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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Radon concentrations in groundwater 
sources and health effects within crys-
talline basement rocks were assessed. 

• Effect of dumpsite on radon concentra-
tions in crystalline aquifers was deter-
mined statistically. 

• Variations of radon concentrations and 
its health effects on all the age groups 
increased along the fault lines. 

• It was revealed that the radon pathway 
to the aquifer system is mainly through 
the geogenic contribution.  
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A B S T R A C T   

Assessing the level of radon concentrations in water for domestic purposes is important because it will reveal if 
the consumption and uses of such water is safe. This study was conceived with the aim to ascertain the integrity 
of water being consumed and used for other activities as well as to determine the source of radon concentrations 
in shallow aquifers within the granitic rocks of Amuloko and Olorunsogo areas in Ibadan, Nigeria. Concentra-
tions and health effects of radon in 40 groundwater samples were analyzed using RAD7 detector. In Amuloko 
area, the radon concentrations and the total annual effective dose received in groundwater varied from 3.00 to 
24.50 Bql− 1 and 29.49 to 240.61 μSvy− 1. The mean and the standard deviation (SD) of radon concentrations and 
the total annual effective doses received in groundwater by adults in Amuloko area are 13.45 ± 6.58 Bq l− 1 and 
132.06 ± 64.62 μSv y− 1. In Olorunsogo (control points), the radon concentrations and the total annual effective 
dose received in groundwater varied from 3.18 to 20.00 Bql− 1 and 31.18 to 196.42 μSvy− 1. The mean and the SD 
of radon concentrations and the total annual effective doses received in groundwater by adults at the control 
points are 12.06 ± 4.74 Bq l− 1 and 118.47 ± 46.57 μSv y− 1, in sequence. The mean radon concentrations and the 
mean total annual effective dose received in groundwater were higher than the threshold limits of 11.10 Bql− 1 

and 100.00 μSvy− 1 by factors of 1.21 and 1.32 (in Amuloko), and 1.09 and 1.19 (in Olorunsogo), respectively. It 
is established that no significant variation exists between the sources of radon concentrations in the shallow 
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aquifers from the two settlements. This suggests that the elevated concentrations of radon at the two settlements 
are due to the geological contributions of faults.   

1. Introduction 

About 70% of the Earth’s surface is covered with water. Water being 
an easy solvent, enables most pollutants to dissolve in it and gets 
contaminated (Saeed and Hassan, 2015). The quality of this vital 
resource could be deteriorated due to anthropogenic activities. 
Groundwater is often cheaper, more convenient and less vulnerable to 
pollution than surface water. Therefore it is commonly used for public 
water supplies. The rate at which groundwater is being polluted is lesser 
than that of surface water. When groundwater is polluted, it is not easily 
cleaned up. Waste disposal and management remains one of the major 
challenges in the developing countries such as Nigeria (Davies, 2010). 
Waste if not properly disposed could lead to contamination of surface 
and groundwater in its immediate environment (Camacho et al., 2011). 

Abstraction of groundwater from both soft and hard rock environ-
ment is mainly through the identification of aquifers in the subsurface. 
In a hard rock environment (that is, a crytalline bedrock setting), 
aquifers are located within a very thick weathered overburden and/or 
fractured bedrock (Sunmonu et al., 2012). To reduce the risks of un-
certainties surrounding the location of aquifers in the subsurface, 
geophysical methods such as electromagnetic, electrical resistivity, 
magnetic, and gravity methods have been adopted in such quest (Raji, 
2014; Adagunodo et al., 2018a). One of the most important environ-
mental issues today is groundwater contamination (Adagunodo 2017), 
and between the wide diversity of contaminants affecting water re-
sources, waste materials (of diverse contents) constitute the larger 
percent of these contaminants. Some of the waste materials are enriched 
in radon concentrations contributing to groundwater contamination by 
radon (Ahmed et al., 2019). The UNSCEAR Report in 2006 disclosed that 
when groundwater and surface water were assessed, 20% of ground-
water samples were polluted with radon gas while 0.2% was recorded 
for surface water samples (UNSCEAR, 2006). Water from crystalline 
basement aquifers could contain radon due to the composition of 
radioactive materials in the basement rocks (Shu’aibu et al., 2021). The 
geological rocks of southwestern Nigeria are rich in 226Ra, which is the 
direct parent of 222Rn (Esan et al., 2020; Oladapo et al., 2022). This 
could be a medium for record of elevated radon concentrations in some 
locations within the southwest Nigeria. 

Radon is a carcinogenic radioactive gas being formed by the decay of 
238U (Oni and Adagunodo, 2019). It is present from point to point in 
differs quantity within the crust (Abodunrin and Akinloye, 2020). It 
escapes to the soil through the fractured bedrocks, rock pores, and faults; 
and to the groundwater through the aquifer pores and soil pores; 
whereby it diffuses into the air from the surface of the Earth (Shu’aibu 
et al., 2021; Oladapo et al., 2022). Low radon concentrations are asso-
ciated with wet or moist soils and compacted geological formations (that 
could have attained equilibrium based on its time of deposition) that are 
older than 1600 years, being the half-life of 238U (Abodunrin and 
Akinloye, 2020). The radon being emanated from the subsurface is high 
in dry soils, unconsolidated deposits, shallow surface strata, and specific 
types of bedrocks (such as shales, limestones, permeable sandstones, 
granites, sedimentary ironstones, and phosphatic rocks that are rich in 
uranium), and in shallow surface strata (Tanner, 1964; Narayana et al., 
2007; Ferreira et al., 2011; Saç et al., 2012; Ademola and Oyeleke, 
2017). 

The World Health Organization (WHO, 2009) and the International 
Commission on Radiological Protection (ICRP, 2009) had described 
inhalation of high concentrations of radon as the second leading caus-
ative agent for lung cancer, with smoking being the major cause (WHO, 
2009; ICRP, 2009; Oni et al., 2019a; Yusuff et al., 2019; Oni et al., 2021; 
Oruncak and Ozkan, 2020; Usikalu et al., 2020; Modibo et al., 2021). 

The carcinogenic havoc caused by radon to lungs varied from 3 to 17% 
of the total life threatening diseases that had been recorded (Sharma 
et al., 2016). In fact, 57% of the attack to lungs is as a result of radon 
inhalation and its degradation products (Oruncak and Ozkan, 2020). A 
great number of deaths had been recorded in the United States of 
America due to overexposure to radon (Usikalu et al., 2020). The 
numbers of lung cancer’s deaths being associated with radon exposure 
in Norway has increased by 12% (Finne et al., 2019). An increase of 
5.9%, 7.0%, 6.2% and 6.1% deaths had been recorded in Turkey, 
Poland, Hungary, and Armenia, respectively (Gaskin et al., 2018). In 
Norway, an increase of 12% lung cancer’s death had been recorded 
(Grundy et al., 2017), and up to 16% increase in death rate associated 
with radon exposure had been recorded in Canada (Health Canada, 
2018) and in France (Airouche et al., 2018). Studies on radon concen-
trations from point to point and its health effects are not only advan-
tageous in the environmental and health sector, they are also useful in 
mining, geosciences, ore exploration, identification of major faults, 
forecasting of earthquake occurrences, and subsurface integrity check 
prior to building constructions (Igarashi et al., 1995; Lawrence et al., 
2009; Hwa and Kim, 2015; Chambers et al., 2018; Saad et al., 2020; 
Modibo et al., 2021; Sakr et al., 2022; Sukanya et al., 2022). 

Awareness of the presence of radon and its potential health effects is 
very low in Nigeria. High radon concentrations in drinking water have 
been linked to stomach cancer (Ademola and Oyeleke, 2017). Though 
there are numbers of publications on the risk assessments of radon in the 
Nigerian groundwater system (Oni and Adagunodo, 2019; Oni et al., 
2019b; Bello et al., 2020; Ajibola et al., 2021; Shu’aibu et al., 2021; Oni 
et al., 2021), little or no report was documented within the vicinity of 
the study area. This paper shall serve as a baseline study that has 
considered the effect of dumpsite on the degree of radon concentrations 
in the groundwater around a mega dumpsite. It would also seek to 
achieve some of the Sustainable Development Goal’s (SDG) agenda such 
as SDG 3, 11 and 12. These three SDG were constituted in order to attain 
the following feats by the year 2030: assurance of healthy lives and 
promotion of well being for all ages; ensuring that cities and human 
settlements are safe and sustainable; and by establishing a sustainable 
consumption pattern (SDG, 2019). The use of un-treated groundwater 
capable of having high radon concentrations for drinking and other 
domestic purposes is usually being practised in the south-western region 
of Nigeria. Thus an exposure to radon from un-treated water could result 
to accumulation of high absorbed doses in some gastrointestinal tract 
organs (such as stomach, rectum, anus, small and large intestines) and 
some tissues (such as the lining of the gastrointestinal tract and lung 
tissues) (Hopke et al., 2000; Oni et al., 2019b; Suresh et al., 2020). 
Recent study by Zhang et al. (2022) posited that there are plausible 
linkages between radon exposure and development of dementia in 
humans. This study was conceived with the aim to assess the radiolog-
ical health effects of water consumed and used for domestic purposes as 
well as to investigate the radon source(s) or pathway(s) in shallow 
aquifers within granitic rocks from two settlements in the crystalline 
basement complex of Nigeria. 

1.1. Description of study area and its geological settings 

Ibadan, the acclaimed largest city in the West Africa, is bounded by 
the Republic of Benin in the west and other Nigerian state boundaries in 
its other axes (Oladejo et al., 2019). It is the second most congested city 
to Lagos in Nigeria with the total geographical area and population of 
about 6800 km2 and 2.84 million people (Ademola and Oyeleke, 2017). 
It is one of the mega cities being situated within the humid and 
sub-humid tropical climate in southwestern Nigeria. The annual rainfall 
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and the maximum temperature in Ibadan are approximately 1230 mm 
and 32 ◦C, respectively (Aladejana et al., 2018). 

The geology of Ibadan is that of the PreCambrian basement complex 
(Fig. 1a) which is an integral of the reformed basement rocks of West 
Africa (Adagunodo et al. 2018a, 2018b, 2019a). The predominant rocks 
of the basement complex are mainly metamorphic and crystalline rocks 
(Adagunodo et al., 2013; 2013). In Ibadan, some intrusive rocks such as 
granites and porphyries are found within the metamorphic rocks 
(Ganiyu et al., 2018). As shown in Fig. 1b, the rocks within Ibadan and 
its environs are: amphibolites, undifferentiated gneiss complex, mig-
matite and banded gneiss, granite gneiss, pegmatite and quartz vein as 

well as quartzite quart schist (Okunlola et al., 2009). Migmatite and 
banded gneiss are the major rocks in Ibadan. These major rocks are 
originated from a highly altered metamorphic rock that is banded or 
mixed with granitic rocks. 

The study area is situated at the southeastern region of Ibadan 
(Fig. 1b). About 7 m away from the dumpsite, there is a river flowing in 
W – E direction. The plumes from the dump could have infiltrated into 
the river through the fault lines around study site (Fig. 1b). The study 
area is situated in a very low land with a valley-like topography being 
experienced towards its northwestern side. Locally, Amuloko and its 
environs are generally underlain with a very thin overburden (Aladejana 

Fig. 1. Various maps showing the area of study: (a) Geological map of Nigeria (adapted from Adagunodo et al., 2019a), (b) Geological map of Ibadan (reproduced 
from Okunlola et al., 2009), (c) Base map of survey point 1 in Amuloko area, (d) Base map of survey point 2 in Olorunsogo. 
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et al., 2018). The granite gneiss constitutes the geology of the study area. 
Gneiss is a metamorphic rock that was formed under enormous heat and 
pressure. It is formed from granites, volcanics or schists. It is made up of 
coarse-grained minerals such as feldspar and quartz. The composition of 
granitic gneiss resembles that of granite. 

The hydrogeologic conditions that control the storativity and trans-
missivity of the study area are the same as that of basement rocks. In 
basement complex rocks, aquifers are concealed within the weathered 
and/or fractured bedrocks (Sunmonu et al., 2012). At the unaltered state 
of the basement complex rocks, they are characterized by low porosity 
and permeability. As soon as they become weathered and fractured, 
secondary porosity and permeability are developed which now controls 
the flow and storativity of groundwater within the aquifers of basement 
rocks (Lapworth et al., 2017; Adagunodo et al., 2018a). The depth to 
water table and the elevation of the study area varied from 1.0 to 6.0 m 
and 150–167 m, respectively. 

2. Materials and methods 

A total of forty (40) water samples were obtained from Amuloko and 
Olorunsogo in Ibadan. Twenty (20) water samples were taken from 
hand-dug wells starting from the closest residential building to Amuloko 
dumpsite to other residential areas within the study site. In order to 
assess the sources of the radon concentrations into the groundwater 
system in the study area, twenty (20) water samples were obtained in 
Olorunsogo area (about few kilometers away from Amuloko) in Ibadan. 
The water samples were collected at the early hours of the day (before 
the commencement of human activities) for an in-situ analysis of each 
hand-dug well. The early-hour analysis was done to ensure that some 
properties of the water were not affected by human activities. A clean 
1.5 L plastic bottle was used for each sample collection. All the bottles 
used were rinsed with distilled water a day to the sample’s collection. It 
was ensured while dipping the bottles in a fetcher that the water bubbles 
were prevented from being entrapped into the bottle prior to its capping 
to avoid escape of dissolved radon in the water (Oni et al., 2019b). For 
accuracy, three (3) water samples were taken at each location (culmi-
nating to a total of 120 samples in all locations), where the mean of the 
result obtained was used as the representative value for each location. 
The collected samples were analyzed before the sun rises on daily basis. 
This is to ensure that the quality of the obtained results is unaltered, as 
temperature increase could affect the level of radon concentrations in 
water (Ajibola et al., 2021; Orosun et al., 2021). 

A well-calibrated active electronic detector (RAD7) was used for in- 
situ measurements of radon concentrations in each water sample. The 
set-up of the RAD7 used in this study is shown in Fig. 2 (Durridge, 2013). 
RAD7 is a semiconductor detector that uses the principle of Alpha 
spectroscopy method for its measurements. It measures radon daughters 
that accumulate on the detector surface with a strong electric field. 
RAD7 is an accurate sniffer that can be used for both short-term and 
long-term measurements. It is capable of dissolving the energy of 
various radon isotopes such as radon (Radon-222) and thoron 
(Radon-220). In Big Bottle System, a bottle varying from 1.5 to 2.5 L 
could be fixed to the detector (Durridge, 2013, 2018a). In this study, a 
1.5 L bottle, as utilized by Orosun et al. (2021), was adopted. The Big 
Bottle System uses a closed loop aeration process. This process resembles 
that of RADH2O system. In a closed loop aeration process, at all time, 
there are constant volumes of water and air with an independent flow 
rate. As the air re-flows through the water, radon concentrations are 
extracted from the water until a state of equilibrium is reached. It takes 
10 min aeration to attain equilibrium unlike in RADH2O system that 
aeration only takes 5 min (Durridge, 2018b). Also, the time for aeration 
is very short in comparison to 3.8 days half-life of radon. This quality 
gives RAD7 an edge over other detectors for measuring radon in water. 

Prior to the measurement of radon concentrations in the water 
samples, the entrapped radon and dry air were purged from the active 
electronic detector (RAD7) through the help of the drying unit. 

Afterwards, each 1.5 L plastic bottle filled with the collected sample was 
fixed to the drying unit and the detector. The device was allowed to 
function in a Sniff mode in order to determine the concentrations of 
radon inside the air loop. After the radon in the air loop has been 
determined, the conversion factor from the Big Bottle System 
(substituting 1.5 L plastic bottle for 2.5 L) and the water’s temperature 
during aeration were used to determine the concentration of radon in 
each water sample (Durridge, 2018a). The Durridge’s CAPTURE pack-
age was used for this process, because by using the Big Bottle System, the 
radon in the air loop is easily determined and automatically estimate the 
concentrations of radon in the water (Durridge, 2018b). To assess the 
relationship between some physical parameters (such as temperature 
and pH) and radon concentrations in the study locations, thoron con-
centrations were measured by RAD7 detector. Apart from the half-life of 
thoron (55.6 s) that is shorter than that of radon (3.8 days), both ele-
ments are identical for all experimental activities (Lane-Smith and 
Schubert, 2020). This permits thoron to be measured by RAD7 using 
alpha spectrometry method as well. The groundwater pH and its cor-
responding temperature were measured on-site by using the Hanna 
meter. RAD7 has a measurement accuracy of ±5%, a norminal sensitivty 
of 0.00925 Bq l− 1 and an intrinsic background of 0.000185 Bq l− 1 

(DURRIDGE, 2018a). 
The radiation doses due to ingestion and inhalation were estimated 

for all the water samples. This is imperative because either of the two 
could cause serious health issues besides the lung cancer as soon as it is 
absorbed into the bloodstreams (Hopke et al., 2000). The annual effec-
tive dose for radon ingested is calculated using equation (1) as given by 
UNSCEAR (2000) as well as Ademola and Oyeleke (2017).  

AEDRing (μSvy− 1) = (CRn)w × (C)w × (EDC)                                    (1) 

where AEDRing is the annual effective dose of radon ingested, (CRn)w is 
the radon concentrations in drinking water (kBqm− 3), (C)w is the 
“annual” water intake (given as 0.5, 1.5 and 2.0 L of water per day by 
infants, children and adults, respectively) (WHO, 2004, 2011; Duggal 
et al., 2013; Bem et al., 2014). The choice of water intake per person can 
vary based on daily activities or season (Howard and Bartram, 2003). 
The values adopted in this study are as a result of the physical activities, 
climate and culture of people residing in Ibadan, Nigeria. The EDC is the 
effective dose conversion coefficients (given as 7 × 10− 8, 2 × 10− 8 and 1 
× 10− 8 SvBq− 1 for infants, children and adults, respectively) (UNSCEAR 
2000; Ezzulddin and Mansour, 2017) 

Fig. 2. An experimental set-up for measuring radon in water using RAD7 
(Adapted from Durridge, 2018b). 
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The annual effective dose of radon inhaled is calculated using 
equation (2) as given by UNSCEAR (2000) as well as Ezzulddin and 
Mansour (2017).  

AEDRinh (μSvy− 1) = (CRn)w × (Rn)w × (Eq) × (IOT) × (DCF)            (2) 

where AEDRinh is the annual effective dose of radon inhaled, (Rn)w is the 
radon in air-to-water (given as 10− 4), (Eq) is the equilibrium factor 
between radon and its decay products (given as 0.4), (IOT) is the mean 
indoor occupancy time per person (given as 7000 hy− 1) and (DCF) is the 
dose conversion factor for being exposed to radon (given as 9 nSvh− 1 

(Bqm− 3)− 1) (Ademola and Oyeleke, 2017; Orosun et al., 2021). 
In order to have a clue about the overall doses being received 

through radon ingested and radon inhaled annually, equation (3) is used 
to estimate the annual effective dose of total radon received (AEDR)total.  

(AEDR)total (μSvy− 1) = (AEDR)ing + (AEDR)inh                                 (3) 

Kriging was used for the production of geospatial maps in this study. 
Kriging is a geostatistical gridding technique in numerical analysis that 
has proven useful in other fields (Omosehinmi and Arogunjo, 2016). It 
produces the most appealing linear unbiased prediction (and visual 
maps) at unsampled locations (Surfer Version, 2021). It could be used to 

measure the uncertainty in the estimated surface and to also measure the 
spatial correlation between two points (Wu and Hung, 2016). The 
application of this geostatistical approach has been shown by many 
authors (Sunmonu et al., 2012; Adagunodo et al., 2018a). 

The basic descriptive statistics such as the mean, standard deviation 
(SD), coefficient of variation (CV), skewness (skew.), kurtosis (kurt.), 
minimum (min.), maximum (max.), t-test and the analysis of variance 
(ANOVA) were performed on the raw and processed data in order to 
determine the intra-variation among the data and the inter-variation 
that exist between the data that were acquired on the two granitic ter-
rains (that is, Amuloko and Olorunsogo, Ibadan). Descriptive analysis 
had been one of the useful tools to describe in summary the variations 
that exist between set of obtained or acquired data (Ademola and 
Oyeleke, 2017; Adagunodo et al., 2019b; Orosun et al., 2021; Ghias 
et al., 2021). 

3. Results and discussion 

The geospatial distributions of radon concentrations in water (CRn)w 
and the annual effective dose from radon concentrations (AEDR) by 
infants, children and adults through ingestion and inhalation within 

Fig. 3a. AEDR maps around Amuloko dumpsite (a) Radon in Amuloko water (b) Radon ingested by infants in Amuloko water (c) Radon ingested by children in 
Amuloko water (d) Radon ingested by adults in Amuloko water. 
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Amuloko and Olorunsogo and its environs are shown in Fig. 3a–h and 
Fig. 4-h, respectively. The radon concentrations in Amuloko ground-
water trend in the North East (NE) to South West (SW) orientation. Very 
low radon concentrations are observed at the Amuloko dumpsite and 
around the river channel. This implies that the dumpsite is acting as an 
artificial lining that suppresses radon emission around the dumpsite. 
Also, radon concentrations in surface water are comparably lower than 
that of groundwater (Oni et al., 2019a; Ajibola et al., 2021). Majorly, the 
north-western, western, south-western and southern parts of the study 
area in Amuloko are notable hotspots. The radon concentrations in 
groundwater sources from the hotspots in Amuloko (Fig. 3a–h) are 
beyond the global limits of 11.10 Bq l− 1 for radon concentrations in 
water (CRn)w, 100.00 and 200.00 μSv y− 1 for the AEDR ingested in 
water by adults and children as given by the UNSCEAR (2000). The 
concentrations of radon in Amuloko groundwater increased towards the 
fault line between the undifferentiated gneiss complex and granite 
gneiss in the study area (Fig. 1b). The results in the groundwater sources 
from Amuloko corroborate with the claim that radon emits more along 
fault lines (Choubey et al., 2000; Al-Tamimi and Abumurad, 2001; 
Prasad et al., 2009; Chen et al., 2018; Sukanya et al., 2022). 

The radon concentrations in the groundwater sources in Olorunsogo 

area increase towards the north-eastern direction (Fig. 4a–h). Low 
concentrations of radon from different groundwater sources are 
observed towards the south-western part of the survey point 2 (Olor-
unsogo). There are hotspots at the northern, north-eastern, eastern and 
part of the south-eastern zones. The obtained results from the hotspot 
zones are higher than the average global limits of 11.10 Bq l− 1 for radon 
concentrations in water (CRn)w, 100.00 and 200.00 μSv y− 1 for the 
annual effective doses of radon (AEDR) ingested in water by adults and 
children as given by the UNSCEAR (2000). Like in Amuloko results, the 
radon concentrations in groundwater sources in Olorunsogo also 
increased towards the fault line within the basement rocks (Fig. 1b). The 
level of radon concentrations along these two faults further confirmed 
that granitic rocks are associated with high radon contents (Choubey 
et al., 2000; Omeje et al., 2019; Oni et al., 2019a). 

The estimated basic descriptive statistics for the annual effective 
dose of radon received (AEDR) in water in Amuloko area (survey point 
1) and in Olorunsogo (survey point 2) are presented in Tables 1 and 2. At 
survey point 1 (Amuloko), the minimum (min.) and maximum (max.) 
values for the (CRn)w varied from 3.00 to 24.50 Bq l− 1 with mean and 
standard deviation (SD) of 13.45 ± 6.58 Bq l− 1. The min. And max. 
values for the (AEDR)ing in water by infants, children and adults varied 

Fig. 3b. AEDR maps around Amuloko dumpsite (e) Radon inhaled in Amuloko water (f) Total radon received by infants in Amuloko water (g) Total radon received 
by children in Amuloko water (h) Total radon received by adults in Amuloko water. 
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from 38.36 to 313.01 μSv y− 1, 32.88–268.30 μSv y− 1 and 21.92–178.86 
μSv y− 1, respectively. The mean and SD of the (AEDR)ing in water by 
these three age groups are 171.80 ± 84.07 μSv y− 1, 147.26 ± 72.06 μSv 
y− 1 and 98.17 ± 48.04 μSv y− 1, respectively. The min. And max. values 
of the (AEDR)inh in water varied from 7.57 to 61.75 μSv y− 1 with mean 
and SD of 33.89 ± 16.58 μSv y− 1. The min. And max. values of the 
(AEDR)total received in water through inhalation and ingestion by in-
fants, children and adults varied from 45.93 to 374.76 μSv y− 1, 
40.45–330.04 μSv y− 1 and 29.49–240.61 μSv y− 1, respectively. The 
mean and SD of the (AEDR)total received in water by these three age 
groups are 205.69 ± 100.65 μSv y− 1, 181.15 ± 88.64 μSv y− 1 and 
132.06 ± 64.62 μSv y− 1, respectively. The high observed SD in this 
study could be attributed to the heterogeneity of the near-surface layers 
of the crust (Ali et al., 2010; Khan 2011; Orosun et al., 2021; Oladapo 
et al., 2022). 

At survey point 2 (Olorunsogo), the lowest and the highest values for 
the (CRn)w varied from 3.18 to 20.00 Bq l− 1 with an average and 
standard deviation (SD) of 12.06 ± 4.74 Bq l− 1. The lowest and the 
highest values of the (AEDR)ing in water by infants, children and adults 
varied from 40.56 to 255.53 μSv y− 1, 34.77–219.02 μSv y− 1 and 
23.18–146.01 μSv y− 1 in sequence. The averages and standard de-
viations of the (AEDR)ing in water by these three age groups are 154.12 
± 60.58 μSv y− 1, 132.10 ± 51.93 μSv y− 1 and 88.07 ± 34.62 μSv y− 1, 
respectively. The lowest and the highest values of the (AEDR)inh in water 
varied from 8.00 to 50.41 μSv y− 1 with an average and SD of 30.40 ±
11.95 μSv y− 1. The lowest and the highest values of the (AEDR)total 
received in water through inhalation and ingestion by infants, children 

and adults varied from 48.56 to 305.93 μSv y− 1, 42.77 and 269.43 μSv 
y− 1 and 31.18–196.42 μSv y− 1 in sequence. The averages and standard 
deviations of the AEDR received in water by these three age groups are 
184.52 ± 72.53 μSv y− 1, 162.51 ± 63.88 μSv y− 1 and 118.47 ± 46.57 
μSv y− 1, respectively. 

At the two survey points (Amuloko and Olorunsogo), the estimated 
mean values for the (CRn)w are higher than the global limit (GL) of 11.10 
Bq l− 1 by factors of 1.21 and 1.09, respectively. This shows that the 
groundwater at the two granitic locations is enriched with radon. Con-
sumption of elevated concentrations of radon in water for all age groups 
had been linked to serious health challenges such as lung cancer and 
stomach cancer (UNSCEAR, 2000; Al-Tamimi and Abumurad, 2001; 
WHO, 2018; Oni and Adagunodo, 2019; Ajibola et al., 2021; Oni et al., 
2021). Furthermore, the mean values for (AEDR)total by adults at the two 
survey points are higher than the GL of 100 μSv y− 1 by factors of 1.32 
and 1.19, respectively. The order of the mean AEDR received in water by 
all age groups from Tables 1 and 2 revealed that infants > children >
adults. The overall outcome of this order constitute deleterious health 
hazard to infants in both locations because some of the critical organs in 
infants are radio-sensitive, since some of these organs have not been 
fully developed. Generally, the mean AEDR that is higher than 100 μSv 
y− 1 in water is considered as being unsafe for consumption by all age 
groups (infants, children and adults) (USEPA, 1999; WHO 2004; Nasir 
and Shah, 2012; Ademola and Oyeleke, 2017). The trend of results in all 
age groups in this study is in agreement with the studies conducted on 
Precambrian basement rocks by Ajibola et al. (2021) and Orosun et al. 
(2021). 

Fig. 4a. AEDR maps far off Amuloko (Olorunsogo area) (a) Radon in Olorunsogo water (b) Radon ingested by infants in Olorunsogo water (c) Radon ingested by 
children in Olorunsogo water (d) Radon ingested by adults in Olorunsogo water. 
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The coefficient of variation (CV) is a statistical measure of the 
dispersion of the available data around the mean. It is the ratio of the SD 
to the mean. The coefficient of variation (CV) is a useful tool for 
comparing the variation levels between intra-data points and inter-data 
points. A 0 ≤ CV ≤ 0.1 implies a low level of variation, 0.11 ≤ CV ≤ 0.30 
implies a medium level of variation and 0.31 ≤ CV ≤ 1 implies a high 
level of variation (Wang et al., 2017). A low level of variation indicates 
intra-variation while a high level of variation indicates inter-variation 

(Machin et al., 2007). The intra-data variations (variations within the 
data per location) that produced the CV of 0.49 in Amuloko area and 
0.39 in Olorunsogo area indicates that radon is not part of the ground-
water’s constituent but a foreign body that find its way into the aquifer. 
Meanwhile, a difference of 0.05 is observed in the CV between the two 
locations (inter-data variation). This further confirms that the radon 
concentrations emanating from the two locations are from the same 
source. This suggests that the anthropogenic activities around the survey 

Fig. 4b. AEDR maps far off Amuloko (Olorunsogo area) (e) Radon inhaled in Olorunsogo water (f) Total radon received by infants in Olorunsogo water (g) Total 
radon received by children in Olorunsogo water (h) Total radon received by adults in Olorunsogo water. 

Table 1 
Basic descriptive analysis for AEDR in water around Amuloko dumpsite.  

N = 20 Min. Max. Mean ± SD Median CV Skew. Kurt. GL 

A 3.00 24.50 13.45 ± 6.58 13.43 0.49 0.22 − 0.97 11.10 * 
B 38.36 313.01 171.80 ± 84.07 171.57    NA 
C 32.88 268.30 147.26 ± 72.06 147.06    200.00 * 
D 21.92 178.86 98.17 ± 48.04 98.04 0.49 0.22 − 0.97 100.00 * 
E 7.57 61.75 33.89 ± 16.58 33.84    NA 
F 45.93 374.76 205.69 ± 100.65 205.41    NA 
G 40.45 330.04 181.15 ± 88.64 180.90    200.00 * 
H 29.49 240.61 132.06 ± 64.62 131.88    100.00 * 
I 25.30 31.50 28.14 ± 1.78 27.40 0.07 0.63 − 0.56 24.5–39.7 ** 
J 7.00 7.40 7.16 ± 0.12 7.15 0.02 0.25 − 0.95 6.8–8.5 ** 
K 0.44 1.56 0.84 ± 0.37 0.72 0.44 0.99 − 0.17 NA 

Note: Min. = Minimum, Max. = Maximum, SD = Standard deviation, CV = Coefficient of variation, Skew = Skewness, Kurt = Kurtosis, GL = Global limit, A = (CRn)w 
(Bq l-1), B = (AEDR)ing (μSvy-1) by infants, C = (AEDR)ing (μSvy-1) by children, D = (AEDR)ing (μSvy-1) by adults, E = (AEDR)inh (μSvy-1), F = (AEDR)total (μSvy- 
1) by infants, G = (AEDR)total (μSvy-1) by children, H = (AEDR)total (μSvy-1) by adults, I = Temperature (◦C), J = pH, K = Thoron (Bq l-1), * = UNSCEAR (2000), ** 
= WHO (2011), NA = Not available. 
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point 1 do not contribute to the level of radon gas in Amuloko 
groundwater sources. 

Skewness (skew.) and kurtosis (kurt.) are integral of data charac-
terization (Adagunodo et el. 2019b). The skewness determines the 
equivalence or non-equivalence of data. The kurtosis compares the 
peakedness or flatness (tailedness) of a set of distribution to a normal 
distribution. The skewness in Amuloko and in Olorunsogo areas are 0.22 
and 0.09, indicating asymmentric right skewed probability distributions 
at the two locations. A right skewed data implies that its right tail is 
longer when compared to its left counterparts (Groeneveld and Meeden, 
1984). At the two locations, the distributions are normally distributed 
about the mean since ±1 indicates the range of comfortability in 
normality test (Normality Testing, 2019). The kurt. At survey points 1 
and 2 are − 0.97 and − 0.88, indicating flattened (light-tailed) distribu-
tions. As reported by Ghias et al. (2021), a light-tailed distribution goes 
along with a low kurt., which corresponds to the results obtained in this 
study. 

The pH of groundwater from Amuloko varied from 7.0 to 7.4 with a 
mean of 7.2 (Table 1). Meanwhile, the pH from Olorunsogo ground-
water varied from 6.5 to 7.1 with a mean of 6.8 (Table 2). The results 
from the two locations suggest that the pH of groundwater in Amuloko is 
of weakly alkaline while that of Olorunsogo varied from weakly acidic to 
weakly alkaline. The influence of waste site could have resulted to a 
weak alkalinity nature of Amuloko groundwater (Olafisoye et al., 2012). 
Results from the two locations are within the acceptable limits by WHO 
which varied from 6.8 to 8.5 (WHO, 2011). The pH values of ground-
water from this present study are in agreement with the pH of ground-
water obtained from a granitic environment in Ogbomoso, south-west 
Nigeria (Adabanija et al., 2020). One of the physical parameters that 
determine the suitability of water for human consumptions and other 
applications is water temperature. The WHO recommends that the 
temperature of water for human use should vary from 24.5 to 39.7 ◦C 
(WHO, 2011). The water temperature in Amuloko ranged between 25.3 
and 31.5 ◦C with a mean of 28.1 ◦C (Table 1), while that of Olorunsogo 
varied from 33.2 to 36.5 ◦C with a mean of 35.0 ◦C (Table 2). The results 
indicated that the groundwater sources at the two settlements are suit-
able for human usage and consumption, which correspond to the water 
temperature (25.2–38.8 ◦C) obtained from near a major fault in Zarand, 
Iran by Rahimi et al. (2022). 

Thoron (220Rn) is a gas and a radioactive isotope of radon (222Rn), 
which is being produced from byproducts of thorium. It decays by 
emission of an alpha particle and has a half-life of ≈56 s. It is also 
capable of destroying the DNA (deoxyribonucleic acid) which could lead 
to lung cancer and other respiratory challenges if inhaled into the lungs 
(Wanjala et al., 2021). The descriptive results of thoron concentrations 
at both settlements are presented in Tables 1 and 2 In Amuloko, the 
thoron concentrations varied between 0.44 and 1.56 Bq l− 1 with a mean 
of 0.84 Bq l− 1, while the 220Rn concentrations in Olorunsogo ranged 
from 0.31 to 1.21 Bq l− 1 with a mean of 0.59 Bq l− 1. The range of thoron 
concentrations obtained in the current study is higher than the values 

(0–0.07 Bq l− 1) obtained in groundwater samples from Kufa city in Iraq 
(Ali et al., 2012). Currently, there is no threshold limit for thoron con-
centration in potable water. It is advisable to ensure that its concen-
trations in water for consumption and other uses is as low as possible to 
avoid any health risk that could accompany an overdose of thoron 
through ingestion or inhalation in future (Ali et al. 2012; Lane-Smith and 
Schubert, 2020). One of the applications of thoron measurements in 
groundwater system is to determine the groundwater discharge pattern 
(Chanyotha et al., 2010; Lane-Smith and Schubert, 2020). The presence 
of thoron in all the groundwater samples in Amuloko and in Olorunsogo 
areas could have been attributed to network of the faults in the study 
area, because in crystalline basement complex, viable aquifers could 
only be developed through weathering or fracturing of the parent rocks 
(Sunmonu et al., 2012; Adagunodo et al., 2018a). 

The relationships between radon, temperature, pH and thoron at the 
two locations were established using the Pearson’s correlation. The 
correlation results are presented in Table 3. Classifications of the results 
are as follows: a positive strong correlation exists when R ≥ 0.8; a 
positive significant correlation exists when 0.5 ≤ R < 0.8; a positive 
weak correlation exists when 0.3 ≤ R < 0.5; and an insignificant positive 
correlation exists when R < 0.3 (Orosun et al., 2019, 2021). When the 
conditions above are in the negative form, it shows a negative correla-
tion among the group (Adagunodo et al., 2018c). A negative weak 
correlation of − 0.4266 and − 0.3190 exists between radon and tem-
perature in Amuloko and in Olorunsogo areas, respectively. This 
confirmed that an increase in temperature would reduce the concen-
trations of radon in water (Ajibola et al., 2021). Also, a strong positive 
correlation of 0.8949 in Amuloko and a significant positive correlation 
of 0.5914 in Olorunsogo between radon and thoron concentrations 
ascertained that both are byproducts of rocks and lithostratigraphic 
units being enriched with radioactive elements (uranium and thorium) 
(Omeje et al., 2019; Wanjala et al., 2021). 

In order to further understand whether there is significance differ-
ence between the data acquired in Amuloko and the data acquired in 
Olorunsogo, an independent sample test and an ANOVA test were per-
formed on the acquired data at the two locations. A t-test is one of the 
inferential tests in statistics used to establish the difference that exist 
between means from two or more groups. Equations (4) and (5) are the 
relationships for estimating t-test (Gerald, 2018). The null hypothesis in 
this study is that there is no significant difference between the radon 
concentration sources in Amuloko groundwater and the radon concen-
tration sources in Olorunsogo groundwater. The decision rule is that if 
the magnitude of the t-calculated value is greater than the t-critical 
value at significance level (α-value) of 0.05, the hypothesis is rejected 
(Machin et al., 2007). The independent samples test for the two loca-
tions is shown in Table 4. Based on the fact that the significance value 
(p-value) is greater than α-value, the equal variances assumed parame-
ters are considered for the t-test. In Table 4, the t-critical (i.e. 2.024) is 
greater than the magnitude of the t-calculated. Therefore, the null hy-
pothesis is accepted. 

Table 2 
Basic descriptive analysis for AEDR in water far off Amuloko (Olorunsogo area).  

N = 20 Min. Max. Mean ± SD Median CV Skew. Kurt. GL 

A 3.18 20.00 12.06 ± 4.74 11.68 0.39 0.09 − 0.88 11.10 * 
B 40.56 255.53 154.12 ± 60.58 149.15    NA 
C 34.77 219.02 132.10 ± 51.93 127.85    200.00 * 
D 23.18 146.01 88.07 ± 34.62 85.23 0.39 0.09 − 0.88 100.00 * 
E 8.00 50.41 30.40 ± 11.95 29.42    NA 
F 48.56 305.93 184.52 ± 72.53 178.58    NA 
G 42.77 269.43 162.51 ± 63.88 157.27    200.00 * 
H 31.18 196.42 118.47 ± 46.57 114.65    100.00 * 
I 33.20 36.50 34.96 ± 0.95 34.70 0.03 0.08 − 0.73 24.5–39.7 ** 
J 6.50 7.10 6.79 ± 0.19 6.80 0.03 0.16 − 1.21 6.8–8.5 ** 
K 0.31 1.21 0.59 ± 0.20 0.55 0.34 1.58 3.77 NA 

Note: Same interpretation for Table 1 is applicable to Table 2. 
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(5)  

where x1 and x2 are the first and the second sample means, n1 and n2 are 
the first and the second sample populations, S1 and S2 are the first and 
the second sample standard deviations, Sp is the pooled standard 
deviation. 

An ANOVA test is a statistical measure to analyze the differences 
among population means. It is used to determine if the experimented 
results are significant or not (Kenton, 2021). In this study, a one-way 
ANOVA was used because only two groups (locations) are involved in 
the analysis. The ANOVA test can be determined by equation (6) 
(Sawyer, 2009). The ANOVA result for the two locations is shown in 
Table 5. The same hypothesis used for the t-test was established for the 
ANOVA. For variations to occur in the ANOVA result, F-ratio must be 
greater than 1 and p-value < α-value (Machin et al., 2007; Kenton, 
2021). As shown in Table 5, F-ratio (0.582) ≈ 1 and p-value (0.450) >
α-value (0.05). This result further confirms that no variation exists be-
tween the source of radon concentrations in Amuloko shallow aquifers 
and that of Olorunsogo shallow aquifers. 

F=
MST
MSE

(6)  

where F is the ANOVA coefficient, MST is the mean sum of squares due 
to treatment and MSE is the mean sum of squares due to noise. The MST 
indicates an indirect measure of differences in group mean, while MSE 
indicates the statistical noise or error since the variance is not explained 
by the effect of the independent variable on the dependent variable 
(Sawyer, 2009). 

Based on the descriptive statistics and the inferential tests (t-test and 
ANOVA) used in this study, high radon concentrations in groundwater 
towards the two fault planes at survey points 1 and 2 have been linked to 
the geological contributions of faults. This could have been due to iron 
oxidation during faulting and weathering of the parent rocks. Iron 
oxidation mostly results to exclusive iron-staining identity of fault zones 
and fractured rocks (Richey and Evans, 2013; Olorunfemi et al., 2020). 
This process increases the level of radon being emanated from fault 
planes through soils and rocks, which results to negative or low mag-
netic anomalies (that is, enhanced magnetic susceptibilities) (Olor-
unfemi et al., 2020) and high concentrations of radon in groundwater 
(Choubey and Ramola, 1997; Choubey et al., 2000; Al-Tamimi and 
Abumurad, 2001; Prasad et al., 2009, 2018). Furthermore, the major 
pathways of radon within fault zones are: dispersion and diffusion 
through permeable soils as a result of decayed 238U being accumulated 
in soils and upward migration of radon along faults and fractures 
through carrier gasses such as N2 and CO2 (Chen et al., 2018). Radon 
from the carrier gases are produced from both the decay of 238U at the 
crust-mantle interface and the one produced at the CaSiO3 perovskite 
interface in the mantle (Wang et al., 2014; Zhou et al., 2015). Aquifers 
along the fault zones are contaminated with radon since one of the 
pathways for this gas to reach the surface due to its short half-life is 
through the fault plane. This is evident in the study of Oni et al. (2019b) 
where groundwater without storage tank had higher radon concentra-
tions than the one with storage facilities. 

This study agrees with the works of Choubey et al. (2000) at Hima-
layan springs and Asadi et al. (2015) near Anar fault in Iran. It was 
concluded in their studies that aquifers around the fault zone showed 
higher radon concentrations than those away from the fault zone. 
Furthermore, range of the (CRn)w at the two locations in this study are 
compared with the results from other parts of the world as shown in 
Table 6. It was revealed that the maximum (CRn)w obtained in all the 
locations as presented in Table 6 are above the global limit (GL) of 11.10 
Bq l− 1, especially where the (CRn)w obtained in the city of Zarand in Iran 
is greater than the GL by a factor of 1.30 and the (CRn)w obtained in 
Shanomo and Bagwai areas in Kano, north-western Nigeria is greater 
than the GL by a factor of 4.50. 

4. Conclusion 

This study assessed the radon concentrations in groundwater sources 
and its health effects within shallow aquifers from two granitic terrains 

Table 3 
Pearson’s correlation results of some variables in Amuloko and Olorunsogo groundwater.  

Amuloko groundwater Olorunsogo groundwater  

Radon Temp. pH Thoron  Radon Temp. pH Thoron 
Radon 1    Radon 1    
Temp. − 0.4266 1   Temp. − 0.3190 1   
pH 0.3114 − 0.1328 1  pH 0.4104 0.2470 1  
Thoron 0.8949 − 0.3833 0.2538 1 Thoron 0.5914 − 0.0560 0.1860 1 

Note: Radon and thoron units are in Bq L-1, Temp. ≡ Temperature unit is in ◦C. 

Table 4 
Independent samples test on radon concentrations in Amuloko and Olorusogo groundwater.   

Levene’s test for EV t-test for equality of x 

F Sig. (p) α tCal. tCri. df Sig. (2-tailed) x diff. SE diff. 95% CI of the diff. 

Lower Upper 

EVA 1.700 0.200 0.05 0.763 2.024 38.000 0.450 1.384 1.814 − 2.288 5.056 
EVNA    0.763 2.030 34.542 0.451 1.384 1.814 − 2.300 5.068 

Note: EVA=equal variances assumed, EVNA=equal variances not assumed, EV=equality of variances, x = mean, F=F− ratio, Sig.=significance, p=p-value, α=α-value, tCal.=t-calculated, tCri.=t-critical, df=degree of 

freedom, diff.=difference, SE=standard error, CI=confidence interval.  

Table 5 
The ANOVA test on radon concentrations in Amuloko and Olorusogo 
groundwater.   

Sum of squares df Mean square F Sig. (p) 

Between groups 19.157 1 19.157 0.582 0.450 
Within groups 1250.004 38 32.895   
Total 1269.161 39    

Note: Same interpretation for Table 4. 
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in the south-eastern axis of Ibadan, Nigeria. Forty groundwater samples 
(in triplicates) were collected from the two settlements (Amuloko and 
Olorunsogo) being situated over granite gneiss in Ibadan. Geospatial 
variations in radon concentrations and the annual effective doses due to 
inhalation and ingestion for all the age groups (infants, children and 
adults) increased from the north-eastern axis to the south-western zone 
in Amuloko. Meanwhile, a reverse trend was observed in Olorunsogo. It 
was observed that the levels of radon concentrations in groundwater 
sources along the two fault zones are much higher than other locations 
(including the dumpsite and the river channel axis). The estimated 
means for the (CRn)w in Amuloko and in Olorunsogo area are higher 
than the global limit (GL) by factors of 1.21 and 1.09. The estimated 
means for the (AEDR)total by adults at the two locations are higher than 
the global limit (GL) by factors of 1.32 and 1.19. The AEDR received in 
water by all age groups from the two locations are in the order infants >
children > adults. The AEDR received in water by all age groups indi-
cated that no one is safe from the risks associated with consumption of 
radon-enriched water such as lung cancers, stomach cancers and other 
carcinogenic diseases that could affect the internal organs. The statis-
tical analysis revealed that the radon pathway to the aquifer in the study 
locations is mainly through the geogenic contributions and anthropo-
genic source (such as dumpsite) has no effect on the radon concentra-
tions. It is recommended that direct usage of groundwater without 
storage facilities that could minimize the level of radon in water (prior to 
treatments) at these settlements should be avoided. 
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Bauchi, northeastern Nigeria 4.92 to 46.25 35.92 to 337.63 12.40 to 116.55 48.31 to 454.18 Shu’aibu et al. (2021) 
Zarand, Iran 4.67 to 31.55 34.09 to 230.32 11.77 to 79.51 45.86 to 309.82 Rahimi et al. (2022) 
Anar city, Kerman Province, Iran 1.33 to 29.91 9.71 to 218.34 3.35 to 75.37 13.06 to 293.72 Asadi et al. (2016) 
Zarand city and its Environs, Iran 5.16 to 14.40 37.67 to 105.12 13.00 to 36.29 50.67 to 141.41 Darabi et al. (2020) 
Northern Rajasthan, India 0.50 to 22.00 3.65 to 160.60 1.26 to 55.44 4.91 to 216.04 Mittal et al. (2016) 
Crete and Attica, Greece 0.80 to 24.00 5.84 to 175.20 2.02 to 60.48 7.86 to 235.68 Nikolopoulos and Louizi (2008) 
Guaruja, Santos and Sao Vicente, Brazil 0.96 to 36.00 7.01 to 262.80 2.42 to 90.72 9.43 to 353.52 Marques et al. (2004) 
Cyprus 0.30 to 20.00 2.19 to 146.00 0.76 to 50.40 2.95 to 196.40 Nikolopoulos and Louizi (2008) 
Busan, South Korea 0.00 to 300.00 0.00 to 2190.00 0.00 to 756.00 0.00 to 2946.00 Cho et al. (2004) 
Transylvania, Romania 0.50 to 129.30 3.65 to 943.89 1.26 to 325.84 4.91 to 1269.73 Cosma et al. (2008) 
Erbil city, Iraq 4.00 to 12.18 29.20 to 88.91 10.08 to 30.69 39.28 to 119.61 Qadir et al. (2021) 
Mosul city, Iraq 17.4 to 36.10 127.02 to 263.53 43.85 to 90.97 170.87 to 354.50 Qadir et al. (2021) 
Southern Catalonia, Spain 1.40 to 105.00 10.22 to 766.50 3.53 to 264.60 13.75 to 1031.10 Fonollosa et al. (2016) 
Canary Islands, Spain 0.30 to 76.90 2.19 to 561.37 0.76 to 193.79 2.95 to 755.16 Alonso et al. (2015) 
Uttara Kannada district, India 2.37 to 171.35 17.30 to 1250.86 5.97 to 431.80 23.27 to 1682.66 Suresh et al. (2020) 
Garhwal Himalaya, India 8.00 to 3050.00 58.40 to 22265.00 20.16 to 7686.00 78.56 to 29951.00 Prasad et al. (2008) 
Maximum contamination limit 4.00 to 40.00 – – – UNSCEAR (2006) 
Global limit 11.10 100.00 NA 100.00 USEPA (1999) and UNSCEAR (2000)  
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