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ABSTRACT

Fifteen samples of natural water were brought from different sources: projects of tap water, Ground
water, in Aden governorate. Long-term technique for alpha particles emission with solid state
nuclear track detector (SSNTD) CR-39 detectors has been used to determine the concentrations of
radon (*2Rn). The results of measurements show that the highest value of radon gas concentration
in tap water was found in T4 (Crutter) region, which was equal to (0.060+0.0021) Bg/L, while the
lowest value of radon gas concentration was found in T10 (Little Aden) region, which equal to
(0.044+0.0015) Ba/L, with an average value of (0.051+0.0020)Bg/L. The highest value of radon
gas concentration in ground water samples was found in G1 (Beer Ahmed) region, which equal to
(0.106+0.0030) Bg/L, while the lowest value of radon gas concentration was found in G4 (Beer
Nasser) region, which equal to (0.085+0.0020)Bg/L, with an average value of
(0.097+0.0020)Ba/L. The highest value of annual effective dose in tap water samples was found
in T4 region, which was equal to (0.219uSv/y), while the lowest value of annual effective dose
was found in T10 region, which was equal to (0.161uSv/y), with an average value of (0.186uSv/y).
The highest value of annual effective dose in ground water samples was found in G1 region, which
was equal to (1.29uSv/y), while the lowest value of annual effective dose was found in G4 region,
which was equal to (1.04uSv/y), with an average value of (1.19uSv/y). These values are regarded
less in comparison with the allowed normal limit which is about 100psv.y™ for drinking water. In
general radon gas concentrations in tap and ground water samples were less than the recommended
value (11.1Bg/L) given by (USEPA, 2012). There for tap and Ground water in all the studied sites
in Aden Governorate is safe as for as radon concentration, and there will be no risk on the human
being life.

Key Words: Tap water, Radon Concentration, Nuclear Track Detector CR-39, Annual Absorbed
Dose, Little Aden.
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1. Introduction
Radon (???Rn) is a natural inert radioactive tasteless, colorless and odorless gas, whose density is
about 7.5 times higher than that of air. It dissolves in water and can readily diffuse with gases and
water vapor, thus building up significant concentrations. The physical half-life of radon is 3.825
days and half-elimination time from lungs 30 min. Radon ?%2Rn, which is the daughter of uranium
238U, represents the most important radon isotope[1-3]. Radon has three isotopes, i.e., (i) Rn-219
or “actinon” is a part of U-235 decay chain. It has been never encountered in indoor air due to its
short half-life (3.4 s). (ii) Rn-220 or “thoron” is a part of Thorium-232 decay chain; its half-life is
more than actinon but <1 min (54 s). (iii) Rn-222 or familiar “radon” is a part of the U-238 decay
chain. Its half-life is 3.8 days. Due to its longer half-life, it is detected in indoor air, outdoor air,
soil gas, and water samples. Decay of the radon nucleus ???Rn vyields short-living daughters:
polonium 2'8Po, lead 2“Pb and bismuth 2**Bi [4, 5]. The sources of Radon in water are; either
from radioactive decay of dissolved Radium in water, or, from a direct release of Radon from
minerals containing member of Uranium and Thorium decay series [6]. Moreover, inhalation of
radon gas that has been released from tap water which will contribute to the radon content of indoor
air and, if inhaled, will result in a radiation dose to the lung? Long-term exposure to high
concentrations of radon in indoor air increases the risk of lung cancer [7]. In the present work, the
passive technique using the solid state nuclear track detectors (SSNTDs) has been utilized to
measure the radon concentration for tap water samples for selected regions sites in Aden
governorate. CR-39 detector was used during the currently conducted study because of its
simplicity and long-term integrated read out, high sensitivity to alpha-particle radiation
ruggedness, availability and ease of handling. The principle of this technique is based on the
production of tracks in the detector due to alpha particles emitted from radon and its progeny. After
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exposure, the tracks are made visible by chemical etching and counted manually under the optical
microscope. The measured track density is then converted into radon concentration [5].
2. Experimental Procedure

2.1. Description of Study Area

In Aden governorate, the household water is supplied from two sources; one from Beer Nasser
region in Lahj governorate and other from Beer Ahmed region in the north side of the governorate.
In fact, the study area is located inside Aden Governorate which is located in South of Yemen on
the Gulf of Aden. The location of Aden Governorate has been determined using the Global
Positioning System (GPS): Latitude: 12°49°.468"N., Longitude: 44°51°.708"E. The map of
studied area is shown in Figure (1). Table 1and 2 show symbol and location name for the different

studied regions (sites) in Aden governorate for tap and ground water samples.
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Figure(1): llustrates the areas under study
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Table(1): Symbol, location name and Coordinates, for tap water samples sites in Aden
overnorate.

Latitude Longitude
(N) ()

T1 Al-Tawahy 12°46°30" 44°59°12"
T2 Al-Mula 12°47°29" 45°00°15"
T3 Crutter 12°46°42" 45°02°09"
T4 Crutter 12°46°41" 45°02°47"
T5 Khormakser 12°48°43" 45°02°14"
T6 Shiek-Othaman 12°52°32" 44°59°12"
T7 Dar-Saad 12°52°32" 44°59°10"
T8 Dar-Saad 12°53°10" 44°58°56"
T9 Al-Mansoura 12°51°31" 44°58°56"
T10 Little Aden 12°50°14" 44°57°49"
T11 Little Aden 12°53°33" 44°54°03"

Table(2): Symbol, location name and Coordinates, for ground water samples sites in Aden
overnorate.

Gl Beer Ahmed | 12°58°9 | 44°69°41"
G2 Beer Ahmed | 12°58°9 | 44°69°41"
G3 Beer Nasser | 12°52°3 | 44°54°03"
G4 Beer Nasser | 12°52°3 | 44°54°03"

2.2. The Detector

The experimental set-up is shown in Figure (2). Solid State Nuclear Track Detectors (SSNTD)
with sheet thickness 500um was used in this study, which is usually known as CR-39 which is
sensitive to alpha particles of energy up to 40MeV. It was used as integrating detector of a-particles
from 222Rn and its daughter's nuclei. When a a-particle penetrates the detector, the particle causes
damage along its path, the damage is then made visible by chemical etching. The etching produces
a hole in the detector along the path of the particle. The hole can be easily observed in a light

transmission microscope with a moderate magnification. [5, 8]
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Figure (2): Sealed-cup technique used for water samples.
2.3. The Exposure

The Solid State Nuclear Track Detectors (SSNTD) was used for the measurements of Radon
concentration in drinking tap water and ground water. (0.25 litter) in volume of tap water and
ground samples were collected from different regions Aden governorate. The tap water samples
were obtained from the water networks in sites houses and the ground water collected from the
supplied source water networks wells. The radon gas concentrations in tap water samples were
obtained using the sealed-cup (can) technique as shown in Figure 2. After the exposure time, CR-
39 detectors were assembled from cans and chemically etched in NaOH solution 6.25 M at 70°C
to enlarge and appear the alpha tracks through time equal 7 hours. After etching, the detectors were
washed for 30 minutes with running cold water, then with distilled water and finally with a 50%
water/alcohol solution. After a few minutes of drying in the air, the detectors were ready for track

counting. The tracks were then counted using an optical microscope having a magnification of

400X.
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2.4. Radon Concentration Measurement

The tracks density (p) of the samples is measured using the relationship (1) [9]:

i=1 Ni

p="- 1)
Where:
p: track density (track/mm?), ¥, Ni = Total of the tracks, n = Total number of field counted, A
= Area of the field of view. The radon gas concentration in water samples obtained by the

comparison between track densities registered on the detectors of the samples and that of the

standard water samples, using the relationship (2) [10]:
C,(Bq.L1) = 2x& )
ps

Where:

Cx: is the radon gas concentration in the unknown sample, CS: is the radon gas concentration in
the standard sample, px: is the track density of the unknown sample (track/mm?) and ps: is the
track density of the standard sample (track/mm?). Figure 3. Shows the relation between radon gas

concentration and track density in standard water samples.
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Figure(3): Relation between radon gas concentration and track density in standard water
samples.
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2.5. The Annual Effective Dose in Water:

The annual effective dose (AED) of an individual consumer due to intake of radon from tap
water in terms of (uSv/y) units was obtained using the relationship (3) [11]:
AEDw = Crn CrwDcw 3
Where: Crn is the concentration of radon in the ingested tap water in (Bg/L), Crw is the annual
intake (consumption rate) of water and it is equal to (730L/y) and Dcw is the dose conversion

factor and it is equal to (5x10°Sv/Bq).
2.5.1. Determination of Radon Exhalation Rate in Water Samples

The radon exhalation rate (RER) or (Ea) of any sample is defined as the flux of radon released
from the surface of material. The radon exhalation rate in terms of area (surface exhalation rate)

in units of (Bg.m™.h) can be obtained by using the relationship (4) [12]:

CVagn
1 —ARnT
A[T—m(l—e Rn )]

E, (Bqm~2d1) = 4)

Where:
Ea is the radon exhalation rate in terms of area, C: is the integrated radon exposure (Bq.m™.h). V:
is the volume of air in the cup (m>). A: is the decay constant for 222Rn (h'}) = 0.1812 day™ = 0.00755

h"l h, A: is the surface area of the sample (m?). T: is the exposure time (h) = 90 day = 2160 h.
2.5.2. Determination of Dissolved Radon Concentration

The dissolved radon concentration in tap water in terms of (Bg/L) units was obtained using the
relationship (5) [13]:

Crndih T)

Ca Ba/L) = (22

(5)

Where:
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Cra: 1s the concentration of radon in the ingested tap water in (Bg/L), A: is the decay constant for
22Rn (h'')=0.1812 day™! = 0.00755 h'! h: is the distance from the surface of water to the detector
(m) = 0.09 m, T: is the exposure time (h) =90 day = 2160 h, L: is the depth of the sample (m) =
0.04m.
3. Results and Discussion
Table 3 presents the radon gas concentrations in tap water samples for selected regions in Aden
governorate obtained by using relationship (2). It can be noticed that, the highest average radon
gas concentration in tap water samples was found in T4 (Crutter) region, which equal to
(0.060+0.0021Bqg/L), while the lowest average radon gas concentration was found in T10 (Little
Aden) region, which equal to (0.044+0.0015Bq/L), with an average value of (0.051+0.0020Bg/L)
as shown in figure 4. The highest value of annual effective dose in tap water samples was found
in T4 region, which equal to (0.219uSv/y), while the lowest value of annual effective dose was
found in T10 region, which equal to (0.161uSv/y), with an average value of (0.188uSv/y) as shown
in Figure 5.
Table(3): Sample location, radon gas concentration (Crn), annual effective dose (AED),

dissolved radon concentration in tap water (Cd) and radon exhalation rate (RER) for tap water
samples in Aden governorate.

T1 Al-Tawahy 0.056+0.0020 | 0.204 0.685 46.59
T2 Al-Mula 0.049+0.0017 | 0.179 0.599 40.76
T3 Crutter 0.055+0.0019 | 0.201 0.673 45.76
T4 Crutter 0.060+0.0021 | 0.219 0.734 4991
T5 Khor-Makser | 0.052+0.0018 | 0.190 0.636 43.26
T6 Shiek- 0.050+0.0017 | 0.182 0.611 41.59
T7 Dar-Saad 0.046+0.0016 | 0.168 0.563 38.27
T8 Dar-Saad 0.053+0.0018 | 0.193 0.648 44.09
T9 Al-Mansoura | 0.047+0.0016 0.171 0.575 39.10
T10 Little Aden 0.044+0.0015 | 0.161 0.538 36.60
T11 Little Aden 0.054+0.0019 | 0.197 0.660 44,92
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Figure (4): A histogram illustrating the change in radon concentration (Crn)
in tap and ground water samples in Aden governorate.
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Figure (5): A histogram illustrating the change in annual effective dose (AED)
in tap and ground water samples in Aden governorate.
The highest value of dissolved radon concentration in tap water samples (Cd) (obtained by using
relation (6) was found in (T4 region) which was equal to (0.734Bq.I'"), while the lowest dissolved

radon concentration in tap water samples was found in (T10 region) which was equal to

*) s =T =y
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(0.538Bg/L), with an average value of (0.629Bq/L), as shown in Figure 6. The highest value of
radon exhalation rate (RER) in tap water samples (obtained by using relationship (5) was found in
(T4 region) which equal to (49.91uBg/m?h), while the lowest value of radon exhalation rate in tap
water samples was found in (T10 region) which equal to (36.60uBg/m*h), with an average value
of (42.80uBq/m?h), as shown in Figure 7.

Table 4 presents the radon gas concentrations in ground water samples for selected regions in
Aden governorate obtained by using relationship (2). It can be noticed that, the highest average
radon gas concentration in ground water samples was found in G1 (Beer Ahmed) region, which
was equal to (0.106+0.0030Bq/L), while the lowest average radon gas concentration was found in
G4 (Beer Nasser) region, which was equal to (0.085+0.0020Bg/L) with an average value of
(0.097+0.0020Bqg/L) as shown in figure 4. The highest value of annual effective dose in ground
water samples was found in G1 region, which was equal to (1.29uSv/y), while the lowest value of
annual effective dose was found in G1 region, which was equal to (1.04uSv/y), with an average
value of (1.19uSv/y) as shown in figure 5. The highest value of dissolved radon concentration in
ground water samples (Cd) (obtained by using relationship (6) was found in G1 region which was
equal to (0.39Bq.I""), while the lowest dissolved radon concentration in ground water samples was
found in (G4 region) which was equal to (0.31Bq.I""), with an average value of (0.35Bq.l""), as
shown in Figure 6.

The highest value of radon exhalation rate (RER) in ground water samples obtained by using
relationship (5) was found in G1 region, which equal to (88.18uBg/m?h), while the lowest value

of radon exhalation rate in ground water samples was found in G4 region, which was equal to

(70.71uBg/m?h), with an average value of (80.70uBg/m?h), as shown in Figure 7.
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Table(4): Sample location, radon gas concentration (Crn), annual effective dose (AED),
dissolved radon concentration in ground water (Cd) and radon exhalation rate (RER) for ground
water samples in Aden governorate.

Beer Ahmed 0.106+0.003

Beer Ahmed 0.096+0.002 1.17 0.35 70.86
Beer Nasser 0.101+0.003 1.23 0.37 84.02
Beer Nasser 0.085+0.002 1.04 0.31 70.71

1.4 5 M Tap Water ® Ground Water
1.2 A

0.8 -
0.6 -

0.4 -

Dissolved Radon
Concentration(Bg/L)

0.2 -

1 2 3 45 6 7 8 91011

Sample Code (Location)

Figure (6): A histogram illustrating the change in dissolved radon concentration (Cd)
in tap and ground water samples in Aden governorate.
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Figure (7): A histogram illustrating the change in radon exhalation rate (RER)
in tap and ground water samples in Aden governorate.

Table 5 summarizes the values of 2?2Rn activity concentrations in tap drinking water in other
countries and those from the present study. As can be seen from table 5, the mean 222Rn activity
concentration values in tap drinking water are higher than that reported by Khalid, (2014) in
Egypt[16], whereas ?*?Rn activity concentrations were found in values lower than that reported
by Ajayi,(2009) in Nigeria [17], Wiseman, (2015) in Ghana [18], Laith et.al.,(2016) in Iraq [5],
Yan Shi et.al.,(2021) in China [19] and Giuseppe et al., (2021) in Italy [20]. Table 6 summarizes
the values of 222Rn activity concentrations of ground water in some countries and those from the
present study. As can be seen from table 7. The mean values of 2?Rn activity concentrations in
the present work are lower than that reported by Alabdula’aly, (2014) [21], for ground water
within, Saudi Arabia, Abdurabu et al., (2016) [23], for ground water within, Yemen, Asare et al.,
(2018) [24] for ground water within Ghana, Alaboodi et al., (2020) [26], for ground water within
Iraq, Shu’aibu et al., (2021) [27] for ground water within Nigeria and Kumar et al., (2016) [28] for

ground water within, India.
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The present results for Aden governorate have shown that the radon gas concentration in all tap
and ground water samples were found to be below the allowed limit value which was equal to
(11.1Bg/L) [14]. Moreover, the annual effective doses in all studied samples were found to be

below the allowed limit value (100uSv/y) [15].

Table(5): Comparison of radon concentration in tap drinking water with those reported by other
researchers.

0.060+0.002 | 0.044+0.002 | 0.051+0.002 Present work
0.118+0.003 | 0.006+0.0005 | 0.049+0.003 Khaled,2014 [16]
0.820+0.04 0.325+0.02 0.325+0.02 Ajayi,2009 [17]
1.701 0.015 0.913 +0.61 Wiseman, 2015 [18]
0.190+0.01 0.073+0.01 0.135+0.03 Nada et.al., 2015 [2]
0.820+0.04 0.325+0.02 0.563+0.12 Laith et.al.,2016 [5]
0.46+0.30 0.05—+0.0016 | 0.24+0.10 Yan Shi et.al.,2021 [19]
0.430.03 0.030 0.004 0.33+0.09 Giuseppe et al., 2021 [20]

Table(6): Comparison of radon concentration in groundwater with those reported by other
Researchers.

Present work
40.9 0.06 5.34 Alabdula’aly, 2014 [21]
9.15 0.76 3.56 Wedad et al., 2015 [22]
896 1.0 226.4 Abdurabu et al., 2016 [23]
41.26 1.0 10.97 Asare et al., 2018 [24]
31.31 1.29 10.47 Tanetal., 2019 [25]
0.355 0.035 0.712 Alaboodi et al., 2020 [26]
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‘ 82.89 4.92 38.3 Shu’aibu et al., 2021 [27]
11.20 00.53 03.75 Kumar et al., 2016 [28]

Therefore, the tap and ground water in all the studied regions in Aden governorate is safe as far as

radon concentration is concerned. It is interesting to mention that all of the present results
concerning the radon gas concentrations and dissolved radon gas concentrations for tap and ground
water samples in all regions in Aden governorate were obtained for the first time.

5. Conclusions

The highest average radon gas concentration in tap water samples was found in T4 (Crutter) region,
which was equal to (0.060+£0.0021Bqg/L), while the lowest average radon gas concentration was
found in T10 (Little Aden) region, which was equal to (0.044+0.0015Bq/L), with an average value
of (0.051+0.0020Bqg/L). The highest value of radon gas concentration in ground samples was
found in G1 (Beer Ahmed) region, which was equal to (0.106+0.0030), while the lowest value of
radon gas concentration was found in G4 (Beer Nasser) region, which was equal to
(0.085+0.0020), with an average value of (0.097+£0.0020). The radon gas concentration in tap and
ground water samples were found to be below the allowed limit value of (11.1Bg/L) given by
(USEPA, 2012), and there will be no risk on the human being life.

Conflicts of Interest: The authors declare no conflict of interest.

List OF Abbreviations:

SSNTD  Solid-State Nuclear Track Detector
p: track density (track/mm’)

i, Ni = Total of the tracks

Cx Radon Gas Concentration in unknown Sample
Cs Radon Gas Concentration in Standard Sample
px Radon Gas Concentration in unknown Sample
Ps Track Density in Standard Sample

AED Annual Effective Dose

Cw Radon Concentration
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Crw Consumption Rate of water

Dcw Dose Conversion Factor

Ea Radon Exhalation Rate in term of Area
C Integrated Radon Exposure

\Y/ Volume of the air in the Cup

A Decay Constant for Radon-222

Cqd dissolved radon concentration
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