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Exposures from radon, thoron, and thoron
progeny in high background radiation area
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Abstract. The exposure from radon, thoron, and thoron progeny was measured for 45 dwellings in high back-
ground radiation area in Takandeang, Indonesia with ambient dose equivalent rate ranging from 0.34 uSv-h* to
1.90 uSv-h™!. The measurement was taken using passive radon and thoron discriminative detector and thoron
progeny detector. This measurement was taken from November 2018 to October 2019, and within one month
the detector would be replaced with a new detector. The concentrations of radon, thoron, and thoron progeny
were calculated as 42-490 Bq-m~3, 20-618 Bq-m~, and 4-40 Bq-m™3, respectively. The concentrations for out-
door were 49-435 Bq-m~3, 23-457 Bq-m3, and 4-37 Bq-m™3, respectively, and the annual effective dose was
9.8-28.6 mSv-y!. Based on the result of Spearman’s correlations analysis between the indoor radon and thoron
concentrations and between the indoor thoron progeny and thoron concentrations, we suggest that exposure to
thoron cannot be predicted from exposure to radon, and the equilibrium equivalent thoron concentration has
a large uncertainty when it is estimated from thoron concentration assuming a single thoron equilibrium factor.
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Introduction

Radon (**Rn) and thoron (**Rn) are produced in the
ground by the decay of 28U and #Th series, respec-
tively. ??Rn has a half-life of 3.8 days and #°Rn has a
half-life of 55.6 s. Thoron is presented together with
radon and both of them are referred to as radon con-
centration in the environment, while the amount of
thoron is less than 22Rn because of its half-life. Radon
is known as the largest contributor to a background
radiation dose measurement.

According to the National Council on Radiation
Protection and Measurement (NCRP) report, more
than 80% of radon and thoron that was released into
the atmosphere are originated from topsoil and the
remaining are originated from other sources. The
concentration of radon in the atmosphere varies,
depending on the place, time, and height above the
ground, the meteorological condition, the topog-
raphy, the house construction type, and even the
lifestyle of the people [1]. Most of our time is spent
within buildings; therefore, the measurement and
limitation of radon concentration of buildings are
important. The Environmental Protection Agency
(EPA) estimates that 21 000 lung cancer-related
deaths in the United States every year are attribut-
able to radon, and it is the leading environmental
cause of cancer death in North America [2]. Accord-
ing to the EPA and the World Health Organization
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Fig. 1. RADUET (left) and thoron progeny detector (right) [6].

(WHO) Handbook on indoor radon, it is the second
leading cause of lung cancer after smoking. The
study aims to estimate the exposures from radon,
thoron, and thoron progeny in high background
areas in Takandeang, Mamuju, Indonesia.

Materials and methods
Study area

Mamuju has been known to have a high radiation
dose rate around 13 times higher than normal, which
comes from naturally occurring radioactive material
(NORM) in rock and soil. It has been reported that
the high radiation dose rate is due to its natural
uranium content (**Ra and #*?Rn gases, both of
which are highly water-soluble) [3]. The area under
this study is in Takandeang village, Mamuju, Indo-
nesia. Takandeang is one of the high background
radiation areas in Indonesia. Takandeang has nine
sub-villages, namely, Tabanga-banga, Bettengkatta,
Rantai Dunia, Takandeang, Salubiru, Palada, Lim-
beng, Taloba, and Salumati.

Indonesia has only two seasons, the summer sea-
son is from April to September and the rainy season
is from October to March. The climate of Takandeang
is characterized by moderate temperature, summer
season, and rainy season. During the summer season,
the average temperature ranges from 29°C to 35°C
with a rainfall of 10-50 mm-season™, and during the
rainy season, the average temperature is around 26°C
to 29°C with a rainfall of 42-126 mm-season. The
ambient dose in Takandeang is around 0.34-1.90
uSv-h'. The highest one is in the Palada area and
the lowest one is in the Tabanga-banga area.

Building materials

Most of the houses in the Takandeang village are
wood houses and partially ventilated, and only a
few are concrete types with poor ventilation. The
concrete houses are built using bricks, cement,
and sand as the building materials. Each house has
two to three rooms. Most of these houses have two
windows and two doors.
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The radon and thoron concentrations were mea-
sured simultaneously using passive radon and
thoron discriminative detector (RADUET) and
thoron progeny detector. RADUET has two diffu-
sion chambers (low and high diffusion chamber)
with different air-exchange rates [4]. Each cham-
ber contains a CR-39 chip of 10 x 10 mm? in size
(Fig. 1). The CR-39 detector is fixed to detect the track
of alpha particles. The low diffusion rate chamber
is made of electro-conductive plastic with an inner
volume of 30 cm®. The high diffusion chamber used
for the measurement of both radon and thoron con-
centrations contains six holes of 6 mm diameter that
are opened in the chamber sidewall and are covered
with an electro-conductive sponge to prevent radon
and thoron progeny from easily going into the chamber
[4]. Thoron progeny measurement was carried out
using a deposition rate detector. This detector consists
of CR-39 chips that are covered with an aluminized
Mylar film of 71 mm thickness (Fig. 1) in the air for
the discrimination of high-energy alpha particles
especially those emitted from 2'?Po (8.78 MeV) [5].
A total of 45 dwellings were selected for measur-
ing radon, thoron, and thoron progeny. A pair of
detectors was suspended on the ceiling at a height
of 1.5-2.0 m from the floor and 1 m from the wall
indoor, whereas for outdoor the detector was sus-
pended at 2.5-3.0 m far away from the houses at a
height of 1.5-2.0 m. The detector was put indoor
and outdoor for one year, the detector was changed
with a new one within one month, and the old one
was sent to Hirosaki University to analyse the track.

Activity concentrations calculation

After exposure, the CR-39 chips were sent back
to Hirosaki University to analyse the track. The
CR-39 was etched in a 6 M NaOH solution at 60°C
for 24 h [6]. After etching, the CR-39 was washed
in distilled water properly and then dried up in tem-
perature laboratory conditions. The tracks density
was counted by the software Image] based on an
image from an optical microscope. The obtained
track densities were substituted into the following
equations [7]:
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where d;, and dy are the alpha track densities
[track-cm™2] for the low and high air-exchange-rate
chambers, respectively. fr, and fr,; are the respec-
tive conversion factors from alpha track densities
to radon and thoron activity concentrations for the
low exchange-rate air chamber, with values 4.35 and
0.24 tracks-cm=2-(Bg-m~3-h) !, respectively. fz,, and
fru2 are the respective conversion factors from alpha
track densities to radon and thoron activity con-
centrations for the high exchange-rate air chamber,
with values 3.65 and 4.32 tracks-cm™2 (Bg-m~h) !,
respectively. ¢ is the exposure time [h]. b is the back-
ground of the alpha track density [track-cm™] on
the CR-39 detector. For calculating thoron progeny
concentration (equilibrium equivalent thoron con-
centration (EETC)), the obtained track density was
substituted into the following equation:

(4-5)

(3) NTnP:EETC’FTnP’T+N32

where N, is the track density of CR-39 in the thoron
progeny deposition detector, N, is the background
track density of CR-39 in the thoron progeny deposi-
tion detectors, T the exposure time, and Frp is the
conversion factor for the thoron progeny deposition
detector. From the results of a field survey [5] and
the chemical etching conditions, the value of Fr,p
was 6.9 X 1072 tracks-cm™2 (Bg-m~h) .

Estimation of annual effective doses

The indoor annual effective dose was evaluated
in this study from activity concentrations of radon
and thoron progenies. In addition, thoron concen-
trations were not taken into account for dose esti-
mation due to its short half-life (55.6 s) thoron has
an inhomogeneous spatial distribution [8].

The dose conversion factors reported by ICRP
2017 [9] have been used to estimate the annual

effective doses. In this estimation, the annual ef-
fective doses [mSv-y~!] for radon (Dg,) and thoron
(D) were calculated using the following formulas:

(4) D,, =C,, -F-DCF,,,-OF
(5) D,, = EETC-DCF,,,-OF

where Cy, is the radon concentration [Bq-m™],
DCFrap (17 X 107°* mSv-(Bq-h-m~3) ) is the radon
dose conversion factor, EETC is the equilibrium
equivalent thoron concentration [Bq-m~*], DCFrp
(1.07 X 10~*mSv-(Bg-h-m~3)"1) is the thoron dose
conversion factor, and OF (7000 h) is the occupan-
cy factor (the exposures time that was adjusted to
one year and expressed in hours). For the calcula-
tion of equilibrium equivalent radon concentration
(EERC), the equilibrium factor of 0.4 was used.

Results and discussion
Radon, thoron, and thoron progeny concentrations

A total of 45 dwellings were selected for radon, tho-
ron, and thoron progeny measurements. This study
took place from November 2018 to October 2019.
The radon, thoron, and thoron progeny concentra-
tions in indoor were ranged from 42 to 490 Bq-m 3,
20 to 618 Bg'm~3, and 4 to 40 Bq-m™3, respectively.
The radon, thoron, and thoron progeny concentra-
tions in outdoor were ranged from 49 to 435 Bq-m™3,
23 to 457 Bg'm~3, and 4 to 37 Bq-m™3, respectively.
Table 1 shows a summary of radon, thoron, and tho-
ron progeny concentrations in indoor and outdoor.
The concentrations in both indoor and outdoor areas
of Takandeang were the same because Takandeang
is a high background radiation area and most of
the buildings in this area are made from wood and
as such these buildings are well ventilated [10].
Therefore, the concentrations of radon, thoron, and
thoron progeny were the same.

Frequency distributions of indoor radon, thoron,
and thoron progeny concentrations are shown in
Fig. 2. The radon, thoron, and thoron progeny con-
centrations were examined for normality using the
Shapiro-Wilk test. These tests revealed that thoron
had neither a normal nor a log-normal distribution
(W-statistic: 0.847) as shown in Fig. 2b. Further-
more, radon and thoron progeny follow log-normal
distribution (W-statistic: 0.963 and 0.961, respec-
tively) as displayed in Figs. 2a and 2c.

Table 1. Statistical parameters related to the distribution of radon, thoron, and thoron progeny

Activity concentrations [Bq-m~]

Statistical parameters Radon Thoron Thoron progeny
Indoor Outdoor Indoor Outdoor Indoor Outdoor
Whole Range 42-490 49-435 20-618 23-457 4-40 4-37
stud AM = SD 221 = 30 208 = 22 152 = 67 139 = 89 13 +£4 15+4
. v GM (GSD) 219 (1.1) 207 (1.1)  141(L7) 121 (7.7) 13 (1.0) 15 (1.0)
area N 45 18 45 18 45 18

Notes: AM - arithmetic means, GM - geometric mean, GSD - geometric standard deviation, N — number of dwellings,

SD - standard deviation.
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Fig. 3. Correlations plots between radon and thoron (a) and between thoron and thoron progeny (b).

The radon-thoron detectors were deployed at
various distances from the walls of the investigated
rooms. As thoron migrates only to a small distance
from the source due to its short half-life [6, 8], the
thoron concentrations observed in the present study
may be affected by the detector locations. Conse-
quently, the results of the thoron concentrations are
just shown as references.

The Spearman’s correlations analysis between in-
door radon and thoron concentrations and between
indoor thoron progeny and thoron concentrations
was carried out (Figs. 3a and 3b). No correlation was
found between radon and thoron concentrations (r:
—0.21) or between thoron and thoron progeny con-
centrations (r: 0.33). Thus, indoor radon, thoron,
and thoron progeny concentrations appear to be
independent of each other, and this consequence
is due to the significant difference between their
half-lives. Thoron concentration varies considerably
due to its short half-life, while the radon and thoron

progeny concentrations tend to be distributed uni-
formly due to their relatively long half-life [8, 11].
Furthermore, the observed radon concentration
implies well-mixed indoor and outdoor air. These
may mask a particular relationship between them.
This also suggests that exposure to thoron cannot
be predicted from exposure to radon and that the
EETC has a large uncertainty when it is estimated
from thoron concentration assuming a single thoron
equilibrium factor.

Influence of building materials on indoor
concentration

The materials used for building construction have
an impact on the variability of radon and thoron
concentrations [10]. Of the 45 houses selected for
radon track and offspring measurement in the vil-
lage of Takandeang, most of them are made of wood,

Table 2. Influence of building materials on indoor concentrations

Building materials

Statistic parameters

Activity concentrations [Bq-m~]

Radon Thoron Thoron progeny

AM = SD 274 =77 178 = 88 176

Unfired brick GM (GSD) 264 (1.4) 122 (1.5) 16 (1.5)
N 6 6 6

AM =+ SD 242 + 59 167 = 102 135

Cement GM (GSD) 235 (1.3) 137 (2.1) 13 (1.4)
N 10 10 10

AM = SD 225 = 52 153 = 86 14 £5

Mix (brick + cement + wood) GM (GSD) 220 (1.3) 132 (1.8) 13 (1.3)
N 11 11 11

AM = SD 189 = 52 133 + 66 14 +5

Wood GM (GSD) 181 (1.3) 116 (1.7) 13 (1.4)
N 18 18 18

Notes: AM - arithmetic mean, GM - geometric mean, GSD - geometric standard deviation, N — number of dwellings,

SD - standard deviation.
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Table 3. Statistical parameters of annual effective dose due to radon and thoron progeny

Annual effective dose [mSv-y']

Statistical parameters

Radon Thoron progeny Total
Range 3.4-12.1 5.1-17.7 9.8-28.6
Whole study AM = SD 81x22 10 £ 3.2 182 + 4.4
area GM (GSD) 7.8 (1.3) 9.6 (1.3) 17.7 (1.2)
N 45 45

Notes: AM - arithmetic mean, GM - geometric mean, GSD - geometric standard deviation, N — number of dwellings,

SD - standard deviation.

some of them are made of unfired bricks, and some of
them are made of mixed materials (cement + brick
+ wood). Table 2 shows a summary of the mean
radon, thoron, and thoron progeny concentrations.

The highest radon, thoron, and thoron progeny
concentrations were measured in unfired bricks
house around 274 + 77 Bq:m™, 178 = 88 Bq-m~,
17 = 6 Bq-m™, respectively, having a geometric mean
of 264 Bq-m=, 122 Bq-m, 16 Bq-m, respectively,
and the lowest one was recorded in a wood house.

Estimation of annual effective doses

The measured value of radon, thoron, and thoron
progeny concentrations in 45 houses of Takandeang
village was used for estimating the annual effective
dose received by the population of the study area.
The annual effective dose due to indoor radon was
calculated by assuming a radon equilibrium factor
of 0.4. A range of 3.4-12.1 mSv-y! was found with
an arithmetic mean of 8.1 = 2.2 mSv-y! and a geo-
metric mean of 7.8 mSv-y~!. The dose due to thoron
progeny was calculated from the results of the thoron
progeny deposition detectors. A range of 5.1-17.7
mSv-y! was found with an arithmetic mean of
10 = 3.2 mSv-y! and a geometric mean of
9.6 mSv-y!. The results are summarized in Table 3.

The frequency distributions of total annual ef-
fective dose due to radon and thoron progeny in 45
dwellings of the study area are represented in Fig. 4.
It was calculated to be 9.8-28.6 mSv-y', having an
arithmetic mean of 18.2 + 4.4 mSv-y ! and a geomet-
ric mean of 17.7 mSv-y !, respectively.

Conclusion

Based on the result, the concentrations of radon,
thoron, and thoron progeny in Takandeang village
16 -
14
12 4
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Fig. 4. Frequency distribution of annual effective dose due
to radon and thoron progeny.

are ranged from 42 to 490 Bq-m~3, 20 to 618 Bq-m 3,
and 4 to 40 Bq-m~3, respectively. In addition, the
outdoor concentrations are ranged from 49 to
435 Bg-m™3, 23 to 457 Bq-m~3, and 4 to 37 Bq-m™3,
respectively. Therefore, the annual effective dose
is estimated to be 9.8-28.6 mSv-y. The Spearman’s
correlations analysis was carried out between in-
door radon and thoron concentrations and between
indoor thoron progeny and thoron concentrations
(Fig. 3). No correlation was found between radon
and thoron concentrations or between thoron and
thoron progeny concentrations. Based on this result,
we suggest that exposure to thoron cannot be pre-
dicted from exposure to radon, and the EETC has a
large uncertainty when it is estimated from thoron
concentration assuming a single thoron equilibrium
factor.
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