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Abstract: Radon is one of the most common human exposures as a natural radiation source and
can cause lung, colon, and stomach cancer. In this study, groundwater from different wells was
collected from the northeastern part of Saudi Arabia. The radon concentration was estimated using
an electronic portable radon detector RAD7 with a big-bottle system. The annual effective dose of
radon exposure by the ingestion and inhalation of water is calculated using the radon concentration
for different age groups to assess the health risk of radon exposure. The calculated annual effective
doses are then compared with the international risk limit standard as international organizations
direct. The estimated radon concentration for groundwater samples in the searched area was between
0.03 and 3.20 Bq/L, with an average value of 1.16 Bq/L. These estimated values are far below the
safety limit set by international organizations. The annual effective dose of radon exposure for infants,
children and adults ranged from 0.05 to 16.24 uSv/y, with a mean value of 5.89 uSv/y. The health
risk assessed by radon exposure for infants, children and adults was found to be in the safe limit
recommended by international organizations.

Keywords: groundwater; radon concentration; annual effective dose; ingestion and inhalation;
alpha spectroscopy; human-health risk

1. Introduction

Exposure to radon and its progeny released from water can cause serious health
problems, such as lung cancer [1-5]. It has been reported that most of the annual effec-
tive dose by radon and its progenies are due to ingestion and inhalation of water [6-8].
Inhalation of the released radon and its progeny is the main entrance route for humans and
is responsible for the received dose. Direct ingestion of radon-containing water accounts
for a part of the annual dose received from radon. The route of radon to other organs via
blood is also responsible for the received dose. However, exposure to radon induced at
even a minimal amount can transfer a large amount of energy to vulnerable cells of the
inner organs. Since the lifetime of radon is much longer than the breath rate, a very small
amount of radon decays in lungs, where the progeny can cause serious problems. It was
found that most radon-induced cancer originates from inhaled progeny in the lung [9]. For
these reasons, the International Agency for Research on Cancer (IARC), a branch of the
WHO, classified radon as a group-1 carcinogen [7,10]. Hence, the measurement of radon
concentration and the annual effective dose by radon is one of the significant essential
issues for researchers worldwide [11].

Many international organizations set a value for radon concentration in water to pro-
tect from radon exposure. For example, the US Environmental Protection Agency (USEPA)
and European Atomic Energy Community (EAEC) have set 11.1 Bq/L as a reference radon
concentration level for drinking water [12]. In contrast, the World Health Organization
(WHO) recommends 100 Bq/L [13,14] as a safe level. For any water source, if the radon
concentration exceeds the safety level, the WHO recommends treating until the concentra-
tion reduces to 100 Bq/L. The WHO recommends linking an annual effective radon dose of
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100 uSv/y to drinking-water consumption [15,16], which is supported by the European
Commission (EC) [17].

Recently, to estimate the radon concentration in water, many researchers have used
various techniques [16,18], such as liquid scintillation counter, Lucas cell, ionization cham-
ber and gamma and alpha spectroscopy of radon, and extraction using aeration from
water [19]. Among them, gamma-ray spectroscopy and liquid scintillation counting are
mostly used [20]. A Durridge RAD? digital radon meter can be used for radon detection
which allows the separation of radon isotopes from water samples. A Durridge RAD7
digital radon meter is a useful digital detector meter which allows the separation of radon
isotopes [20]. The RAD? device is connected to a big-bottle system with a bubbling kit that
separates radon gas from water to air in a closed loop [21-23]. This device can measure the
radon concentration in an hour with high accuracy on the spot. After a national groundwa-
ter surveillance program started in 2007 for “Investigation of natural radioactivity levels,”
many studies have been reported on radioactivity levels in well water. For example, Aleissa
et al. reported the radon levels in groundwater supplies of Riyadh, Saudi Arabia by a liquid
scintillation counter [6]. They found them to comply with the proposed national limits. Al-
harbi et al. reported the radioactive level in groundwater from the Al-Zulfi, Al-Qassim and
Al-Majmah regions in Saudi Arabia and found a higher level of radioactive exposure [24].
Their studies confirm the actual harmful impacts of the selected groundwater samples
on the consumers living in these three regions. Our present area of study is very near
these areas. To date, no literature has reported radon exposure in groundwater from this
well-populated region (Hafr Al Batin) of Saudi Arabia.

Therefore, the present work represents the estimation of radon activity concentration
and its annual effective dose within different age groups by the ingestion and inhalation of
water used for drinking and domestic purposes in the Hafr Al Batin area, Saudi Arabia. The
results are compared with the international safety standard set by different organizations.
Additionally, a comparison was made between the annual effective dose of radon exposure
for the age groups of infants, children, and adults.

2. Materials and Methods
2.1. The Study Area

The present study selected two main cities: Hafr Al Batin and Thybiyah, in the Eastern
Province of the northeast part of Saudi Arabia. The area lies between the longitude of
28°26/3” N and latitude of 45°57'49” E (Figure 1). During summer days, the climate is arid
and hot (40-50 °C), and it falls during winter nights to (—2-8 °C). It rarely rains during
winter, and no rainfall is recorded during summer.

The Eastern Province of Saudi Arabia has aquifers of good water quality due to its
wide variation in geological settings. According to Vincent [25] and Alsharhan et al. [26], the
principal aquifers are based on primary and secondary origins. The primary origin aquifers
include the Quaternary sands of the wadi system, quartz sandstones, conglomerates with
primary porosity and calcarenite, coquinite and oolitic limestone with secondary porosity.
Hafr Al Batin has a Quaternary sand aquifer where deep wells supply relatively good
water compared to shallow wells. Higher radon concentrations are usually detected in
groundwater associated with granite and metamorphic rocks [27].
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Figure 1. Map of the two cities in the study area (Hafr Al Batin and Thybiyah, Eastern Province,
Saudi Arabia from Google Maps).

2.2. Radon Measurement

A Durridge RAD? digital detector meter was used to measure the radon concentration
in water (Durridge Company Inc., Billerica, MA, USA). RAD? with the big-bottle accessory
can measure very low radon levels, even one pCi/L [28]. The detector is a portable battery-
based device with a high-speed measurement coupled with a bubbling kit, which helps
to remove radon gas from water. Such a detector meter with big-bottle accessory system
was used (Figure 2), while the schematic diagram is shown in the supporting information
(Figure S1). A 2.5 L glass bottle supplied by Durridge Company Inc. was used to collect
the groundwater samples. The detector with the big-bottle system employs an aeration
method while keeping the air and water volumes constant. The airflow rate remained
steady, and the relative humidity was below 7%. The system has high extraction efficiency
from water to air [29]. Before the experiment, RAD7 runs for ten minutes to purge air
to evacuate the residual radon gas from the measuring chamber. The big-bottle system
employs a closed-loop areation scheme whereby the air volume and water volume are
constant, and independent of flow rate. The air recirculates through the water and extracts
the radon until a state of equilibrium develops. The big-bottle system reached this state of
equilibrium after aeration for more than ten minutes. We used a common user protocol
where the “Grab” initiates a grab sampling sequence (ten minutes) at the beginning of a
run. When starting a new run with the pump set to “Grab”, the pump starts to run for
ten minutes. This is followed by a ten-minute equilibrium delay, after which the counting
period begins.

2.3. Sampling Method

Sampling is the most important factor when analyzing radon in groundwater. Since
radon gas can be dissolved in groundwater, it might escape from water during contact
with the atmosphere. Therefore, serious attention was taken to obtain the actual radon
concentration during the sampling process. Groundwater samples from 38 sources were
collected directly from the pumps. Water samples were collected into glass bottles and
capped immediately. For better performance, in most cases, the measurements were
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carried out instantly on the spot and within four hours after sample collection. Later, the
program was set to measure the radon concentration for fifteen cycles continuously. Every
measurement, the relative data, respective bar charts, and cumulative spectra were printed
by a wireless infrared printer provided by the company. The data from the detector were
collected by a USB serial port to the computer and analyzed using RAD7 data-acquisition
and analysis software (CAPTURE, Durridge Company Inc., USA). The counting process
was repeated fifteen times to obtain precise results. The detector gives the average counting
results after thirty minutes of analysis, considering a sensitivity level close to or exceeding
that of liquid scintillation techniques [22,30]. Most residual radon gas (95%) from the
detector chamber was removed during 10 min of aeration before each run. Finally, the
system’s temperature, humidity, water salinity, and volume were corrected using CAPTURE
analysis software.

Vinyltube

Bubble trap
Check bulb

o
Clip Inlet fitter

2.5 L glass '
bottle Acerator

Figure 2. Schematic diagram of the RAD7 detector meter with big-bottle system of measuring devices
to estimate the radon concentration in groundwater samples.

2.4. Dose Assessment

The annual effective dose AED (uSv/y) within different age groups regarding water
consumption by ingestion and inhalation was calculated using the following relation-
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ship [31-34]. The annual effective dose for ingestion of water was calculated using the
following:
AEDjyg = Cry x AIW X EDC (1)

where AED;;,, is the annual effective dose for ingestion (uSv/y); Cg, is the radon concentra-
tion in water (Bq/L); AIW represents the annual intake of water in the different age groups,
for example, 230 L/y for age range < 1 year infant, 330 L/y for 2-17 years children, and
730 L/y for >17 years adult; and EDC is the effective dose coefficient 23, 5.9, 3.5 nSv/Bq
for infant, children, and adult, respectively [33].
The annual effective dose for inhalation of water was calculated using the following
equation:
AED;u, = Cry X Rg x F x O x DCF 2)

where AED;,, is the annual effective dose for inhalation (uSv/y); Cg, is the radon concen-
tration in water (Bq/L); R, is the air-to-water ratio for radon (10~%) [31]; F is the equilibrium
factor of radon to its decay product (0.4) [33]; O is the average indoor occupancy time for
a person annually (7000 h/y) [31,35]; and DCF is the dose conversion factor for exposure
(9 nSv/(Bq.-h.m~2)) [36].

The total annual effective dose (AED7) is the sum of the annual effective dose for
ingestion (AED;;,;) and the annual effective dose for inhalation (AED;yp,).

3. Results and Discussion

For radon detection, the silicon (5i) scintillation detector of computerized multichannel
radon detector RAD?Y converts the a-radiation energy from radon gas directly into an
electrical signal, which is amplified and converted to digital format [37]. The data processor
of RADY receives the signal and processes it to form an energy spectrum within the energy
range (1-10) MeV. Such a typical spectrum of sample H10 using an RAD7 with different
windows is shown in Figure 3. The interest appears at 5-9 MeV, where radon and thorium
decay are located. The observed spectra are divided into 200 channels in the different
windows where the RAD7 detector can specify the isotope of x-particles and, hence, can
distinguish the isotope of Po-218 by «-radiation (6 MeV) or the Po-214 nucleus (7.75 MeV).

210pg 218pg 216pPg 214pg 212pg
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Figure 3. Cumulative spectrum for the selected channel for a typical measurement for sample H10
with the different windows of alpha energy spectrum recorded by the RAD7 detector.
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During the measurement of activity concentration, the activity might be influenced by
time due to aeration. Since the measurement time is half an hour, a change in concentration
might be observed due to the continuous aeration of water in the big-bottle system. To
monitor the more prolonged measurement effect by aeration, typically measured data of
concentration with time are shown in Figure 4. For better understanding, sample H10 was
chosen due to its higher radon concentration. It can be seen that, initially, the concentration
was relatively high (5.05 Bq/L), which gradually decreased with time. After a few minutes,
it shows an average concentration with a significant variation, which might be related to
aeration during measurement. At the beginning of the measurement, due to the disequi-
librium state of radon and its progeny (especially polonium-218), the concentration was
relatively high. There should be a buildup of radon in the chamber with time and reaching
of an equilibrium state after a few half-lives of polonium-218. After that equilibrium, the
concentration seems saturated. However, to minimize the deviation, the measurement was
taken for two minutes for fifteen cycles, and an average was calculated. After measuring
the radon concentration in air (open circle in Figure 4a), CAPTURE software can generate
data files for the big-bottle system. The software can also convert the radon concentration
in air to the radon concentration in water using user-specified parameters, such as the
measurement method, air and water volume, water salinity, humidity, temperature, etc.
Such a correction was made for every sample (solid circle in Figure 4a). It was found
that the radon concentration in air is consistently overestimated (approximately 1.3 times)
compared to the radon concentration in water (Figure 4b).
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Figure 4. (a) Radon concentration with number cycles converted to measurement time for sample
H10; radon in the air (open circle) and radon in water for big-bottle system (solid circle) calculated

using CAPTURE software; and (b) radon concentration in the air as a function of concentration in
water.

The measured concentrations of radon for 38 groundwater samples collected from Hafr
Al Batin, Saudi Arabia, are tabulated in Table 1. It was found that the concentration varied
from 0.03 to 3.20 Bq/L with an average of 1.16 Bq/L, and a standard deviation of 0.79 Bq/L.
Following a careful comparison between the shallow and deep wells, as indicated in Table 1,
it can be seen that the average radon concentration in shallow wells, with few exceptions,
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was mostly lower than that in deep wells. The exceptions found for shallow wells are
located in the lower valley of the dry Al Batin River. Similarly, exceptions were found for
some deep wells and those located on the top of the hillside. The overall mean values of the
radon concentration in shallow and deep wells are much below the international limit. One
of the reasons for the lower radon concentration might be the geology of the searched area,
which consists of sedimentary rock formations, which might contain a lower concentration

of 226Ra and other radionuclides belonging to the uranium/thorium series.

Table 1. Radon activity concentration.

Depth
i?:lple Purpose of Use Devl\’]glll of (%lzl‘;L) ?\?g‘lple Purpose of Use of Crn (Bq/L)
Well

HO1 Domestic use Shallow 0.29 H21 Domestic use Shallow 0.27
HO02 Domestic use Shallow 0.03 H22 Domestic use Shallow 0.23
HO03 Drinking and domestic Deep 211 H23 Domestic use Shallow 0.34
HO04 Drinking and domestic Deep 115 H24 Domestic use Shallow  1.69
HO05 Drinking and domestic Deep 1.00 H25 Domestic use Shallow  2.17
HO06 Drinking and domestic Deep 0.89 H26 Drinking and domestic Deep 1.99
HO07 Drinking and domestic Deep 0.67 H27 Drinking and domestic Deep 1.67
HO08 Drinking and domestic Shallow 1.02 H28 Drinking and domestic Deep 2.04
HO09 Drinking and domestic Shallow 1.27 H29 Domestic use Shallow 0.60
H10 Domestic use Shallow 3.20 H30 Domestic use Shallow 0.67
H11 Drinking and domestic Deep 1.67 H31 Domestic use Shallow  1.51
Hi12 Drinking and domestic Deep 0.17 H32 Drinking and domestic Deep 1.21
H13 Domestic use Shallow 0.65 H33 Domestic use Shallow 1.20
H14 Domestic use Shallow 0.85 H34 Drinking and domestic Deep 1.73
H15 Domestic use Shallow 046 H35 Domestic use Shallow 1.38
Hi16 Domestic use Shallow 0.32 H36 Domestic use Shallow 1.99
H17 Domestic use Shallow 0.13 H37 Domestic use Shallow 1.67
H18 Domestic use Shallow 0.52 H38 Domestic use Shallow 0.57
H19 Drinking and domestic Deep 295 Max 3.20
H20 Domestic use Shallow 1.80 Min 0.03
Average 1.16
Depth of the shallow well: ~400 m S.D 0.79

Depth of the deep well: 800 m and above

As observed, all samples measured radon levels below those limits. Approximately
90% of the samples were far less than the radon levels reported earlier [37,38]. Furthermore,
the estimated radon concentrations in the present study are comparable to those found
in the rest of Saudi Arabia [6,21,22]. For example, a range of (1.45-9.15) Bq/L was found
in the Al-Jawa area as reported by Althoyaib et al. [39]; (0.76-4.69) Bq/L was found for
groundwater from the Al-Qassim area reported by El-Taher et al. [40]; (0.92-2.12) Bq/L
was found in the Jeddah area reported by Tayyeb et al. [41]; (0.11-9.20) Bq/L was found in
the Dammam area reported by Abuelhia [21]; and (1.74-4.32) Bq/L was found in the Jazan
area as reported by El-Araby et al. [42].

The results in the present study can be compared with the other countries surrounding
Saudi Arabia. Table 2 shows the range of radon concentrations for different types of
water in several countries. The average radon concentration obtained in the current study
is compatible with the surrounding countries, such as Yemen, UAE, Kuwait, Iraq, and
Jordan, as shown in Table 2. The results in the present study are far below those of
Turkey [43], Algeria [44], India [45], Romania [46], Sudan [47], Iran [48], and China [49].
The geological nature of the sampling area, soil nature, and environment can impact the
radon concentration [50]. Moreover, the irradiative emissions from radon are the energy
of neutrons, neutron flux, and contamination of radioactive sources, which can lead to
differences from the experimental results.
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Table 2. Radon concentration ranges for different types of water in other countries.

Radon Concentration, Cg,,

Location Water Type (Bq/L)
Sharjah, UAE Groundwater 0.05-1.82 [51]
Kuwait City, Kuwait Drinking-bottle water 1.02-6.05 [52]
Aden, Yemen Groundwater 0.33-2.67 [53]
Afyonkarahisar, Turkey Well water 0.70-31.70 [43]
Jordan Well water 3.10-5.10 [54]
Algeria Drinking-bottle water 2.6-14.0 [44]
Kufa, Iraq Drinking water 0.0039-0.221 [55]
Karnataka, India Groundwater 0.14-25.40 [45]
Baita Stei, Romania Well water 4.78-35.50 [46]
Khartoum, Sudan Groundwater 1.58-345.10 [47]

Bam village, Iran

Drinking water

1.20-9.88 [48]

Baoji, China Drinking water 30.0-127.0 [49]
Al-Jawa, Saudi Arabia Groundwater 1.45-9.15 [39]
Al-Qassim, Saudi Arabia Groundwater 0.76—4.69 [34]
Jeddah, Saudi Arabia Groundwater 0.92-2.12 [41]
Dammam, Saudi Arabia Drinking water 0.11-9.20 [22]
Jazan, Saudi Arabia Groundwater 1.74-4.32 [42]
Hafr Al Bati.n, Groundwater 0.03-3.20
Saudi Arabia (present study)

For humans, those exposed to radon by ingestion and inhalation of water can experi-
ence radon directly entering into the gastrointestinal tract or indirectly from the respiratory
tract. Even if a small quantity of radionuclide is absorbed into the body cell, it can cause
severe hazards in the long term. The quantity for the estimation of exposure from ter-
restrial radionuclides is known as the effective dose, more precisely, the annual effective
dose (AED) [3]. Owing to radon exposure, the annual effective dose is calculated using
Equations (1) and (2). The AEDs for the three different age groups of infants, children, and
adults were calculated using radon concentrations and are tabulated in Table 3.

Table 3. The annual effective dose for infants, children, and adults.

AED for Total Dose
AED for Ingestion (uSvly) Inhalation
(uSvly)
(uSvly)
Sample No.
AED;,, (<1  AED,,, (2-17 AED;,, (>17 AED,,, (>17
g g g AED7
year) year) year) year)
HO1 1.51 0.56 0.73 0.72 1.45
HO02 0.14 0.05 0.07 0.07 0.13
HO03 11.16 411 5.39 5.32 10.71
Ho04 6.08 2.24 2.94 2.90 5.84
HO05 5.29 1.95 2.56 2.52 5.08
HO06 471 1.73 2.27 2.24 4.52
HO07 3.54 1.30 1.71 1.69 3.40
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AED for
AED for Ingestion (uSv/y) Inhalation Total Dose
(uSvly) (wSvly)
Sample No.
AEDjye (<1 AED;y (2-17  AED;,,q (317 AEDjy;, (>17 AED
T
year) year) year) year)
HO08 5.40 1.99 2.61 257 5.18
H09 6.72 2.47 3.24 3.20 6.45
H10 16.93 6.23 8.18 8.06 16.24
Hi1 8.83 3.25 4.27 4.21 8.48
Hi12 0.91 0.33 0.44 0.43 0.87
Hi13 3.44 1.27 1.66 1.64 3.30
Hi4 4.50 1.65 217 2.14 431
H15 245 0.90 1.19 1.17 2.35
Hile 1.67 0.62 0.81 0.80 1.60
Hi17 0.70 0.26 0.34 0.33 0.67
H18 2.76 1.01 1.33 1.31 2.64
H19 15.61 5.74 7.54 7.43 14.97
H20 9.52 3.50 4.60 454 9.14
H21 1.44 0.53 0.70 0.69 1.39
H22 1.21 0.45 0.59 0.58 1.16
H23 1.82 0.67 0.88 0.87 1.75
H24 8.94 3.29 4.32 4.26 8.58
H25 11.48 4.22 5.54 5.47 11.01
H26 10.53 3.87 5.08 5.01 10.10
H27 8.83 3.25 4.27 4.21 8.48
H28 10.79 3.97 5.21 5.14 10.35
H29 3.17 1.17 1.53 1.51 3.05
H30 3.54 1.30 1.71 1.69 3.40
H31 7.99 2.94 3.86 3.81 7.66
H32 6.40 2.36 3.09 3.05 6.14
H33 6.35 2.34 3.07 3.02 6.09
H34 9.15 3.37 442 4.36 8.78
H35 7.30 2.69 3.53 3.48 7.00
H36 10.53 3.87 5.08 5.01 10.10
H37 8.83 3.25 4.27 4.21 8.48
H38 3.02 1.11 1.46 1.44 2.89
Max 16.93 6.23 8.18 8.06 16.24
Min 0.14 0.05 0.07 0.07 0.13
Average 6.14 2.26 2.96 2.92 5.89
S.D 4.18 1.54 2.02 1.99 4.01

From the estimated health risk data, the annual effective doses by ingestion of infants
through drinking water ranged from 0.14-16.93 uSv/y. For children, the dose was within
the range of 0.05-6.23 uSv/y. Furthermore, the obtained results for adults ranged from
0.07-8.18 uSv/y, and the corresponding mean values for ingestion were 6.14, 2.26, and
2.96 uSv/y for infants, children, and adults, respectively. The findings demonstrated a
significant difference in the annual effective dose across different age groups, as shown in
Table 3. Although infants usually drink less water than adults, the annual effective dose of
infants is higher than that of adults. The smaller organ and difference in the metabolism of
infants result in a higher effective dose [56]. In addition, the dose coefficient and yearly
consumption of water for the different age groups can lead to differences among the groups
(Table 3). The annual effective dose for the inhalation of water was calculated only for
adults. The range lies between 0.07-8.06 uSv/y with a mean value of 2.92 uSv/y. It is
interesting to note that the annual effective dose by ingestion and inhalation for adults was
almost the same (Figure S2 in the supporting information). In most cases, the ratio between
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ingestion and inhalation was found to be approximately 3, as mentioned by El-Araby
et al. [42]. However, the uncertainty due to the weighted mean, age group, diffusion effect,
tissue-weighting factor, and population deviation are not accounted for in the present
calculation. Such corrections are now ongoing, and detailed results will be published
elsewhere. All of the groundwater samples in the Hafr Al Batin area are found to be
much less than the safety value of 100 uSv/y (as recommended by EAEC, EC, and WHO).
However, inhalation in males and females is different [56]. Gender and other effects do not
account for the calculation of the AED. Finally, it can be concluded that the total annual
effective dose resulting from exposure to radon in groundwater in the Hafr Al Batin area is
significantly low.

4. Conclusions

Estimation of radon concentration and the total effective dose for radon exposure by
the ingestion and inhalation of water were estimated within different age groups from
various groundwater sources of Hafr Al Batin, Saudi Arabia, using an electronic portable
RAD7 radon detector. The estimated radon activity concentrations in the groundwater
samples range from 0.03 to 3.20 Bq/L with an average of 1.16 Bq/L, with a standard
deviation of 0.79 Bq/L, which lies within the safety recommended by the USEPA and EAEC
and far below that recommended by the UNSCEAR and WHO. In addition, the estimated
total annual effective dose of radon exposure by ingestion and inhalation for the different
age groups, ranging from infants, children, and adults, was found to be in the range of 0.05
to 16.24 uSv/y, with a mean value of 5.89 uSv/y, which is in the safety range according
to the EAEC, EC, and WHO standards. Therefore, the radon level in groundwater in the
Hafr Al Batin area is significantly lower than the permissible international standard limit of
100 uSv/y. This work will be helpful for governmental agencies for the better management
of groundwater resources and sustainability for utilization. Expanding the search areas
targeting all over Saudi Arabia to build up a radon zone map is in progress, and the report
will be published elsewhere.
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