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Abstract – Drinking water samples obtained from different groundwater sources in Ekiti State, Nigeria
were assayed for radon concentration with the aid of a Durridge RAD7 electronic radon detector. In the three
types of well considered, higher radon contents were found in hand-dug wells with manual pumps while
hand-dug wells with removable covers presented the least radon content. The total annual effective dose
incurred through the consumption of groundwater in the study area is found to be within the guideline value
of 0.1 mSv recommended by European Union and WHO.
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1 Introduction

Radon is a gas, which belongs to the naturally occurring
uranium and thorium radioactive decay series. It is generally
produced through the radioactive decay of uranium- and
thorium- bearing compounds in rocks and soil (Chen et al.,
2011). Radon is one of the most widely dispersed naturally
occurring radionuclides in the earth’s environment. Out of the
three isotopes of radon, only 222Rn (3.8 d half-life), formed
within the uranium series by the decay of 226Ra, is of interest as
the other isotopes are very short-lived (Knuttson and Olofsson,
2002). Radon decays by a-particle emission to generate
radioactive decay products, which are also a-emitters. Two of
these decay products; 214Po and 218Po constitute about 90% of
the total dose received by man and the environment due to
radon exposure (Badhan et al., 2010). When radon decay
products (214Po and 218Po) are inhaled, they deposit their
energy into the sensitive tissues of the lungs causing damage to
the DNA resulting in lung cancer. Radon gas is produced in
rocks and moves through fractured and porous rocks by
gaseous diffusion to dissolve in groundwater. The activity
concentration of radon in groundwater is directly related to the
concentration of uranium in the bedrocks through which the
groundwater flows. The migration of radon in the ground
includes emanation and diffusion from uranium-bearing
mineral grains, diffusion through permeable rocks and soil,
and transport by groundwater flow. Thus, groundwater in
uranium-rich crystalline rocks environment often has elevated
radon concentration compared to sedimentary rock environ-
ment, which are generally known to have low concentrations
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of these radionuclides. Radon is a major contributor to the
radioactivity level of groundwater.

Humans are generally exposed to ionizing radiation
through inhalation or ingestion of radon dissolved in utility
water. Dissolved radon is ingested directly when water is
consumed. Inhalation occurs when dissolved radon is released
into the air upon water usage (Abdallah et al., 2007). The US
Environmental Protection Agency (EPA) proposed a maximum
contaminant level (MCL) of 300 pCi L�1 (≈ 11.1 BqL�1) for
radon concentration in public water supplies (USEPA, 1991;
Krishan et al., 2014). Also, the European Commission (EC)
recommended 100BqL�1 as the parametric value for radon
concentration in utility water for the members of the public and
this EC recommendation has been adopted by theWorld Health
Organization (WHO). Several researchers around the globe
have reported radon concentrations in drinking water much
higher than these values (Horvath et al., 2000;Kozlowska et al.,
2001; Badhan et al., 2010). The global average effective dose
from the ingestion and inhalation of radon and its radioactive
daughters in drinking water is estimated as 0.027mSv y�1

(UNSCEAR, 2008).

2 Materials and methods

Ekiti State is bounded on the east between coordinates
4°540 and 5°470, and on the north between coordinates 7°160
and 8°040 with an area of approximately 5300 km2 and
elevation ranging between 1100 ft and 1900 ft. Ekiti State is
situated in the southwest geopolitical zone of Nigeria. The
geographical map of Ekiti State showing the distribution of
sampling points is presented in Figure 1. The extent of aeration
is an important factor that determined the radon content of
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Fig. 1. Geographical map of Ekiti State showing the distribution of sampling points.

Fig. 2. Schematic diagram of the wells in the study location.
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drinking water. Thus, water samples were collected at the
fetching points and measured immediately in order to
determine the actual public exposure levels. Three categories
of wells were identified for the purpose of this study: deep
wells (borehole), shallow wells (hand-dug with removable
cover), and shallow wells (hand-dug with manual pump). The
schematic diagram for the three well-types is shown in
Figure 2. At the collection points, only one water sample was
collected and measured in a four-cycle measurements and the
average was reported in Table 1.



Table 1. Statistics of radon concentration (Bq L�1), annual effective dose due to ingestion (DWingestion) and inhalation (DWinhalation) of radon in
groundwater.

Well type No of samples Concentration (Bq L�1) DWingestion (mSv) DWinhalation (mSv)

Statistics Range Mean ±s Range Mean ±s Range Mean ±s

BH 8 13.4–105.8 30.9 ± 28.7 0.034–0.270 0.079 ± 0.073 0.034–0.267 0.078 ± 0.072
HDW 33 2.1–43.7 19.5 ± 12.5 0.005–0.111 0.050 ± 0.032 0.005–0.110 0.049 ± 0.031
MPHDW 11 2.5–206.1 81.2 ± 68.1 0.006–0.527 0.208 ± 0.173 0.006–0.519 0.205 ± 0.172
Overall 52 2.1–206.1 34.3 ± 42.6 0.005–0.527 0.088 ± 0.109 0.005–0.519 0.087 ± 0.107

BH: borehole; HDW: hand-dug well; MPHDW: manual pump hand-dug well.
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Water samples from hand-dug wells with removable cover
were collected with the aid of bailer (bucket attached to a long
rope). The collection bottle is then submerged into the bucket
and capped underwater (Kotrappa et al., 1990). Samples from
hand-dug wells with manual pumps were obtained by pumping
the water out with their locally fabricated pumps, while
samples from boreholes were collected directly from the tap. In
order to obtain a representative sample, the water from the tap
was allowed to run for several minutes before collection. Each
sample was fed into a 250mL Rad-H2O vial while ensuring
that no bubbling takes place in the process. Radon concentra-
tion measurements were carried out at the various sampling
sites to avoid fluctuation in radon level due to aeration and
bubbling. Radon concentrations in analyzed groundwater
samples were carried out with the aid of a Durridge Co. Ltd,
USAmanufactured RAD7 electronic radon detector coupled to
RAD-H2O accessories utilizing a closed loop aeration concept
consisting of three components:

–
 the RAD7 or radon monitor;

–
 the water vial with aerator;

–
 the tube of desiccant, supported by retort stand.
In the present work, measurements were done on-site,
therefore no decay-correction was carried out. The radon level
is calculated automatically by RAD7 and reported in pCi L�1.
The resulting 222Rn activity concentrations are then expressed
in Bq L�1 (disintegration per second per litre) with 2 s
uncertainties. All measurements were carried out following the
ISO 13164 standards of test method using two-phase liquid
scintillation counting for 222Ra in water. The detection limit of
the RAd7 detector is 0.004BqL�1.

2.1 Estimation of annual effective dose

Dissolved radon in groundwater may lead to radiation
exposure from the ingestion of drinking water and from the
inhalation of radon released in air when water is used
(UNSCEAR, 2000). The radiological hazards incurred by
humans through the ingestion and inhalation of dissolved
radon in utility water were estimated in terms of the effective
radiation dose received by the general public as a result of
regular usage of groundwater. The annual effective dose due to
ingestion of radon in water was estimated using the formula
presented by UNSCEAR (2000) as:

DW ingestionð Þ ¼ CRnW � CRW � DCF; ð1Þ
where DW(ingestion) is the annual effective dose given
(mSv y�1), CRnW is the experimentally determined radon-222
concentration in water (Bq L�1), CRW is the annual water
consumption rate (Ly�1) and DCF is the ingested dose
conversion factor for 222Rn (SvBq�1). For the purpose of
effective ingestion dose calculation, a dose conversion factor
of 3.5� 10�9 Sv Bq�1 as suggested by UNSCEAR was used.
Assuming that an adult (age ≥18) consumes an average of
2 L of water per day (Somashekar and Ravikumar, 2010),
the annual water consumption rate equal to 730 L y�1 was
employed in this study.

Also, the annual effective dose due to inhalation of
dissolved radon in water is estimated using the formula
suggested in UNSCEAR (2000). Mathematically, the formula
is given as:

DW inhalationð Þ ¼ CRnW � AWR � OCF � EF � DCF;

ð2Þ

where, DW(inhalation) is the annual effective dose due to
inhalation of radon release to air from water (mSv y�1), CRnW

is the experimentally determined radon concentration in water
(BqL�1), AWR is the air-water concentration ratio given as
10�4, OCF is the indoor occupancy factor (7000 h y�1), EF is
the indoor radon-progeny equilibrium factor (EF= 0.4) and
DCF is the inhalation dose conversion factor for 222Rn
(DCF = 9.0� 10�9 Sv Bq�1 h�1 m3).

3 Results and discussion

The measured radon concentration in drinking water
samples collected from three different well types in Ekiti State,
Nigeria are presented in Table 1. For deep well (borehole), the
radon concentration range from 13.4 to 105.8 BqL�1 with a
mean value of 30.9 Bq L�1, hand-dug well with removable
cover has radon concentration ranging from 2.1 to 43.7 BqL�1

with a mean value of 19.5Bq L�1 while hand-dug well with
manual pump has radon concentration ranging from 2.5 to
206.1Bq L�1 with a mean of 81.2 BqL�1. From the results, it
is clearly seen that hand-dug wells with manual pumps have
the highest mean radon concentration. This is attributable to
the accumulation and long residence time of the water samples
within the well. Also, this type of well has little or no aeration
mechanism, therefore, the dissolved radon is higher than other
well types. Due to the high radon content of drinking water
from this type of well, it is advisable to allow the water to
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aerate before consumption, so as to give time for water to degas
its radon content. The overall radon concentration in all the
drinking water samples ranged from 2.1 to 206.1Bq L�1 with
an overall mean value of 34.3 ± 43.0 Bq L�1. Several health
and environmental protection agencies have recommended
different safe criteria for radon concentration in drinking water
for members of the public (Mittal et al., 2016). The results of
this work were assessed with those criteria. The mean radon
concentrations obtained for the three well types fall within the
criteria level suggested by USEPA (1991), EC (2001) and
UNSCEAR (2008).

The annual mean effective dose due to ingestion of radon
in the analyzed water samples is presented in Table 1. As
shown in the Table, the mean annual effective dose due to
ingestion varied from 0.050 ± 0.032mSv in hand-dug wells
to 0.208 ± 0.173mSv with an overall mean value of 0.088 mSv.
The mean value obtained in this study is higher than the mean
value of 0.002mSv estimated as the world average annual
effective dose due to ingestion of radon in drinking water by
UNSCEAR (2000). The annual mean effective dose due to
inhalation is also presented in Table 1 and as seen from the
Table, the mean annual effective dose due to inhalation range
from 0.005 mSv in hand-dug wells to 0.519 mSv in hand-dug
wells with manual pumps with an overall average value of
0.087 mSv. The total annual effective dose due to ingestion
and inhalation of radon and its progenies in the investigated
water samples in the study area varies from 0.099mSv to
0.412mSv with an average value of 0.174 ± 0.216mSv. The
average total annual effective dose of all the studied water
samples is found to be within the guideline level of 0.1mSv
set by European Union (EC, 1998) and WHO (2004). The
high value of the standard deviation is a reflection of the
variability of radon concentrations in underground water in the
study area. Variability in radon concentration may be linked to
uranium/radium content in the bedrock. A compressive effort
to characterize the natural radionuclides in the studied area is
in progress.
4 Conclusion

Radon concentration in groundwater samples collected
from deep and shallow wells used as sources of utility water in
Ekiti State, Nigeria have been measured in this study. The
results show that hand-dug well with manual pumping device
presents the highest mean concentration of 222Rn compared
with borehole and hand-dug well with removable cover. The
total effective dose per annum due to ingestion and inhalation
of radon in the analyzed water samples varies from 0.099 mSv
to 0.412 mSv with a mean value of 0.174 ± 0.216 mSv. The
total effective dose incur through the utilization of groundwa-
ter in the area is found to be within the limit of 0.1 mSv y�1 as
recommended by European Union and WHO.
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