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Abstract — A study was conducted in Gezira State, Sudan, to estimate the concentration of radon and the
annual effective dose rate in water samples based on inhalation, ingestion, and age group. The study
collected 26 samples from different locations. The results showed that the mean concentration of radon was
7.68+1.07Bq.1"", and the mean effective dose rate of radon released from water to indoor air was
19.17+2.68 wSv.y '. The average effective dose rates calculated from ingestion, inhalation, and the total
annual effective dose rate were 18.81+2.63, 19.34+2.71, and 38.15+5.34 pSv.y ', respectively. The
annual effective dose rates for infants, children, and adults were calculated to have mean values of
80.60+11.27, 53.73+7.51, and 38.38+5.37 wSv.y ', respectively. The study found that 23.1% of the
samples exceeded the maximum contamination level, while 76.9% were below the reference levels set by
the USEPA, WHO, and EU. Despite the increase in radiation dose with age and consumption rates, the
radiation dose from water was lower than the recommended limits set by UNSCEAR and WHO.
Additionally, the bronchial epithelium received twice the radiation dose compared to the stomach walls.
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1 Introduction

Radon-222, a naturally occurring radioactive gas with the
longest half-life (3.82 days), This isotope comes from the
decaying chain of uranium-238. Water’s radionuclide content
is crucial as it can dissolve these elements during interactions
with soil and rocks (Duong et al., 2024). Environmental
monitoring focuses on detecting natural radiation from radon
and its offspring in air, soil, building materials and water
(Idriss et al., 2020; Elzain et al., 2023). Radon-222, a chemical
found in drinking water, can cause cancer by damaging the
DNA of lungs and stomach cells and can also lead to stomach
disorders and classified as the second leading cause of lung
cancer (Riudavets et al., 2022). Lung and stomach cancer are
responsible for many annual cancer deaths and health
problems in the USA and Europe (Darby et al., 2006; Messier
and Serre, 2016). Health organizations have established
acceptable levels of radon and radium concentrations, with
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the US Environmental Protection Agency (USEPA) defining a
radon concentration value of 11 Bq.I"' to ensure safe drinking
water through regulating drinking water quality with the
Maximum Contaminant Level (MCL), the legal upper limit on
material allowed in public water systems (USEPA, 2022). The
concentration of radon in groundwater can vary over time due
to factors like recharge dilution and pumping changes (WHO,
2011; ISO, 2023). The European Commission has recom-
mended measures to address radon in drinking water, although
the de-ionization of water can reduce radon concentrations in
tube wells (EUC, 2001; Nakano et al, 2020). The United
Nations Scientific Committee on the Effects of Atomic
Radiation (UNSCEAR) estimates the transfer coefficient of
radon from water to indoor air to be 10™*, and suggests radon
concentration in water for human consumption from 4 to
40Bgq.I" ' (UNSCEAR, 2008). The World Health Organization
(WHO) guidelines for drinking water quality do not provide
recommended radon levels, but it is more appropriate to
measure concentrations in indoor air; thus, public water
supplies should control radon levels if they exceed the WHO
guideline value of 100 Bq.1"'(WHO, 2004). The EU Directive
2013/51/EURATOM sets limits on the concentration of radon
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in water for human consumption (EUC, 2013). This study aims
to evaluate and supplement previous research on radon health
effects in Gezira State, Sudan, and other investigations in
Africa, focusing on concentration levels, effective dose rates,
and age groups (Traoré¢ 1. et al., 2013; Elzain, 2014, 2015,
2016, 2023; Isinkaye and Ajiboye, 2017; Elzain et al., 2019).
The results can help identify potential health hazards
associated with water use in the region.

2 Materials and methods
2.1 The study area

Gezira State is a densely populated region located in the east-
central part of Sudan. Its coordinates are 14.5° N and 33.5° E
(Fig. 1). The state’s capital is Wad Madani, and it shares borders
with Khartoum, Sinnar, White Nile, and Gedarif States. The
northern and northeastern parts of Gezira State have a semi-arid
climate, while the eastern and southern parts have a dry monsoon
climate with a maximum mean temperature of 47°C. The area is
primarily flat, with clay soil and small hills, and can be divided
into three major units: highlands and isolated smaller mountains,
clayey and sandy soil areas, and valleys (Wadis). These details
were reported by UNDP in 2010, MOG in 1994, and studies by
Sami et al. (2014) and Abdelgalili ef al. (2019) (MOG, 1994;
UNDP, 2010; Sami et al., 2014; Abdelgalili et al., 2019).

2.2 Evaluations of radon gas from water samples
using the RAD7 H,0 technique

The RAD7 radon-in-air monitor was employed to measure
the levels of radon in water samples and assess their quality by
using the RAD H,O0 technique. The test followed the Wat-250
protocols and began with the RAD7’s internal air pump
expelling radon-222 and measuring its activity concentration.
The closed-loop aeration system and radon-in-air monitor
completed the process within 30 min. The RAD7 was attached
to 250-ml sample bottles, and a closed air loop was circulated
through the water sample until the RAD-H,O system achieved
equilibrium. The RAD7 employed a passivated implanted
planar silicon detector (PIPS) to detect alpha-decaying radon
progeny 2'®Po and 2'*Po. After 30 min, the RAD7 created a
summary report with the average radon reading (Durridge,
2023). Water samples’ concentration levels can be determined
using the following formula (Elzain, 2017):

CRnW = CRne_M- (1)

The (Cr,w) level from water is determined by measuring
the radon concentration (Cg,) using a RAD7 device. The time
interval between sampling and testing is denoted by (t), while
(M) represents the decay constant, which is equivalent to 0.181
day ™, given that the half-life is 3.83 days.

2.3 Calculation of the annual effective dose

Home radiation exposure is primarily due to radon
concentrations and the effective dose rates of water released
during daily tasks like dishwashing and showering (Nazaroff
and Nero, 1988; Niculita-Hirzel ef al., 2021). The following

formula can estimate the annual effective dose of radon
released from water into the interior air due to regular
household activities (UNSCEAR, 2000):

E(mSvy™") = Craw x Qp X Fy x R x D x 8760. (2)

Craw 18 the radon concentration in water, Qy is the indoor
occupation factor with the value of 0.8, E¢ is the equilibrium
factor that equal to 0.4, R: is the ratio of radon in air to
water=10"", D is the conversion factor of 9 nSv. (h.Bq.m )
~! and 8760 is the number of hours annually.

Radon in water enters the body through ingestion and
inhalation, exposing the stomach and lungs. Annual effective
doses can be calculated using UNSCEAR parameters
(UNSCEAR, 2000). The amount of water consumed impacts
the annual mean exposure doses through ingestion. Addition-
ally, radon-222 can leak into indoor air during household
chores. The annual mean exposure doses of radon-222 in water
for ingestion (Eymg) and inhalation (Ey,) were calculated
using UNSCEAR 2000 parameters (UNSCEAR, 2000):

E[ng(/,LSV'y_l) = CRnW X CW X D, (3)

where Cyy is the annual intake of water of (150, 350, and 500)
(l.yfl) for infants, children, and adults, Cg,w is the
concentration of radon-222 in water, and Dy, is the ingested
dose conversion factor that equals (7 x 1075, 2 x 10~°, and
1 x 107%) (Sv.Bq~") ICRP, 1996.

Using the UNSCEAR parameters, the annual effective
doses for inhalation of radon in water were calculated:

Epn(uSvy™") = Craw x O x Ef x R x D, (4)

where O is the average indoor occupancy time per individual
(7000 h.y"). The ingestion dose calculated by multiplying
inhalation and ingestion dose tissue weighting factors, with a
tissue weighting factor of 0.12 ICRP, 1996; UNSCEAR, 2000.

The total annual mean exposure doses for people may be
determined by adding the annual effective doses for ingestion
and inhalation.

3 Results and discussion

This study examines radon concentration levels, annual
effective dose rates, ingestion and inhalation dose rates, and
effective dose rates for adults, children, and infants in water
samples from 26 locations in Gezira State, Sudan, as shown in
Tables 1 and 2 and Figures 1-9.

Table 1 and Figure 3 show how the levels of radon
concentration vary from 1.55+0.13Bq.1"! to 18.38+3.05Bq.1""
with an average of 7.68+ 1.07Bq.I"". The study examined water
radon concentrations in various locations, revealing variations may
be due to geological conditions, proximity to uranium-rich rocks,
underground water, local water sources, and human activities and
industrial processes. However, all measured radon concentrations
were well below the recommended limits, maintaining safe
domestic water standards. 23.1% of samples exceeded the USEPA’s
maximum contamination level, while 76.9% were below the
maximum contaminant level (USEPA, 2022). 100% of radon
concentrations were below the UNSCEAR, WHO, and EU’s
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Table 2. A comparison of the study findings and global results.

References

Effective dose rate with respect to the age
groups of the inhabitants(puSv.y ")

Ero (0Svy )
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No.
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E Infant

Opoku-Ntim et al. (2019)
Piao et al. (2020)
Massoud et al. (2020)
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recommended reference level of 100Bgl™' (EUC, 2001;
UNSCEAR, 2008; WHO, 2011). Table 2 presents a comparison
of radon concentrations from various locations globally, including
Ghana, the Qassim area of Saudi Arabia, Pakistan, and China.
Higher concentrations were reported in China and the Iwaraja-
Ifewara faults in Southwestern Nigeria, whereas lower values were
observed in Ghana, Qassim area of Saudi Arabia, and Pakistan.
Table 1 and Figure 4 present the annual effective doses
released into the air from water samples in the study area. The
calculated effective dose rates reserved by radon released from
water to indoor air ranged from 3.87+032pSvy ' to
4589+7.62puSv.y ! with a mean value of 19.17+2.68 uSv.y .
The study has found that the amount of radon exposure in water can
vary significantly due to different levels of concentration and leakage
from normal usage. This variation leads to a wide range of effective
dose rates in indoor air, which means it’s crucial to consider these
variations when assessing potential health risks in residential settings.
It’s important for individuals to be aware of these risks and take
appropriate measures to mitigate radon exposure. The World Health
Organization (WHO) has established a tolerable annual mean
exposure dose level for safe water use, and if the dose exceeds this
limit, remedial action must be taken. The cumulative annual mean
exposure doses for all samples are within the permissible level range
suggested by the WHO and EU Council (EUC, 2001; WHO, 2011).
Table 1 and Figures 5 and 7 display annual effective dose
rates for ingestion, inhalation and total effective dose from
water samples, with values ranging from 3.80+0.32 to
45.03+7.47 uSv.y '3 3.91+0.33t046.32+7.69 pSv.y '; and
7.70£0.65 to 91.35+15.16 uSv.y ', with mean values of
18.81+2.63 uSv.y ' for ingestion, 19.34+2.71 pSv.y ' for
inhalation, and 38.15+5.34 uSv.y ' for total annual effective
dose rate, respectively. The study aimed to investigate the
amount of radon exposure in household water samples and its
effects on human health. When radon-contaminated water is
consumed, it diffuses and irradiates the stomach wall, exposing
it to radiation. The study found that both lung epithelial cells
and stomach lining cells are affected, as the mean annual dose
gained through inhalation is almost the same as that obtained
through consumption, indicating that both lung epithelial cells
and stomach lining cells are prone to risk (Sukanya et al.,
2021). The average ingestion dose per individual and the
inhalation dose were both lower than the required limit of
10°uSv.y !, as established by UNSCEAR in 2000
(UNSCEAR, 2000). Additionally, the combined mean effec-
tive dose was less than the recommended maximum value set
by the WHO for 2011 (WHO, 2011). The study also revealed
that the radon concentrations in the water sources and locations
within the study area were within the stochastic range. This
indicates that there are minimal health risks and a low
probability of developing cancer due to the exposure to radon.
The study compares the effective dose rates resulting from
ingestion, inhalation, and total effective dose rates from water
samples with previous studies worldwide, as shown in Table 2.
The study found that lower effective dose rates for ingestion
were reported in Pakistan, Turkey, the Iwaraja-Ifewara faults in
southwestern Nigeria, India, and the Qassim area of Saudi
Arabia, higher values were reported only in Venezuela.
Additionally, lower inhalation values were reported in India
and Turkey, at the same time, the Iwaraja-Ifewara faults in
southwestern Nigeria showed a higher value, whereas the
value in Qassim area in Saudi Arabia showed a nearly



A.E.A. Elzain et al.: Radioprotection 2024, 59(3), 235-245

Gezira state

Fig. 1. The study area in Gezira State of Sudan.
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Fig. 2. The RAD7-H,0 configuration device’s schematic illustration for measuring radon in water.
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Radon concentration from water samples (Bq.l'1)
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Fig. 3. Radon concentration from water samples (Bq.1™").
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Fig. 4. Effective dose rate released from water to indoor air for various locations.
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Fig. 5. Effective dose rate for ingestion due to radon concentration from water samples.
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Fig. 6. Effective dose rate for inhalation due to radon concentration from water samples.

congruent value compared to the study results. In comparison,
the total effective dose rates from Pakistan, India, Turkey, and
the Qassim area of Saudi Arabia showed lower values
concerning our results, on the other hand, higher values were
reported for the Iwaraja-Ifewara faults in southwestern Nigeria
and Venezuela.

Table 1 and Figures 8 and 9 show the estimated values of
the effective dose rates for the aimed age groups, namely,
infants, children, and adults, have ranged from 16.28+1.37 to
192.99+32.03 uSv.y '; 10.85+0.91 to 128.66+21.35
pSv.y ! and 7.75+0.65 to 91.90+15.25pSv.y ', with
mean values of 80.60+11.27 uSv.y '; 53.73+7.51 pSv.y '
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and 38.38 £5.37 uSv.y ' for these age groups, respectively.
The study aims to investigate the health effects of exposure
to radon in different age groups, particularly focusing on
water consumption. It was found that infants are more
vulnerable to radiation exposure due to their low organ mass
and rapidly dividing cells (Alzen and Benz-Bohm, 2011).
Adults are the second-most susceptible group due to their
routine water intake. While the estimated dose of radiation
does not pose a significant risk, the potential for radiation-
induced damage varies depending on the dose and duration
of exposure (Kesdniemi et al., 2019). Therefore, it is crucial
to prioritize minimizing exposure to radon by monitoring
and regulating its levels and implementing safety measures.
These results are within the UNSCEAR (2000) and WHO
(2011) recommended limits, but far below the ICRP, 1993
recommended action level for radon in homes. According to
Table 2, the study findings reveal the compared annual
effective dose rates for infants, children, and adults in various age
groups globally. The lowest values were observed in Northeast-
ern Saudi Arabia, India, and Pakistan, while the highest values
were reported in Iraq and Oyun, Kwara State, Nigeria, for all age
ranges. Further research is necessary to understand these risks,
develop mitigation strategies, and reduce infants’ exposure to
water sources and indoor air.

4 Conclusion

The study aimed to analyze the concentration levels of
radon and effective dose rates concerning age groups in Gezira
State, Sudan, by collecting 26 water samples using the RAD7
technique. Results showed that the radon concentration levels

were below the recommended limits, indicating that there was
no immediate health risk for people who consume domestic
water. However, 23.1% of the samples exceeded the maximum
contamination level recommended by the USEPA, while
76.9% were below it. The total radon concentration was also
found to be below the recommended reference levels of
UNSCEAR, WHO, and the EU. All age groups had annual
effective and cumulative exposure doses within permissible
levels, with infants having a higher risk but minimal radiation
dose. Nonetheless, further research is needed to better
understand these risks and develop strategies to mitigate them.
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