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Abstract. The emanation of gases from the walls, floors, and ceilings is the main source of radon
(Rn) and thoron (Tn) in enclosed rooms. The bulk of terrestrial construction materials contain gas in
their pores in concentrations 1,000-10,000 times higher than those in the atmosphere. This high
concentration results in a considerable radon/thoron concentration difference between the construction
materials and ambient air. In this study, indoor radon, thoron, and their progeny concentrations, in
Bangalore Metropolitan households, were measured using a significant number of dosimeters.
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INTRODUCTION

There has been a significant increase interest in the program involving the
measurement of 222Rn in the environment ever since studies on uranium (U) miners
revealed the existence of a positive risk coefficient for the lung cancer development in
miners exposed to elevated levels of 22Rn and its progeny. In numerous countries, the
residential 22Rn was recognized as a potential public health concern in the western
world as a result of high 22Rn levels in the indoor space. It is expected that large-scale
indoor 222Rn (radon) and ?°Rn (thoron) surveys would contribute to a quantitative
knowledge of the dose effects of Rn exposures in conjunction with epidemiological
research [19].

Long-term exposure to high concentrations of 22Rn and its short-lived progeny
causes pathological consequences such lung cancer and abnormalities in respiratory
function [9]. According to Jacobi [5], the population exposure to natural sources of
radiation seems to be mostly caused by inhalation of short-lived ??Rn progeny. One
estimates that 222Rn gas, which may be responsible for between 5 and 20 % of all lung
cancers, may be the main source of radiation exposure of the general public [3].
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The Environmental Protection Agency of the United States recently estimated
that 22Rn-inhaled causes annually 20,000 lung cancer fatalities [12]. NRC [10]
reviewed the available data on the exposures of general public to radon progeny. The
measurement methodologies and the types of measurements were made to assess the
health risk due to 22Rn (radon) by dosimeter models [10]. Moreover, a substantial
body of epidemiological data on occupational exposure to 22Rn and its progeny has
highlighted cancer risk factors that are remarkably constant, down to concentrations
encountered in some households. Although ?22Rn was discovered at the beginning of
the twentieth century, a link between 222Rn exposure and lung cancer in U miners was
not discovered until late 1960 [15, 20]. In line with the degree of predicted risk, based
on the investigations of underground mines, a new study of published results also
demonstrates a marginally elevated risk of lung cancer due to the household 22Rn [6, 20].

Most of the annual radiation received by humans originates from natural sources,
and of this portion, around half is brought on by breathing in short-lived descendants
of 222Rn [17]. It is now understood that indoor natural radiation sources, particularly
222Rn and its progeny, expose people to significant inhalation danger. Under certain
circumstances, the lung dose brought on by inhaling ?2Rn progeny can be so great as
to increase the risk of developing lung cancer [4].

Depending on the soil qualities and the type of construction, such increased risk
may occur in tiny clusters of houses. It is necessary to assess the population exposure
in order to determine the incidence of lung cancer linked to ?2Rn and to develop
effective control strategies. In light of this, efforts have been made for more than a
decade to measure the Rn/Tn concentrations in houses throughout the Bangalore
metropolitan area.

MATERIALS AND METHODS

The experimental methodology consists in the standard protocol provided by the
radon groups of the Environmental Assessment Division, Department of Atomic
Energy, Bhabha Atomic Research Center, Government of India, Mumbai.
Measurements of radiation levels and of the radionuclide concentrations in the
environment are accomplished employing appropriate nuclear instruments. The Rn,
Tn, and their progeny concentrations were determined using Solid State Nuclear Track
Detectors [7, 11]. The tracks formed in the detector films were counted by Spark
Counter by methods discussed elsewhere [1, 16].

RESULTS

On the basis of room size, which ranged from 30 to 350 m3, all rooms were
roughly divided into six groups: 30-40, 45-60, 65-75, 80-100, 110-120, and
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200-350 m3. At least 10 rooms were selected for each group and this is covered for
ten different locales. About 10 rooms, in each size (6 groups) lead to 60 rooms in one
location, the same procedure is followed in all the 10 different locations, therefore, the
total numbers of rooms monitored were 600. These 600 rooms were examined over
the course of four seasons, yielding 2,400 measurements. Almost 7,500 films (LR-115
detectors) have been overall exposed throughout the measuring period. In 60 houses,
during the course of three years, room size wise fluctuations in ?2Rn, ?°Rn, their
progeny, and dose rates were measured.

Fig. 1b displays the volumetric fluctuations of ?2Rn and 2*°Rn. In comparison to
the greater size room, the lower size room showed higher radionuclide concentrations.
Fig. 1a depicts the dose rate, the lower dose rate being observed in larger volume rooms
and higher dose rate in smaller rooms.
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Fig. 1. 222Rn and ?%°Rn concentration variation with the volume of the room.

A residence with a capacity of 30—350 m?® has concentrations ranging from 10 to
93 Bq m3. This finding clearly shows that even though the observations were taken
for almost identical types of construction, ventilation, and lifespan of the houses, the
concentrations decrease exponentially as room size grows and become nearly beyond
the volume of 160 m3. The concentration exponential drops for ?2Rn and ?*Rn have
regression coefficients of 0.99 and 0.98, respectively. The current study shows that
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residents of smaller room size will be exposed to greater dose rates, which are 5 times
higher than those received in larger room.

Fig. 2 depicts the relationship between Tn, Rn, and their progeny. The
correlation between 22°Rn, 222Rn, and their progeny, was 0.96 and 0.79, respectively.
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Fig. 2. Relation between Tn/Tn progeny and Rn/Rn progeny concentration.

Fig. 3 shows the frequency distribution of Rn and Tn of the monitored houses
with room size varied from 30 to 350 m?®;, observed data revealed the higher
concentrations in smaller size rooms, whereas lower concentrations are seen in larger
size rooms.

According to earlier studies, the natural radioactivity contents of soil samples
from the Bangalore region were 15.2, 16.9, and 486.7 Bq kg for 2°Ra, 2*2Th, and “°K
respectively [8], and 33.0, 30.5, and 412.3 Bq kg* for 28U, 22Th, and “K,
respectively, in the building rocks of Karnataka region [13]. Majority of the bricks
used for building constructions in Bangalore are from Nelamangala and Magadi (city
outskirts), and a smaller amount from Hoskote, Ramanagara, and Channapattana. In
the soils of Nelamangala and Magadi, the average activity concentrations of ?*°Ra,
282Th, and “K are respectively 31.3 + 0.6, 52.6 + 0.9, and 303.1 + 6.1 Bq kg and 16.9
+0.6,57.5+ 1.1, and 1,073 + 15.6 Bq kg [14].

Figs. 4 and 5 show the occurrence of Rn and Tn concentrations in the monitored
houses of the present study of the size of room varied from 30 to 350m?3. Using
UNSCEAR [18] dose conversion coefficients, the inhalation dose is calculated. The
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geometric mean of the inhalation doses, computed from the entire results, was 1.34
mSv y2, ranging from 0.27 to 4.45 mSv y* (with Geometric Standard Deviation 2.1).
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Compared to larger volume rooms, lower size rooms showed higher radionuclide
concentrations. In Fig. 6, a plot of Rn and Tn concentrations is represented against
room size. The figure illustrates that as room sizes expand, concentrations tend to
decline. Beyond room size of 160 m?, the effect in the case of Tn is nearly negligible.
If we assume that the building materials used to construct these houses were similar,
then the exhalation rates for Rn and Tn from the room surfaces are almost equal.
Therefore, it is expected that the gas concentrations will decrease with an increase in
room size, since area to volume (A/V) ratio decreases with room size increase.
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Fig. 7. Correlation between A/V ratio and room volume.

Fig. 7 displays a plot of area to volume (A/V) ratio versus room volume. One can
see from this figure that similarly, A/V ratio manifests an exponential fit decreasing
with room volume with a correlation coefficient of 0.99. It is interesting to note that
radon effective decay value (56.2) in Fig. 6 and the fitting parameter,
t(61.4) in Fig. 7, are similar. This clearly indicates that the radon concentrations inside
houses are predominantly depended on A/V ratio. Effect of room ventilation seems
negligible when the measurements were carried out for long duration. Thoron,
however, produced distinct effects than radon. It can be seen, in the Fig. 6, that the
tvalue is almost equal to the A/V ratio (32). In this case, it seems to be more phenomena
influencing the thoron readings. One can reason that inside the rooms with bigger
volumes, the concentration of thoron is greater at surfaces closer to the location of the
dosimeter.
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Fig. 8. Rn and Tn concentration as a function of volume reverse (1/V).

The fluctuation of concentration with inverse size (1/V) of room is depicted in

Fig. 8. It is noteworthy that the relationship between concentration fluctuation and

room size results in a straight line. In every case, there is a correlation between

concentration and size of room that is greater than 90 %, indicating a clear relationship

between them. The study found out that the annual effective inhalation dose caused by

222Rn, 2°Rn, and their progeny ranged from 0.2 to 4.4 mSv y*, with an arithmetic

mean of 1.7 + 1.1 mSv y*. One can write the equation for concentration, C, of Rn
and Tn as follows [2]:

JA
= Ve @

where J (Bg m~2 h™?) is the area averaged emission flux, A (m?) and V (m3) are the
surface area and room volume, respectively, A, (h™2) is the radioactive decay constant
and A, (h™) is the air-exchange rate. When considering the decay of ?22Rn, which
has air exchange rates of the order of 0.1 to 1 h™, the decay constant is
0.0076 h'%, leading to A, >>2, . As a result, J is roughly the same for all the houses
in a given area, and different combinations of A,, 4, and V will lead to various
concentrations. However, when the ventilation is disregarded, the decay constant for
220Rn is 45 h™* and the air exchange rates are 0.1-1 h™X. To be more explicit, the above
results are the first attempt to analyze the data concerning with regard to the size of
room and the fitting parameters.
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CONCLUSIONS

In all the observed houses, the concentrations of indoor radon gas are higher in
smaller rooms and lower in larger rooms. This clearly shows that, even if the
observations have been taken almost for same types of structures and building ages,
the concentrations decrease exponentially as room capacity increases and become
nearly constant beyond the 200 m®.

The radionuclides in smaller rooms, of average size 10 m®, may be more
concentrated than in bigger rooms, of average size 20 m®. There is a direct relationship
between radionuclide concentrations and size of rooms with a correlation coefficient
over 90 % in every scenario.

Larger spaces with lower radioactive danger include conference halls,
classrooms, and other large spaces. In order to decrease the radiation exposure to
radon, thoron and their progeny it is advised the lower size rooms to be properly aired.

Based on the paper findings, it can be said that indoor 22Rn and ?2°Rn levels in
Bangalore metropolitan area, are substantially below the UNSCEAR recommended
permissible values for the population.
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