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Abstract: Across populations, the dominating source of public exposure to radiation is radon gas. In
the present study, we aimed at determining the concentration of radon in water sources from the
southwest coastal region of Peninsular Malaysia. A total of 27 water samples were taken from various
water sources which included groundwater, as well as hot spring, lake, river, seawater, and tap water;
the radon concentrations were measured using a RAD7 portable radon detector. The radon concen-
trations ranged from 0.07 4 0.12 to 187 & 12 Bq 1~!, with an average of 21 + 12 Bq1~!. The highest
concentration was found in hot spring water, with an average concentration of 99 4 6 Bq 17!, while
the lowest concentration was found in tap water, with an average concentration of 1.95 4 0.61 Bq 171
The average concentrations of radon for all categories of sampled water were below the 100 Bq 17!
WHO guidance level for safe drinking water. According to the ICRP effective dose conversion factor
and UNSCEAR (2000), the total effective dose from the summation of inhaled and imbibed water was
calculated from the aqueous radon concentrations, with an average effective dose of 4.45 uSv y !,
well within the WHO safe drinking water guideline value of 100 uSv per year. The results of this
study could support the efforts of authorities and regulators who are responsible for controlling and
strategizing to ensure public safety against radon exposures.
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1. Introduction

Radon (**2Rn), a radioactive gas with a half-life of 3.82 days, is a prominent dose
conveying product of the 22U decay process. Radon is ubiquitous in soil and water; its
presence in the earth’s crust varies according to the underlying geology, forming a source
of internal and external exposure to all life on earth [1]. It is a gas, and hence highly mobile;
it can move quickly from rocks and soil, through to air and water.

For the human populace of Malaysia, primary water sources are derived from reser-
voirs contained by dams and from groundwater. Highly volatile and readily dissolved
and released from water, in the absence of aeration prior to supply, radon accumulates
in water [2]. Since access to safe water supplies is a basic human right, it is worthwhile
noting that the presence of radon can have an impact on health. In numerous situations,
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such as showering, washing clothes, and flushing toilets, radon is released from the water
and mixed with indoor air. Accordingly, radon from water contributes to the total risk
associated with radon in indoor air, and its radioactive decay products are exposed to
sensitive cells in the stomach, and other organs, once absorbed into the bloodstream [3].

Generally, when radon decays post inhalation and ingestion, the released energy is
at levels capable of creating damage in various living tissues, for example, the formation
of free radicals that can lead to unnatural reproduction of cells and consequent risks of
malignant disease. A study has claimed that radon inhalation dissolved in and released
from water intended for human consumption accounts for 89% of an individual’s estimated
cancer risk [4]. Accordingly, radon measurement plays a vital role in community health
assessment, and awareness of radon levels in household water supplies is critical for
protecting humans against the effects of exposure.

Radon gas and progeny concentration surveys are of global interest, undoubtedly
connected with the formal recognition, in 1988, by the World Health Organization (WHO)
that, in many countries, radon was the second leading cause of lung cancer after tobacco
smoke [5]. For this reason, radon has been classified as a group 1 carcinogen by the
International Agency for Research on Cancer (IARC), a branch of the WHO [6,7]. For
present interests, elevated concentrations of radon in drinking water have been linked with
radiation doses of concern to the stomach lining [8], with a potential significant risk for
stomach and gastrointestinal cancer [9].

Various radon levels have been introduced to protect human health from exposure to
radon from drinking water consumption. For example, the U.S. Environmental Protection
Agency (USEPA) has set a reference level of maximum contaminant level (MCL) for radon
in drinking water of 300 pCi1~! or 11.1 Bq 17! [10]. Similarly, Euroatom has recommended
a reference limit for radon concentration in drinking water of 11 Bq 1-1[11]. Conversely, in
2004, in the third edition of the WHO Guidelines for Drinking-Water Quality, the WHO's
guideline for radon concentration level is 100 Bq 171 [12]. The WHO recommendation
links to a committed effective dose equal to 100 uSv y~! for consumption of drinking
water [12,13]. If the radon concentration exceeds 100 Bq 171, the WHO recommends that
treatment of the water source should be undertaken to reduce the radon levels to well
below 100 Bq 17! [12].

In the present study, the aim was to determine the concentrations of radon gas in
various water sources from the southwest coastal region of Peninsular Malaysia, specifically,
the states of Negeri Sembilan and Malacca. From these measurements, the annual effective
dose from the consumption of radon in water via inhalation and ingestion were calculated,
and the results were compared with the WHO recommended value as well as those of
several other countries.

2. Materials and Methods
2.1. Study Area

This 2019 study was conducted in the southwest coastal region of Peninsular Malaysia,
a region located along the Straits of Malacca; the total study area was about 8350 km?. In
the study area, various water sources were identified for sampling, including lake water,
sea water, hot spring water, river water, groundwater, and tap water. A total of 27 samples
of water were collected from the different locations; the coordinates of each sampling area
were determined using a Global Positioning System (GPS). The distribution of the sampling
locations is shown in Figure 1.
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Figure 1. Sampling points in an area of the southwest coast region of Peninsular Malaysia (using ArcGIS 10.4.1).

2.2. Radon Activity Measurements

Direct measurement of radon concentrations in the water samples was conducted
at the sampling sites using a RAD7 portable radon detector (DURRIDGE Company Inc.,
Billerica, MA, USA) complete with a set of RAD7 H,O accessories. The RAD7 equipment
used for the measurements included: the RADY7 electronic detector, a 250 mL water vial
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with an inserted aerator, and the desiccant tube supported by a retort stand, as shown in
Figure 2.

Figure 2. RAD?7 equipment for the radon measurements in the water samples: (1) RAD7 detector;
(2) 250 mL water vial with aerator; (3) tube of desiccant.

For each sample, a completely filled vial was carefully sealed to avoid loss of radon or
water, and measurements were performed using a closed-circuit technique, a closed-loop
aeration design in which the air and water volumes are constant and independent of flow
rate. Accordingly, no decay correction was required [14]. During the aeration phase, air
was recirculated through the water, continuously extracting the radon gas until a state
of equilibrium was achieved, obtained in approximately 5 min. In the equilibrium state,
no more radon could be removed from the water sample. The working principle of the
schematic diagram of the RAD? detector in a closed-circuit setup is presented in Figure 3.

Air flow 3
Check valve \l/
m Inert
Alpha detector Filter
214PO‘ ’ B
Po
— Glass frit f
222
- o _| Water Rn
o sample RAD 7
_ S

Bubbling kit

Figure 3. The schematic diagram of the RAD7 detector in a closed-circuit setup.
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The RAD7 radon detector was operated followed the protocol designated as Wat 250
and the process was starting with a 5 min aeration phase. During this phase, the extraction
efficiency (the percentage of radon removed from the water to the air-loop) was high, at
approximately 94% for a 250 mL sample. The exact value of extraction efficiency depends
somewhat on the ambient temperature but is almost always well above 90% [15]. During
the aeration phase, the presence of thoron gas from the water to the air-loop is neglected due
to its short half-life and small diffusion length. The concentration of thoron is expected to
decrease very sharply as one moved away from its source [7]; however, if the area has high
background radiation it needs special attention to measure radon gas, such as the areas in
China, India, and Brazil with thorium rich soils [16]. A previous study, in 2020, successfully
measured thoron in surface waters using a novel method for assessing the sensitivity of
a mobile thoron-in-water detection setup, thus, achieving quantitative measurements of
thoron-in-water concentration in the field using an experimental approach of RAD AQUA
accessories coupled with a RAD7 detector [17]. The measurement technique was very
useful and could be applied for future study in the measurement of radon and thoron
concentrations at the locations with high background radiation, for example, in mines.

The RAD?7 radon detector makes use of alpha spectrometry to detect radon concen-
trations in the air, collecting positively charged carriers from alpha particle to form the
electric signal; moreover, allowing radon and thoron (?*Rn) to be distinguished [14,15]. In
particular, the high electrical field within the active surface of the RAD7 detector attracts
the positively charged particles from the polonium daughters, 218Po at 6.00 MeV and
214po at 7.76 MeV, and converts them to electrical signals that act as a measurement of
radon concentration in air. At the end of the analysis, the RAD? results from the sample
analysis are provided in terms of radon concentration, in units of Bq m~2 or Bq1~!. The
RAD7 minimum detectable activity (MDA) concentration is 0.004 Bq 171 [18]. Before each
measurement is carried out, the RADY detector needs to be set up in purging mode for
10 min to remove high humidity and radon in the detector system.

2.3. Estimation of Annual Effective Dose

The annual mean effective dose for ingestion } Wj,,, and ingestion }_\W;,, were calcu-
lated from the experimentally determined values of radon concentrations in water (Cryw)
by using Expressions (1) and (2), respectively, as given in [14,19,20]:

Y Wing (mSV y_1> — Cruw X Cw X EDC x 1077 )

Y Wi, (msv y*l) — Craw X Raw X F x O x DCF x 10~° )

where ) Wj,, and } W, are the effective doses for ingestion and inhalation (mSv y’l),
respectively; Cr,w is the measured radon concentration in water (Bq 171); Cw is the
weighted estimate of water consumption (60 L y~!); EDC is the effective dose coefficient
per bacquerel of radon concentration for ingestion (3.5 nSv Bq~!); 10~ is the conversion
of nano-to-mili; R4y is the ratio of radon-in-air to radon-in-tap water (107%); F is the
equilibrium factor for radon and its progeny (0.4); O is the global average of indoor
occupancy factor (7000 h y~!); and DCF is the dose conversion factor for radon exposure,
9nSvh-! Bq’1 m3 [20].

3. Results and Discussion

In this study of 27 samples of water taken from different sources, the measured radon
concentrations are given in Table 1, with an average value of 21.21 + 1.67 Bq1~!. The lowest
radon concentration in water was recorded for the sampling location M15 (Durian Tunggal,
Malacca), while the highest concentration of radon was recorded from the sampling location
N6 (Chengkau, Negeri Sembilan). It is suggested that the variations in concentration are
affected by factors including uranium and associated radium contents in the aquifer, the
nature of the basement rocks, the solubility and mobility of parent radionuclides in the
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study area, climatic conditions, transport processes, depth of aquifers, as well as various
other hydrogeological conditions [4,14,21-23].

Table 1. Radon concentrations in water samples from the studied areas.

Radon Concentration

Sampling Code Location and Coordinates Water Sources (Bq1-1)
M1 Ta?;‘;gf{g;g%glai River 12404
M2 (2.1259,?32228) Hot spring 88 +8
M3 (zBlugl;tl((:)};;;i 6) Groundwater 14+2
M4 (z'zlféflig;gwg) Tap water 38+05
M5 Durian tunggal Groundwater 74+08

(2.35,102.25)

M6 T&“ggg%g‘?g;‘)k Tap water 0.7 403
M7 ?2"?9‘;“%032132;? Seawater 14+07
M8 (2131;3?02. 1) Tap water 1.55 4 0.36
M9 (gﬁ‘s‘f fg;;gg) River 430 £ 1.20
M10 KOIZ‘;;;? 1;8;"357’7])"‘31“ Hot spring 8.1+ 09
Mi1 KE‘(I;E;}I"% (‘gf;’;‘%a“ River 9.63 +2.2
M12 gi‘g;%g‘l‘%‘) Hot spring 111.35 £ 2.76
M13 (I§gZ ?(‘g;;% Groundwater 1852 + 1.31
M14 i;g%ﬁalf&%;lf)k Sea water 0.72 +0.82
M15 D(;glﬁ‘ ?‘5;%%;‘1 Lake 0.07 +0.12
M16 K?gggf‘lgoggg)sa Tap water 23404
M17 é"f‘i’s"; i\gg“l‘g‘% Groundwater 89.12 + 3.38
N1 (Egﬁ%;%‘;}g) Waterfall 213 £ 1.12
N2 Ke. S““(gza.;;"lrllgggslz)“a Besar  rup water 093 +0.71
N3 Ba?zcllg;;afo‘;i%rg)mg Lake 3.92 +0.81
N4 1:;2;1‘ Ifglrfgg Seawater 6.17 +0.78
N5 Pantai Bagan pinang Tap water 2.75 + 0.81

(2.508, 101.829)
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Table 1. Cont.

Radon Concentration

Sampling Code Location and Coordinates Water Sources (Bq1-1)
N6 (2.336,2%1;‘;7) Hot spring 1865 + 12.18
N7 (2.293;‘/1113121.‘;%7) Tap water 133 £ 0.53
N8 S(isrfz)%zrl‘%og_‘;i;)“ Tap water 3.98 + 1.02
N9 Ié“;‘;;%%@‘g Tap water 0.88 + 0.69
N10 (Ziegr,‘al‘gfggl) Tap water 1.354+0.73
Average - - 21.21 £ 1.67

A further analysis of radon concentration was compiled based on the categories of
water sources, and the results are displayed in Figure 4. The average radon concentration
in hot spring water was the highest, i.e., 98.56 + 5.88 Bq 17!, followed by groundwater,
with an average radon concentration of 32.36 4+ 1.8 Bq 1~!. The lowest average radon

concentration was 1.95 + 0.61 Bq 17}, recorded for tap water.

Average radon concentration (BglY)

120

100

80

60

20

Average concentration of radon in the various water resources

WHO reference limit

USEPA and EURATOM
i _/ reference limit
_ e | I = 3 = <
River Hot spring Groundwater Tap Sea water Lake water fall
Water sources

Figure 4. Average radon concentrations in water sources of the southwest coastal region of Peninsular Malaysia.

For the hot spring water, the radon concentration is the lowest, albeit of a similar order
to that reported in Thailand, Rachaburi Province, which was from 95 to 154 Bq 171 [24],
with differences in geological formation and soil types, i.e., Rachaburi being of igneous
and sedimentary types [25] while the geological formation in the present study area is
triassic, dominated by sedimentary rocks. Elsewhere, in northern Venezuela, the concen-
tration of radon in hot spring water has been reported to be in a wider range, i.e., from
1 to 560 Bq 17! [26], the various influencing factors being as discussed herein as well as

elsewhere [27-29].
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In this study, the groundwater radon concentration is greater than the average radon
concentration recorded by a study conducted in Rajasthan that also used a RAD7 detec-
tor [30]. In another study conducted in Gadau, Nigeria [14], the radon concentration ranged
from 4.92 to 82.89 Bq 1~! with a mean value of 38.3 Bq 1~!; potential factors, additional to
those previously alluded to, included the minerals derived from the aquifer rocks such as
uranium mineralization in granites, gneisses, and quartzite rocks, as well as the presence
of faults and shears at the study areas [30,31].

In regard to the relatively low radon concentration for tap water, in this study, the
averaging was 1.95 + 0.61 Bq 17! as compared with the average of 5.37 + 0.58 Bq 1!
reported in Sungai Petani, Kedah [32] and 10.82 Bq 17! reported in Turkey [22]. The lower
radon concentration values in tap water are expected, herein, since the water was mainly
comprised of surface water such as in lakes, rivers, and reservoirs with the radon easily
released into the air. Additionally, in many situations, water is supplied to residential hous-
ing from storage tanks, and the length of pipeline should also be taken into consideration
for understanding why the radon in tap water may be low as compared with other sources.

The results obtained in this study were compared with those from other locations
in Malaysia and other parts of the world, as shown in Table 2. Notably, in this study,
the average radon concentrations of all samples did not exceed the WHO guidelines
of 100 Bq 171 as a safe limit for drinking water [7,21,32,33]. Nevertheless, the radon
concentrations in the water samples from the hot spring water and groundwater were above
those recommended for drinking water by the United States Environmental Protection
Agency (USEPA); however, the other water sources were all below the recommended limit
of 11.1 Bq 171 [13,15,34].

Table 2. Radon activity concentration in water in other parts of Malaysia and the world.

Radon Concentration (Bq1-1)

No. Water Sources State and Country - Reference
Min Max Mean
Gadau Nigeria 492 82.89 38.3 [14]
Rajasthan, India 125+ 1.5 862 + 38 113 [30]
Yemen 1.03 £0.16 89591 £ 0.77 226.41 £ 62.39 [35]
1 Groundwater Saudi Arabia 0.01 67.4 4.62 [36]
The Southwest Coastal of
Peninsular Malaysia (Negeri 7.42 89.12 3236 £ 1.8 Present study
Sembilan and Malacca)
Turkey 5.31 18.46 10.82 [22]
Sungai Petani, Kedah - - 5.37 & 0.58 [32]
2 Tap water The Southwest Coastal of
Peninsular Malaysia (Negeri 0.68 3.98 1.95 £ 0.61 Present study
Sembilan and Malacca)
Thailand 95 154 - [24]
Northern Venezuela 1 560 - [26]
3 Hot spring The Southwest Coastal of
Peninsular Malaysia (Negeri 8.05 186.5 98.56 + 5.88 Present study

Sembilan and Malacca)

The total annual effective doses due to ingestion and inhalation of radon in drinking
water were assessed using the procedures recorded in the UNSCEAR (2000). Table 3 shows
the calculated annual effective doses based on the analyzed samples of water taken from
each of the sampling sites to the population. The annual effective dose for an adult due
to radon in drinking water for ingestion and inhalation varied from practically negligible
(below limits of detection) to 39.167 uSv y ! and from practically negligible to 0.47 uSv y 1,
respectively. In this study, the average dose calculated from the intakes of radon in drinking
water is extremely low at 0.06 pSv y~! via inhalation and 4.45 puSv y~! from ingestion.
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Thus, the total annual effective dose from both inhalation and ingestion ranged from 0.02
to 39.64 uSv y !, with an average of 4.51 uSv y 1.

Table 3. The annual effective doses, due to inhalation and ingestion, from the consumption of
drinking water.

Annual Effective Dose (uSvy—1)

b Ingestion Inhalation Total
M1 0.242 0.003 0.24
M2 18.549 0.223 18.8
M3 3.02 0.036 3.06
M4 0.794 0.01 0.80
M5 1.558 0.019 1.58
M6 0.143 0.002 0.15
M7 0.29 0.003 0.29
M8 0.326 0.004 0.33
M9 0.903 0.011 0.91
M10 1.691 0.02 1.71
M11 2.022 0.024 2.04
Mi12 23.384 0.281 23.67
M13 3.89 0.047 3.94
M14 0.151 0.002 0.15
M15 0.015 0.0002 0.02
M16 0.483 0.006 0.49
M17 18.715 0.225 18.94
N1 0.447 0.005 0.45
N2 0.195 0.002 0.2
N3 0.823 0.01 0.83
N4 1.296 0.016 131
N5 0.578 0.007 0.59
N6 39.165 0.47 39.64
N7 0.279 0.003 0.28
N8 0.836 0.01 0.85
N9 0.185 0.002 0.19
N10 0.284 0.003 0.29
Average 4.45 0.06 4.51

In Table 4, the annual effective dose for ingestion of radon from drinking water in
others states and countries ranged from 0.1 to 65200 uSv y~! and the recorded average
was from 1.76 to 3920 pSv y 1. Elsewhere, the annual effective dose for ingestion of radon
ranged from 0.01 to 56,600 uSv y !, with the recorded average from 0.1 to 570.6 uSv y 1.
The average total of annual effective dose from the consumption of drinking water in
this study is relatively low as compared with that observed in other countries, including
that reported in Iran at 6.4 uSv y_1 [9], Nigeria at 8.14 uSv y_1 [14], Himalayan region at
2130 uSv y ! [19], Iraq 450 uSv y~! [37], and Turkey at 5.848 uSv y—! [22].

The WHO has recommended that the safe limit for the annual effective dose received
from radon intakes in drinking water is 100 uSv y_1 [40] as compared with the total annual
effective dose from the studied samples that was lower than the reference dose specified
by the WHO.
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Table 4. The annual effective dose from the consumption of drinking water in other countries.

Annual Effective Dose for

Annual Effective Dose for Total Annual Effective Dose, Y Wrytar

sCt?)tfnTl};fi Ingestion, Wi, (uSvy~1) Ingestion, Y W;,, (uSvy-1) (uSvy-1) Reference
Range Average Range Average Range Average
Iran - - - - - 6.4 [9]
Nigeria 1.03to 17.4 8.05 0.01t0 0.21 0.1 1.1to17.6 8.14 [14]
Sarhwal 360 to 7910 3920 42 to 145.4 50.4 880 to 3780 2130 [19]
imalaya
Turkey - - - - - 5.848 [22]
Juban District,
Yemen 0.2t0188.1 47.5 2.6 to 2257.7 570.6 - - [35]
Rivciar Hilla, . _ _ _ _ 450 137]
raq
H?ry?‘“a' 10.5 to 165.2 - 3.6 t0 56.6 - 14.1 to 221.8 - [38]
ndia
Perak, 0.102 to
Malaysia 10112 1.759 0.102 to 9.954 1.733 - - [39]
The
Southwest
Coastal of
Pﬁ;f;;gigf 0.15 to 39.167 4.45 0.0002 to 0.47 0.06 0.02 to 39.64 451 Psrt‘ffgfy‘t
(Negeri
Sembilan and
Malacca)
4. Conclusions
Overall, the measured radon concentration levels in various water sources from
the southwest coastal region of Peninsular Malaysia, specifically, the states of Negeri
Sembilan and Malacca, are low and safe for drinking water; the concentration of radon
measurements ranged from 0.07 + 0.12 to 186.5 & 12.18 Bq 1!, with an average value
of 21.21 + 12.18 Bq 1~!. Moreover, the measured concentration of radon in the various
categories of water sources revealed the highest concentration in hot spring water, with
an average concentration of 98.6 £ 5.9 Bq 1=1, while the lowest radon concentration was
in tap water, with an average of 1.95 + 0.61 Bq1~!. According to our results, the average
radon concentration values for all the sampled water sources are lower than the WHO
guidelines for safe drinking water. In addition, the total effective dose from the summation
of ingestion and inhalation dose is 4.45 uSv y !, a value much lower than the safe limit of
100 uSv y~! recommended by the WHO.
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