 28 kBq/m3

radon concentration in the soil gas was found in the vicinity
of the house showingmaximum indoor radon concentration.

Only marginal variation (22 kBq/m3 to 28 kBq/m3) was
found in the radon concentration in the soil gas at the various
sites.�is value falls in the category of soil with normal radon
potential as per the Swedish criteria [37].

A study of the indoor concentration of radon and
thoron with respect to the construction material shows that
the mud houses have the highest concentration of radon
(Figure 9). Both the houses which showed highest indoor
radon and thoron concentration are mud houses with very
poor ventilation. Ventilation estimation was done by taking
into consideration the number of doors and windows in the
room where the dosimeters were kept. Rooms with only one
door and no window were called poorly ventilated. Most
of such houses had the door of the room facing another
room or corridor. �us the exchange of air from the outside
environment was comparatively less. Rooms with one door
and one window, which were kept open for a major part of a
day, were considered to bemoderately ventilated. Roomswith
more than one door and more than one window which were
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Figure 9: Variation of indoor radon and thoron concentration with
construction material.

kept open for a large fraction of a day were assumed to be well
ventilated.

4. Discussion

4.1. Radon, �oron, and Progeny Measurements. �e initial
study of the indoor radon and thoron concentration shows
that the thoron concentration in the region is higher com-
pared to the radon concentration. �is may be due to the
fact that majority of houses in this region are made up of
building materials which are locally available. �e region is
one of the major suppliers of the granite and mechanised
sand made out of crushed granite to Malabar as well as
the neighbouring districts of Tamil Nadu and Karnataka

states. It is well known that the concentration of 232� is
higher in granite due to the presence of monazite [14].
Hence the higher concentration of thoron may be attributed
to the presence of higher concentration of thorium in the
building materials. �e study of indoor radon and thoron
concentration in the Neendakara-Chavara region, which
is one of the HNBRAs of the world, shows a median of
23 Bq/m3 for radon and 24 Bq/m3 for thoron [38]. Even
though Neendakara-Chavara region has very high terrestrial
radioactivity due to the presence ofmonazite sand, the indoor
radon thoron levels are less as compared to the present study.
�is result is in agreement with the discussion by Mishra
and Sapra in the BARC newsletter [9]. Here they argue that
even though the HNBRA of Kerala experiences 10 times
more external gamma e
ective doses, the inhalation doses
due to indoor radon and thoron concentrations are similar
to the Normal Background Radiation Areas (NBRA). �e
reasons provided by them are the excessive ventilation and
the type of ooring which shields the radon from reaching
the indoor environment in the HNBRA. Our study proves
that along with this the construction material of the houses
in the HNBRA may also be contributing to the reduction in
the radon thoron concentrations as compared to the present
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study. Unlike Wayanad, the construction material for the
coastal region of Neendakara-Chavara, mainly consisting of
sand, may be coming from outside the region which may
not be part of HNBRA. Hence the radioactivity content in
these construction materials may not be as high as the sand
in the HNBRA. Even in the present study the average value of
radon and thoron concentration increases when the region of
interest is concentrated near the granite quarries.�eworkers
in the quarries mainly reside in this area. Houses are of old
style made of mud blocks and with very less ventilation. �e
temperature in the southern part of Kerala is higher (average
of 30∘C to 35∘C) as compared to the Wayanad district which
is one of the coldest tourist places in South India. Due to
the colder climate people here opt for lesser ventilation as
compared to the houses in the warmer regions of Kerala.
Hence lack of ventilation may also be one of the reasons
for the increase in indoor radon thoron concentration as
compared to the HNBRA of Kerala. Similar results are
available from the Tehri-Garhwal regions of India which also
are high altitude regions and hence colder places. �e radon
concentration in these places is reported to be an average

of 100 Bq/m3 in winter and that of thoron is 126.4 Bq/m3

[18]. As seen in Table 2, the average EF for radon is more as
compared to the value given in UNSCEAR [23]. �e EERC
values are e
ected by both natural andmechanical ventilation
[39]. �e houses in the present study were selected based on
their type of construction. Majority of the houses had poor
ventilation for energy e�ciency.�e life style in the area does
not involve arti�cial ventilation or air conditioners. Besides,
as the study was done near the areas of the granite quarries,
the dust loading may also contribute to the accumulation of
progeny in the houses. �is may be the reason for the higher
EERC and hence higher EF of radon. �e thoron EF is also
more as compared to the valuementioned inUNSCEAR [34].
�e concentration of thoron may be less at the centre of the
rooms as compared to the walls due to its very short half-life
[40]. As the pinhole dosimeters were hung in the center of the
room, the concentration of thoron would have been less and
nonuniform over the period of three months.

�e study shows that only one house has radon concen-
tration greater than the limit prescribed by ICRP [41]. As
no such limit is prescribed for thoron so far, the concept of
equivalent radon concentration for thoron is used to estimate
the hazard due to thoron as suggested by Chen and Moir
[42]. �e equivalent radon concentration, �Tn, is the radon
concentration that delivers the same annual e
ective dose as
resulted from the thoron concentration �Tn:

�Tn =
�Tn × �Tn × 7000 × 40
�Rn × 7000 × 9

. (5)

�e total indoor exposure to radon and thoron may be
regarded as the sum of the radon concentration and the
equivalent radon concentration for thoron. �is total expo-
sure can then be compared to the radon guideline value. �e
equivalent radon concentration as given by Jing Chen and
Deborah Moir was calculated for all the samples. Out of the
44 samples only two samples showed values for total exposure
to radon and thoron greater than the limits prescribed by
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Figure 10: Distribution of exposure to total radon concentration
(radon concentration + equivalent radon concentration for thoron
concentration).

Environmental ProtectionAgency, US (150 Bq/m3). Only one
sample showed values greater than the limits for indoor radon
concentration prescribed by ICRP (Figure 10).

4.2. Active Measurements and Exhalation Studies. From the
gamma ray spectrometry of soil samples from vicinity of
houses it was observed that the average thorium concen-
tration is more as compared to the average uranium con-
centration. However, no signi�cant correlation was found
between the indoor radon concentration and the exhalation
rate of radon from soil. Similarly, no signi�cant correlation
was found between the exhalation rate of thoron and the
indoor thoron concentration. �e reason for this may be
the variation in the ventilation condition of the houses.
Since the concentration of radon varies signi�cantly with the
ventilation conditions, even in houses with high exhalation
rate of radon, the concentration of indoor radon may not be
very high or may be even low if well ventilated.

Besides this, variation in the type of building and ooring
material may also a
ect the indoor radon concentration and
hence the correlation may be lost. In the case of thoron along
with the factors mentioned for radon the short half-life may
also contribute to the lack of correlation. From Figure 8 we

see that very good correlation was found between 232� and
thoron surface exhalation rate whereas no such correlation
was found between 238U and radon mass exhalation rate.
Since radon is the daughter product of the 238U series,

a correlation between 238U and radon exhalation rate is
expected. However, no signi�cant correlation was observed,
most likely due to the small sample size.

�e diurnal variation shows that the concentration of
radon builds up at night when the ventilation in the houses
is signi�cantly reduced. �e maximum concentration was
found in the early mornings. In the house showing highest
concentration of radon, the concentration increased during
the early morning hours. �e concentration starts dropping
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once the residents wake up and open the door to the room
(which happens to be the only ventilation in the room). As
the average radon concentration is higher than the limits
prescribed by International Commission for Radiation Pro-
tection (ICRP) [41], the residents of the house were advised
to increase the ventilation in the room by a�xing an exhaust
fan. Another room in the house was also studied using active
measurements to check whether the concentration is the
same in all the rooms. However, this room showed lesser
concentration (average 161 Bq/m3). �e room showing the
highest concentration of radon had very large cracks in the
oor. �e exhalation studies of the walls and oor showed
that the major contribution to the radon concentration
came from the oors. Due to the closed room, at night the
temperature inside the room will be higher as compared to
the outside environment. �is results in stack e
ect, drawing
the radon inside the room. �e large cracks on the oor
further assists in the ow of radon from soil gas to the
indoor atmosphere due to the pressure variation between the
indoor areas and the soil gas. Besides this the room has only
one door giving entry to another room and not the outside
environment. Hence lack of air circulation from the outdoor
environment may also be contributing to accumulation of
radon at night when the door was kept closed. As the second
room has intact oors and the door of the room faces the
outside environment, the concentration of radon was not as
high as seen in the �rst room. �is shows that in spite of
the source (concentration of radon in the soil gas) being the
same, cracks and openings in the oor and walls contribute
signi�cantly to the increase of the radon concentration and
hence the inhalation dose to the residents. A similar e
ectwas
seen in the case of thoron. �e exhalation study of the walls
and oors of the house showing higher thoron concentration
showed that the contribution from the walls was more as
compared to the contribution from the oor. In this case,
also the cracks in the walls may be one of the reasons for
the excessive exhalation of thoron. In this study, nearly all
the houses had tiled roof or roof made of asbestos. Hence the
contribution from roof was not taken into consideration.

Comparison of the radon and thoron concentration with
respect to the construction material used showed that the
maximum concentration of radon and thoron was found
in the houses made of mud blocks. In most of the houses,
mud required for the mud blocks was taken from the site of
construction itself. Wayanad district has a major population
of tribal community who are below poverty line and reside
in houses made of mud. �e architecture involves very less
ventilation to conserve energy. Hence a detailed study of the
radon and thoron in the tribal villages may lead to better
understanding of the inhalation dose to the residents due to
radon and thoron. �e modern houses are all well ventilated
and hence the radon thoron levels are within the permissible
limits.

5. Conclusion

�e study of radon, thoron, and progeny concentration of
Bathery region of Wayanad district shows that the average
concentration of radon and thoron is greater than the values

observed in the HNBRA. �e average equilibrium factor
for radon as well as thoron is greater than the values of
world average reported in UNSCEAR. No correlation was
found between indoor radon concentration and radon mass
exhalation rate of soil.�e correlation between indoor thoron
concentration and thoron surface exhalation rate of soil was
also found to be feeble. �e concentration of radon seems
to increase with decreasing ventilation. Among the various
types of building materials mud houses show higher con-
centration of both radon and thoron. �ese results suggest
that the soil in the vicinity of the houses has very little
contribution to the indoor radon thoron concentration as
compared to the type of building material and existing
ventilation conditions. Radon and thoron concentration was
found to be higher in houses close to granite quarries in
comparison with those farther away or in urban area. 2.5
per cent of the houses showed radon concentration greater
than the reference limit prescribed by ICRP.�e study points
towards the need for analysis of a larger sample to give a better
picture of the radon thoron concentration in the whole of
Wayanad district. �e Kalpetta region, which is also famous
for the Kalpetta granites, should also be studied in detail to
understand the variation these granites make, as compared
to the Ambalavayal granites, to the indoor radon thoron
concentration, when used as construction material.
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