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ABSTRACT

The Phanom and Ko Pha-ngan districts of Surat Thani province are known for their
high atmospheric radon concentrations from different sources. While Phanom district is located
in an active fault zone, the main radon source in Ko Pha-ngan district is the high amounts of
equivalent uranium in the ground surface. Survey measurements of  the indoor radon
concentrations have been carried out in 105 dwellings and 93 workplaces, using CR-39 detectors
that were exposed to indoor radon for forty days. Alpha tracks were made visible by chemical
etching and counted manually under an optical microscope. The indoor radon concentrations
in the two districts were found to vary between 9 and 63 Bq m-3 (Phanom) and 12 and 645 Bq
m-3 (Ko Pha-ngan). The geometric mean radon concentration in Ko Pha-ngan district
(51±2 Bq m-3) was significantly higher than in the Phanom district (26±1 Bq m-3) at a significance
level of p<0.05 (t-test for independent samples). Nevertheless, only in two dwellings (1%),
located in Ko Pha-ngan district, radon concentrations (177 and 645 Bq m-3) were found to
exceed the limit recommended by the US EPA of  148 Bq m-3. The two houses are probably
located near to radon sources which, in combination with low air convection, led to increased
indoor levels of radon. Our study also shows that the geometric mean radon concentration
was higher in workplaces than in dwellings (0.05 significance level) in both districts.
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1. INTRODUCTION

Radon-222 (222Rn) is a natural radioactive,
colourless, odourless and tasteless noble gas.
It is formed by the decay of  Radium-226
(226Ra), which originates from the decay of
Uranium-238 (238U) which is found in all soils,
rock and water. Generally, most of  the
exposure of the population to radon occurs
domestically. Radon contributes more than
one half to the effective dose received from
all natural radiation sources [1]. Radon has a
half-life of  3.82 days. During decay, it emits
an alpha particle and transforms into a series
of solid, shorted-lived fission products,
of  which polonium-218 (218Po) and
polonium-214 (214Po) are of  special medical
importance. These daughter products decay
rapidly, emitting high energy alpha particles
(6-7.7 MeV). When the decay process occurs
after inhalation, inside the lung, the emitted
alpha particles may damage lung tissue,
which can cause lung cancer in humans [2-5].
In the USA, radon isestimated to cause about
21,000 lung cancer deaths per year, which is
the highest compared to other death causes
such as drunken driving, domestic accidents,
drowning, and home fires. The chances of  a
person getting lung cancer from radon
depend on the indoor radon concentration,
the amount of time spent indoors and
whether the person had ever smoked or still
is a smoker [6]. In many countries, radon is
the second leading cause of lung cancer after
smoking. Persons who smoke, or who have
smoked in the past, are much more likely to
get lung cancer than non-smokers. Especially,
persons who smoke in homes with high
radon levels, are at a high risk of lung
cancer.The risk of  health effects from radon
exposure is about nine times higher among
smokers than in non-smokers. However,
there is no known threshold concentration
below which no risk exists [7-8]. The indoor
radon concentration of 4 pCi L-1 (148 Bq

m-3) has been established as an “action level”
by the Environmental Protection Agency
(US EPA), above which measures are required
to reduce the radon exposure in buildings [7].
At contrast, the World Health Organization
(WHO) recommended an action level of
100 Bq m-3and 300 Bq m-3 in exceptional cases
in order to minimize the health risksfrom
radon exposure [8]. Radon typically moves
through the ground up into the air and into
homes through cracks in solid floors,
construction joints, cracks in walls, gaps in
suspended floors, gaps around service pipes,
cavities inside walls and the water supply [9].
House construction materials, e.g., cement,
bricks, sand, marble and concrete have been
identified as the sources of indoor radon
[10-13]. Some reports have correlated the
indoor radon concentration with certain room
types [14-16], the age of dwelling [14, 17],
seasonal variations [17-21], and floor levels
[15-18]. Moreover, the geogenic indoor radon
values can be predicted using airborne
equivalent uranium [22]. Because of the many
factors influencing the indoor radon levels,
the best way to estimate the actual indoor
radon risk for a certain situation is to measure
the indoor radon concentrations.

In this work, solid-state nuclear track
detectors (SSNTDs) were used to measure
the indoor radon concentrationsin workplaces
and dwellings in the Phanom and Ko
Pha-ngan districts of Surat Thani province,
southern Thailand.

2. MATERIALS AND METHODS

2.1 The Study Area
Phanom and Ko Pha-ngan districts of

Surat Thani province were selected as survey
locations based on their high ground-surface
concentrations of uranium according to
airborne radiometric surveys that were carried
out by the Department of Mineral Resources
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of  Thailand. Below, the uranium concentration
is given in parts per million of equivalent
uranium (ppm eU). “Equivalent uranium” is
referenced to the isotope equilibrium of the
uranium-238 series.

Phanom district is located in the
Klong Marui active fault zone where high
levels of equivalent uranium are found in
the ground-surface of some sub-districts, i.e.,
Plu Tuean, Khlong Cha Un, Phanom,
Pang Karn, and Ton Yuan (Figure 1). The
concentrations of radon in soil gas tend
to increase in the vicinity to main fault planes
[23-25], so dwellings that are located near the
fault zone are at high risk for radon gas
accumulation in buildings.

In the Ko Pha-ngan district, the ground
surface-equivalent uranium levels are even
higher than in Phanom district, exceeding
7 ppm eU in most areas (Figure 2). It must
be assumed that these areas are at high risk
of adverse indoor radon concentrations
because areas with concentrations higher
than 3 ppm eU have been identified as being
at high risk for excessive indoor radon
concentrations [26].

Figure 1. Map of equivalent-uranium
concentrations in the ground surface of the
Phanom district, Surat Thani province,
Thailand.

2.2 Description of the Buildings
This study includes 198 buildings from

two districts, which were selected for the
survey. Totals of  115 and 83 buildings were
selected from six sub-districts of Phanom
district and two sub-districts of Ko Pha-ngan
district. The sum of 198 buildings consists of
105 dwellings and 93 workplaces. As many
as 84% of the buildings are single-storeyed,
15% have a second storey, while only 1% of
the buildings have three storeys. The foundation
of most buildings (94%) is flush with the
ground, while some buildings (6%) had a
crawlspace. Most of the buildings (78%) had
been built generally using cement with bricks,
sand, marble and concrete, while some
buildings (19%) were built with cement
and mainly wooden walls. Only a few old
houses (3%) were made completely of wood.
The natural ventilation of most buildings
(82%) relies on open windows and doors
throughout the day. In particular, rooms with
air conditioning systems (18%) were poorly
ventilated.

Figure 2. Map of equivalent-uranium
concentrations in the ground surface of the
Ko Pha-ngan district, Surat Thani province,
Thailand.
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2.3 Indoor Radon Measurements
Radon measurements were carried out

using CR-39 nuclear track detectors,
commercially known as “TASTRAK” (Track
Analysis Systems Ltd, UK). Large rectangular
sheets (29 cm × 32 cm) of 1 mm thick
CR-39 was cut into small rectangular pieces
of 1.5 cm × 1.5 cm. These CR-39 chips were
numbered at one corner for identification.
For measurements, each CR-39 chip was fixed
by a small piece of adhesive tape to the
bottom center of  300 ml round plastic cups.
The cups had an 8.5 cm diameter orifice,
a 5 cm diameter base and a depth of 9.5 cm.
The orifice of each cup was closed with cling
film to allow only 222Rn gas to pass through
the filter and to exclude the nongaseous
radon daughters from entering the dosimeter
[10, 27].

For the survey, a total of  198 detectors
was used. They were mainly placed in the
first floor of the buildings, either in the
living or bedroom of dwellings, and in the
workrooms of the places of work, at a
height of approx. 1.5 m above the floor as
the representative breathing height. Inside
the rooms, the detectors were located away
from the windows and doors. The detectors
remained in the houses for an exposure time
of  40 days. After this period, all detectors
were removed and chemically etched
in 6.25 M NaOH solution at 85°C for
100 minutes [28]. Each detector was
thoroughly rinsed with distilled water and
then dried. The alpha track density of each
detector was counted manually under an
optical microscope. The observed track
densities were converted into radon
concentration using a calibration factor
(Figure 3).

3. RESULTS AND DISCUSSION

3.1 Calibration of Radon Concentrations
Calibration experiments were carried out

to evaluate the relationship between the
alpha track density and the actual radon
concentration by the Thailand Institute of
Nuclear Technology (Public organization),
Nakhon Nayok province, Thailand, following
the method of  Sola, Wanabongse and
Chankaw [29].

Figure 3. Plot of track densities over radon
concentrations used to calibrate the CR-39
plastic cup detectors. The slope of  the
regression line of 0.052 tracks per cm2d per
Bqm-3 represents the calibration factor k
(Eq.(1)).

Figure 3 shows the relation of
the detected track density and radon
concentration. It allowed us to convert
the observed track densities into radon
concentrations using the Eq. (1):

C
Rn

 = (1)

where C
Rn 

is the radon activity concentration
(in Bq m-3), D is the track density in tracks
per cm2 corrected for background, t is
the exposure time (40 d), and k is the
calibration factor (0.052 tracks per cm2 d
per Bq m-3).
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3.2 Distribution of the Indoor Radon
Concentrations

Figure 4 shows histograms of the
number of samples as a function of indoor
radon concentrations in the buildings in
the Phanom and Ko Pha-ngan districts.
The histogram of the Phanom district
collected from 115 buildings of six sub-
districts (Figure 4a) represents a slightly
skewed distribution. Most number of
samples had indoor radon concentrations
in the range of 16 to 35 Bq m-3 with 76 %
(87 samples). The histogram for the Ko
Pha-ngan district collected from 83 buildings
in two sub-districts (Figure 4b) appears to be
strongly skewed to the right. With 82 % of

the data (68 samples) showed indoor radon
concentrations between 21 to 80 Bq m-3, the
average radon concentration was clearly
larger than in Phanom district.

Because the histograms in Figures 4a
and 4b were found to be skewed to the right
(Kolmogorov-Smirnov normality test,
p<0.05), the data were transformed by
applying the natural logarithm (Figures 4c and
4d). These figures indicated that the distribution
frequency could be well fitted by the log-
normal function (Kolmogorov-Smirnov
normality test, p>0.05). Therefore, the
geometric mean (GM) and geometric standard
deviation (GSD) were used for further
statistical description and hypothesis testing.

Figure 4. Histograms of the number of samples as a function of the indoor radon
concentrations under normal plot and natural logarithm in the Phanom (a, c) and Ko
Pha-ngan (b, d) districts.

3.3 Indoor Radon Concentrations in the
Investigated Areas

Table 1 summarizes the statistical analysis
of the indoor radon concentration
measurements in the Phanom and Ko
Pha-ngan districts. In the Phanom district,
the indoor radon concentrations varied in

the range from 9 to 63 Bq m-3. The minimum
indoor radon concentration was found in a
well ventilated living room in the Ton Yuan
sub-district,while the maximum concentration
was found in a poorly ventilated living
room in the Phanom sub-district. Comparison
of the geometric mean indoor radon
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concentrations (GMIRC) between sub-
districts showed statistically significant
differences (One-way ANOVA, p = 0.008).
The lowest GMIRC (22±1 Bq m-3) was found
in the Pang Karn sub-district, while the
highest value (30±1 Bq m-3) was found in the
Ton Yuan sub-district, which were significantly
different (Tukey’s HSD, p = 0.018). The
GMIRC for the entire investigated area
of Phanom district was 26±1 Bq m-3. In Ko
Pha-ngan district, indoor radon concentrations

varied from a minimum of 12 Bq m-3 to a
maximum of 645 Bq m-3, which was an
extreme value (Figures 5 and 6) found in a
dwelling located in the Ko Pha-ngan sub-
district. The difference of GMIRC between
the Ko Pha-ngan sub-district (49±2 Bq m-3)
and Ban Tai sub-district (54±2 Bq m-3) was
not statistically significant (Independent
samples t-test, two tailed, p = 0.115).
The GMIRC of all samples in Ko Pha-ngan
district was found to be 51±2 Bq m-3.

Table 1. Variation of  the indoor radon concentration in the Phanom and Ko Pha-ngan districts.

GM = geometric mean, GSD = geometric standard deviation, >100 = indoor concentration
level more than 100 Bq m-3, >148 = indoor concentration level more than 148 Bq m-3.

District/
sub-district

Phanom district
1. Phanom
2. KhlongChaun
3. KhlongSok
4. Ton Yuan
5. PluTuean
6. Pang Karn
KoPha-ngan district
7. KoPha-ngan
8. Ban Tai
Sum

Number
of buildings

115
31
17
19
25
7
16
83
51
32
198

Indoor radon concentration (Bq m-3)

Min
9
14
11
19
9
17
12
12
12
19
9

Max
63
63
42
41
48
42
31
645
645
177
645

GM
26
25
23
27
30
25
22
51
49
54
34

GSD
1
1
1
1
1
1
1
2
2
2
2

>100
-
-
-
-
-
-
-

8%
8%
9%
4%

>148
-
-
-
-
-
-
-

2%
2%
3%
1%

The GMIRC in the Ko Pha-ngan district
was significantly higher than in the Phanom
district (Independent samples t-test, two tailed,
p<0.05). We suppose that the reason for this
is that most of the buildings in Phanom
district (95%) were well ventilated because
their windows and doors were left open
throughout the day. This relation has already
been described for the radon levels in rooms
with good or poorly ventilated rooms in
India [30]. Furthermore, the levels of
equivalent uranium in the ground surface are

lower in Phanom district than in Ko Pha-ngan
district (Figures 1 and 2).

Comparing indoor radon concentrations
with the WHO and US EPA action levels,
the results showed that 8% of the 83 buildings
in Ko Pha-ngan exceeded the 100 Bq m-3

action level recommended by the WHO [8]
while only 2% exceeded the 148 Bq m-3 action
level recommended by the US EPA [7]. In
the Ko Pha-ngan sub-district, the indoor radon
concentration was found to exceed 100 Bq
m-3 in 8% of 51 buildings while 148 Bq m-3
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were exceeded only in 2% of  the buildings.
In the Ban Tai sub-district, 100 Bq m-3 were
exceeded in 9% of 32 buildings while 148
Bq m-3 were exceeded in 3% of  the buildings.

The GMIRC for our entire data was
34±2 Bqm-3. At 52±17 Bq m-3, the averaged
indoor radon concentrations in Na Mom
district of Songkla province, southern
Thailand were higher than the mean, while
they were lower in the Phu Wiang district of
Khon Kaen province, North-East Thailand
(21±7 Bqm-3) and the Saraphi district of
Chiang Mai province, northern Thailand
(21±6 Bqm-3) [31]. With respect to the action
levels, the indoor radon concentrations were
found to exceed 100 Bq m-3 in 4% of all
buildings while they exceeded 148 Bq m-3 in
only 1%.

3.4 Variation of  the Indoor Radon
Concentration for Different Types of
Buildings

All 105 dwellings and 93 workplaces of
the survey were compared, in order to
consider the influence of the types of
building on the indoor radon concentrations.
Table 2 shows the minimum, maximum,
geometric mean, standard deviation and the
percentage of indoor radon concentrations
exceeding 100 Bq m-3 and 148 Bq m-3,
respectively. The minimum (9 Bq m-3) and
maximum (645 Bq m-3) values were
respectively found in dwellings with good and
poor ventilations.

The GMIRC in workplaces (41±2
Bqm-3) was found to be higher than in
dwellings (29±2 Bqm-3) at a 0.05 significance
level (Independent samples t-test, two tailed,
p< 0.05). While only 3% of the rooms in
dwellings have air conditioning, this applies
to 13% of the rooms in workplaces, resulting
in poorer ventilation. Accordingly, the
GMIRC in workplaces was higher than in
dwellings. This finding is in agreement with

radon concentration measurements in
workplaces and dwellings in North-Western
Greece [32] and Italy [33]. Out of 105
dwellings 1% and 2% exhibited concentrations
exceeding 100 Bq m-3 and 148 Bq m-3,
respectively, while 4% out of  93 rooms
in workplaces exceeded 100 Bq m-3.
Nevertheless, indoor radon concentrations
did not exceed 148 Bq m-3 in any of the
workplace rooms.

It is important to note that surveys to
measure indoor radon concentrations in
this work didn’t include the spas and hotels in
Ko Pha-ngan district. Therefore, the actual
average indoor radon concentration of this
district may be different from our result.
This indicates that surveys to measure indoor
radon concentrations in the buildings should
be investigated in all types of  buildings.
Moreover, the results of this study were
obtained from the short-term measurements
which did not provide an accurate estimation
of the annual average indoor radon
concentration. The long-term measurements
remain in the buildings for more than 90 days
should be better for the annual average
radon level [9]. In addition, the variation of
indoor radon concentrations depends on
many factors, e.g. building materials, building
age and floor level. Therefore, a direct
comparison with each factor should be a
subject of  a future study.

4. CONCLUSIONS

Indoor radon concentrations have been
measured in the districts of Phanom
(six different sub-districts, 115 buildings) and
Ko Pha-ngan (two different sub-districts,
83 buildings). Both districts are located in the
Surat Thani province, Thailand. Only in 1%
of 198 buildings were radon concentrations
(177 and 645 Bqm-3) found that exceeded the
action level recommended by the US EPA
(148 Bqm-3). Both of them were located in
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Ko Pha-ngan district. By far most of the
indoor radon concentrations were in the
16-to-35 Bq m-3 ranges (geometric mean:
26±1 Bq m-3) and 21-80 Bq m-3 (geometric
mean: 51±2 Bq m-3) in the Phanom and Ko
Pha-ngan districts, respectively. The difference
from the geometric mean in the two districts
was significant (p<0.05).

Our results suggest that radon
concentrations are especially higher in houses
with low ventilation located in areas with high
levels of equivalent uranium in the ground
surface. In most of  the surveyed buildings
(91%), the indoor radon concentration levels
could be reduced by simply improving their
ventilation. In houses with excessive radon
concentrations in particular, the residents
were able to take action to significantly reduce
the concentration in a number of simple and
inexpensive ways, e.g. by using a vent pipe
system and fan, by sealing foundation cracks
and other openings in the soil, by opening
windows to provide passive ventilation, etc.
[7]. We believe that our results should be
confirmed by long-term measurements in
order to take a closer look at seasonal
variability or the influence of factors such as
the age of houses, different construction
material, etc.
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