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Abstract

The evaluation of uranium concentrations in the groundwater is pertinent to advise on the known connection between the chemical and radiological
toxicity of the element with certain chronic lung cancer and kidney diseases. Ten (10) groundwater samples were collected from boreholes and
wells around the research area to determine the 238U level and related risk. Water samples were kept in a 50ml High-Density Polyethylene (HDPE)
plastic container and acidified with strong nitric acid to prevent metal leaching. Temperature and conductivity were recorded on-site with a portable
WTWLF 91 model pH/conductivity meter. The activity concentrations in all water samples vary from 372 to 19964 µgL-1 with the highest value
in the AG borehole samples and the lowest in both the AB and AC samples, respectively. The estimated Annual Effective Dose (AED) for all age
groups that rely on groundwater-based drinking varies from 0.012 to 0.991 mSvy-1 with the highest value of 0.991 mSvy-1 reported in sample AG
for children in the age range from 7-12 years. The Lifetime Average Daily Dose (LADD) of 238U varies from 8.58 × 10−4 to 4.61 × 10−2 with
the highest value of 4.61 × 10−2 µgkg-1day-1 noted in sample AG. The LADD for all the samples is lower than the acceptable value of 0.6 × 10−1

µgkg-1day-1. Although the risk at some locations is close to the threshold value, the present concentration of 238U in the groundwater may pose a
serious threat to the users unless adequate treatments are taken before consumption.
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1. Introduction

A radionuclide or radioisotope has the same atomic number but differs in atomic mass, i.e., the same number of protons and
electrons, but with a different number of neutrons, such as 12C6, 13C6, and 14C6. The excess nuclear energy they carry makes them
unstable in the environment. Excess nuclear energy can be utilized in several ways, including nuclear radiation emitted directly from
the nucleus in the form of gamma (γ) radiation. Then, it transfers an electron to one of its atoms, which is released as a conversion
electron, or from the nucleus, new particles like alpha (α) or beta (β) can be released. Radioactive decay is the name given to this
process of energy conversion. There are two types of radionuclides: primordial radionuclides, which the Earth has been containing
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radionuclides since its formation, as well as cosmogenic radionuclides formed in the upper layer of the crust and atmosphere. These
ionizing radiation sources in the environment are both natural and man-made. Uranium (234U, 235U, 238U), Potassium 40, Thorium,
and other naturally occurring radionuclides. The radioactive elements can be used to generate electricity in nuclear power plants and
as a high-density penetrator in the military. However, it is also used to test nuclear weapons. Natural radioactive elements such as
Uranium and Thorium are commonly used to introduce radioactive materials into drinking water. Mineral processing, mining, and
phosphate fertilizer production, etc., are examples of technological processes. Through the nuclear fuel cycle, radionuclides are also
released into the environment, improper use of radionuclides produced in an unsealed form, inappropriate methods for use in the
medical and industrial fields, unsuitable methods of dumping radioactive substances, and Radionuclides have been released into the
environment in the past, which ultimately contaminated the water sources. Uranium has been described as an element that occurs
naturally as a trace constituent in the subsurface [1].

It is also radioactive and chemically toxic, and the consequences of radiation versus chemical effects pose grave concerns.
Moreover, uranium in groundwater occurs due to the weathering of rocks and soil. However, in groundwater, the activities of
nuclides are governed by various methods such as adsorption desorption and dissolution processes [2]. The information on uranium
concentration in surface and groundwater is crucial in investigating radiological assessment and the impact of various anthropogenic
activities to secure the increased standard of living in present-day societies. The current drinking water guidelines are based on a
Reference Dose Level (RDL) of 0.1 mSv from possible radioisotope consumption through drinking water per year, as recommended
by the International Commission on Radiological Protection (ICRP) [3] in 1991 and the IAEA International Basic Safety Standard
(IBSS) [4] in 1996 and accepted by the World Health Organization (WHO). Over the decades, interest in the environmental toxicity
risk of uranium has been placed on nuclear power generation and depletion of uranium from military ammunition use, while that
of groundwater is neglected [5]. Recent studies have shown that water in permeable rock across various parts of the globe is
becoming polluted with uranium from both natural and man-made sources, European Food Safety Authority [6], the Agency for
Toxic Substances and Disease Registry [7]. Drinking water exposure to uranium is increasing rapidly as more people rely on
groundwater for their basic needs around the globe [5]; the high concentration of uranium poses a potential threat in terms of health
effects on society. The long-term health consequences of uranium in drinking water include kidney damage and bone toxicity caused
by alpha radiation [8, 9]. Human radiation exposure is influenced by factors such as elevation above mean sea level, radionuclide
composition in the air, food, and drinking water, radionuclide types and amounts in soil, and others. The quantity of radionuclide
absorbed into the body via food and ingestion has a significant impact on health. Such ionizing radiations are more powerful and
harmful to human health and the environment. Such radiations cause hereditary effects, genetic deformity, non-fatal cancer, fatal
cancer, and a drop in blood cell count. Higher dose exposure can sometimes result in death.

The standard value of 30 µg/L for uranium has been set for drinking water by the World Health Organization [10], the U.S.
Environmental Protection Agency [11, 12], which is above the threshold value of 10 µg/L adopted in Germany [13]. Uranium at
higher concentration levels in water has been reported globally; for example, in Switzerland [14], Finland [8] , Bangladesh [15], U.K.
[16], Vietnam and Cambodia [17], Canada [18], India [19], Korea [20], Sweden [21], China [12], U.S. [22, 23], and Nigeria [24].
Aeration, air stripping, and activated carbon absorption has efficiencies of 67-99 %, >99 %, and 70-100 %, respectively, to reduce
heavy radionuclide concentrations in water. In this present study, the concentration of uranium in groundwater for drinking at Awe
Area Central Nigeria was examined for potential risk exposure to water users.

1.1. Location, climate and vegetation
The Awe Brine fields are part of the Benue Brine fields in north-central Nigeria (Figure 1). It is situated in Nigeria’s Central

Benue Trough, between longitudes 9◦ 07’E - 9◦ 09’E and latitudes 8◦ 06’N - 8◦ 08’N. The landscape has relatively low relief of
140 meters on average. It is drained by one of the major tributaries of the River Benue, the River Tunga, as well as several smaller
rivers and rivulets. The research area, which is made up of Guinean savannah vegetation, has two distinct seasons: wet and dry.
The rainy season runs from March to October, whereas the dry season is from November to February. It is unusual for rain to fall
between January and February. The annual average rainfall and mean relative humidity range from 1000 to 1500 mm and 60 to 80
%, respectively [25], while the yearly average temperature is 28.50◦C, with temperatures ranging from 33 to 360◦C during the dry
season [26].

1.2. Geology of the study area
The Awe Formation, which was formed as passage (transitional) beds during the Late Albian Early Cenomanian regression,

underlies the locality. Its most common parts are found near the town of Awe, where Ref. [27] estimated the thickness to be about
100 meters. It is made up of flaggy, white, medium- to coarse-grained calcareous sandstone, carbonaceous shale, and clays [28].
The Cenomanian regression produced fluviodeltaic sediments, giving rise to the Keana Formation. The Keana Formation, which
consists of cross-bedded, coarse-grained feldspathic sandstones, occasional conglomerates, and areas of shale and limestone from
which brine emerges, is directly overlain by the Awe Formation. Massive outcrops may be seen in Keana, Noku, Jangerigeri, Azara,
and Daudu [27, 29, 30]. Underneath the Awe Formation is the Asu River Group. According to Offodile [30] and Obaje [29], this is
the oldest sedimentary rock unit in the Trough, deposited during the Mid-Albian marine transgression of the South Atlantic-Gulf of
Guinea. Limestone, shale, calcareous shale, micaceous siltstones, mudstone, and clay make up the lithology of the group.
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Figure 1. Geological map of the study areas (modified from Ref. [27]).

1.3. Hydrogeology of the study area
The primary aquifer’s units found within the study area are the Awe, Keana, and Ezeaku Formations, with alternating shale and

sandstone strata creating some unusual and complex hydrogeological settings. The aquifer’s sandstone is strongly hardened, lightly
developed with alternating shale and sandstone strata, confined to the point where only secondary pores are caused by tectonic
activities, which result in rock fracturing of hydrogeological interest [31].

2. Materials and methods

To assess the level of 238U and the associated risk in the groundwater, ten (10) groundwater samples were obtained from boreholes
and wells throughout the research area. The water samples were stored in a 50ml High-Density Polyethylene (HDPE) plastic con-
tainer and acidified with concentrated nitric acid to prevent the leaching of metals. A portable WTWLF 91 model pH/conductivity
meter was used to measure temperature and conductivity in situ. The concentration of radionuclide levels was determined using
enhanced ICP-ES/ICP-MS at Acme Analytical Laboratories (Vancouver Ltd), Canada. According to the previous investigation, all
the samples were digested. Pellets of water samples were placed in a sample container with a small filter paper disc. After adding a
solution of six (6) molL-1 NH4NO3 (50L) to the filter paper, a sample holding vessel previously filled with 6mL of absorbing solution
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Table 1. Concentration and activity concentrations of 238U in water samples for the age group in the study area.

Sample Concentration of 238U
(mg/L)

Concentration of 238U
(µg/L)

Activity concentration
of 238U (µBeq/L)

AB 0.00003 0.03 372
AC 0.00003 0.03 372
AD 0.00037 0.37 4588
AE 0.00026 0.26 3224
AF 0.00033 0.33 4092
AG 0.00161 1.61 19964
AH 0.00021 0.21 2604
AI 0.00021 0.21 2604
AJ 0.00062 0.62 7688
AK 0.00136 1.36 16864
WHO (2008) 0.030 30 37200

(10–100 mmolL-1 NH4OH) was introduced. After closing and capping the rotor, the vessels were pressurized with twenty (20) bars
of oxygen, and the rotor was inserted into the microwave cavity, where the heating stage began at 1400W for 5 minutes and the
cooling stage began at 0W for 20 minutes. To determine elements by ICP-MS using this technique, the digests were transferred into
a 25 mL volumetric flask and diluted with water after releasing the pressure in each vessel [32]. Microwave-heated concentrated
HNO3 was used to clean all vessels for 10 minutes at 1000W and then cooled at 0W for 20 minutes. Before use, glass and quartz
constituents were immersed in 1.4 mol L-1 HNO3 for 24 hours and then rinsed with water. Therefore, the results obtained from the
analysis were used to assess the radioactive and radiotoxic risks posed by 238U in the groundwater of the Central Benue Trough,
considering the characteristics of the multi-layered saline sedimentary terrain.

3. Results and discussion

3.1. Concentrations of 238U in groundwater samples from the study area
Table 1 shows the different concentrations of 238U in all groundwater samples. The 238U content values vary from 0.03 to

1.61µgl-1, with sample AG having the highest value of 1.61µgl-1. The concentration levels in all the water tests are below the
standard value of 1.9µgl-1 [3]. The present calculated values for uranium concentration in water samples are on the lower side than
the maximum acceptable uranium concentration value of 15µgl-1 [33] and the recommended safe value of 30µgl-1 [34]. The measured
uranium concentration values for water samples are well below the range of 15-30 ppb proposed by Refs. [10, 34, 35].

3.2. Activity concentrations of 238U in water samples found in the study area
The amounts of 238U, and activity concentrations discovered in water samples taken from the research area as shown in Table

1. It varies from 372 to 19964 µBeqL-1 with the highest value of 19964 µBeqL-1 obtained from sample AG. The lowest value
of 372 µBeqL-1 is reported in both sample’s AB and AC. This could be attributed to geologic features that control the subsurface
formation. The high concentration found in water sample AG could be because of an intrusion of volcanic rocks within the study
area. Comparing the highest value of the activity concentration of 19964 µBeqL-1 with the International Reference Standard of
37200 µBeqL-1 (30µgL-1), The current study is low by a factor of 1.9. Approximately 99 % of uranium absorbed in food or drink
is excreted by the human body, with the remaining entering the circulation [34]. Within a few days, the kidneys will eliminate most
of this uranium, which will be expelled in the urine. A little quantity of uranium in the circulation will be deposited in the bones,
where it will most likely stay for years. The danger of cancer presented by uranium and all other radionuclides is one of its harmful
consequences; uranium also has non-cancer impacts. The kidney is the ”target organ” of uranium’s chemical toxicity. Uranium
prevents proteins from being absorbed. Miners and millers who were exposed to large levels of uranium experienced modest and
transitory side effects. Ref. [34] set a Maximum Contaminant Level for uranium of thirty (30) micrograms per liter (0.031 milligram
per liter) based on the chemical toxicity of uranium. The highest concentration value of 1.61µgL-1 acquired in this current research
is lower than the thirty (30) µgL-1 value recommended by the Environmental Protection Agency (EPA).

3.3. Ingestion of 238U in humans and dose coefficients for radiological protection
The International Commission on Radiological Protection (ICRP) makes recommendations and gives guidance on all areas of

ionizing radiation protection, which are published in the ICRP’s own scientific publication, the Annals of the ICRP. The process of
contact begins with the consumption of radionuclide-containing groundwater. Radionuclides often accumulate in the bones, liver,
kidney, and soft tissues after entering the human body. Radionuclides consumed are not completely absorbed in the human body.
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Table 2. Results of annual effective dose of 238U for all the age groups in water sample from the study area and comparing with various countries and international
standard.

Sample AED for Adults 238U
(µSvy−1)

AED for Adults 238U
(12-17 years) (µSvy−1)

AED for Adults 238U (7 - 12 years)
(µSvy−1)

AB 12.22 18.89 18.47
AC 12.22 18.89 18.47
AD 150.72 224.39 227.75
AE 105.91 157.69 160.04
AF 134.42 200.14 203.13
AG 655.82 976.44 991.01
AH 85.54 127.36 129.26
AI 85.54 127.36 129.26
AJ 252.55 376.02 381.63
AK 553.98 824.82 837.13
Council directive [10, 20, 36] 100 100 100

Dose coefficients aid in determining the effective dose related to radiation exposure when evaluating the dangers to people’s
health. The dose coefficient of 238U is 0.28 µSvBq-1, which corresponds to a Reference Dose Level (RDL) of 0.1 mSvy-1 [34]. The
annual effective dosage is calculated utilising nuclide’s activity concentration (Bq L-1), the dose coefficient of 226Ra (Sv Bq-1) is
given as 4.5×108, 6.7×108, and 6.8×108, for an adult, children (12-17 years), and children (7-12 years) respectively, and the annual
water consumption is 731 Ly-1 [35]. A reference dose of 0.1 mSv per year corresponds to the activity of 0.5 Bq L-1, was calculated
using Equation (1).

AED(mS vy−1) = AC(BqL-1) × DC(S vBq-1) × AWC (Ly-1) × 1000, (1)

where AED is annual effective dose, AC is activity concentration of 236Ra, DC is dose coefficient for 236Ra, and AWC is annual water
consumption.

In this current study, Equation (1) has been used to determine the annual effective dose of groundwater samples for the 238U
radionuclide only in groundwater for drinking, in microSievert per year (µSv y-1) as shown in Table 1. The World Health Organization
(WHO) and the Environmental Protection Agency (EPA-USA) used a quantity of 2 and 1 liters per day of water consumption for
adults and children, respectively [8, 10].

The values obtained in Table 2 were converted to milliSievert per year (mSv y-1) for further discussions on the level of risks in
age groups, as shown in Table 3. In Table 3, the annual effective dose for adults varies from 0.012 to 0.656 mSvy-1, with the highest
value of dose exposure of 0.656 mSvy-1 obtained in sample AG, and the lowest value of 0.012 mSv y-1 noted in samples AB and AC,
respectively. For children between 12-17 years who rely on groundwater for daily consumption, the annual effective dose (AED)
varies from 0.018 to 0.976 mSv y-1, with the highest value of 0.976 mSv y-1 noted in sample AG. The lowest value of 0.018 mSv
y-1 was reported in both samples AB and AC. At the same time, the exposure annual effective dose for children within the age limit
of 7-12 years varies from 0.019 to 0.991 mSv y-1. It can be observed that the highest value of 0.991 mSv y-1 was reported in the
AG borehole water sample, whereas AB and AC respectively reported the lowest value of the same AED of 0.019 mSv y1. In all the
water samples, AG borehole water reported the highest AED in all the age groups that rely on groundwater use. Comparing this value
with the International Reference Dose of 1.0 mSv y-1, all the water samples are distinctly closer to the value for all the age groups,
except for samples collected from boreholes AB and AC, which are lower. This is because of granitic intrusion and high deformation
and permeability that form the secondary aquifer in fractured zones where the groundwater is tapped. According to USEPA [37], the
liver stores 1.5 to 2% of 238U, most of which is excreted in a few weeks. In addition, 238U’s radioactivity causes chemical toxicity
in the kidneys [24]. It has also been found that 238U concentration is restricted by chemical toxicity instead of the effective dose [4].
The World Health Organization (WHO) set a tentative recommendation of 1.0 mSv per year as the recommended threshold in 2003,
which equates to 0.5 Bq L-1 activity. Except for AB and AC, the findings of this study are greater than the suggested limit for all age
categories in all samples.

3.4. Radiological risk assessment of 238U in groundwater from the study area

The cancer risks were calculated using the 238U concentration dispersion in the underground water of each studied location. A
cancer mortality rate is the number of deaths in a given population due to cancer as the major cause of death over the course of a year.
Cancer mortality is often stated as the number of cancer-related deaths per 100,000 people. That is, the mortality rate is calculated
as follows: (Cancer Deaths / Population) / 100,000.

At the same time, morbidity risk is defined as illness and is the term used to refer to measures of illness. Also, it may be defined
as the frequency with which a disease appears in a population. The lifetime cancer risks, R, related to consumption of a given
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Table 3. Results of annual effective dose of 238U for all the age groups in water sample from the study area and comparing with various countries and international
standard.

Sample AED for Adults 238U
(µSvy−1)

AED for Adults 238U
(12-17 years) (µSvy−1)

AED for Adults 238U (7 - 12 years)
(µSvy−1)

AB 0.012 0.018 0.018
AC 0.012 0.018 0.018
AD 0.151 0.224 0.228
AE 0.106 0.158 0.160
AF 0.134 0.200 0.203
AG 0.656 0.976 0.991
AH 0.086 0.127 0.129
AI 0.086 0.127 0.129
AJ 0.252 0.376 0.382
AK 0.553 0.825 0.837
Council directive [10, 20, 36] 1.0 1.0 1.0

Table 4. The estimated Lifetime cancer mortality and morbidity risk of 238U in water samples.
Sample Activity concentration Cancer mortality risk Cancer morbidity risk
AB 372 1.396 × 10−2 2.138 × 10−2

AC 372 1.396 × 10−2 2.138 × 10−2

AD 4588 1.722 × 10−1 2.636 × 10−1

AE 3224 1.210 × 10−1 1.853 × 10−1

AF 4092 1.536 × 10−1 2.351 × 10−1

AG 19964 5.616 × 10−1 8.599 × 10−1

AH 2604 9.744 × 10−2 1.496 × 10−1

AI 2604 9.744 × 10−2 1.496 × 10−1

AJ 7688 2.886 × 10−1 4.442 × 10−1

AK 16864 4.330 × 10−2 6.332 × 10−1

Reference dose level 1 × 10−3 1 × 10−3

radionuclide were evaluated by using equation (2) given as [34]:

R = r × l, (2)

where r is risk coefficient, l is per-capita activity intake. For radiological risk assessment, the international reference values of cancer
risk coefficients of 238U were used for comparison purposes. Note that this type of radiological risk assessment has not been estimated
based on Nigeria’s population data. According to WHO [12], the average life expectancy at birth in Nigeria is 45.5 years, with an
average yearly water usage of 731 liters per person. This equates to 33,215L of water consumed throughout a lifetime. The cancer
risk coefficients for 238U are 1.13 × 10−9 Bq-1 for mortality and 1.73 × 10−9 Bq-1 for morbidity [38, 39]. The cancer mortality and
morbidity risks associated with 238U over a lifetime consumption of water in the study location were evaluated using equation (2)
and the coefficients, and the results are shown in Table 4. The cancer mortality risk from the intake of water samples varies from
1.40× 10−2 to 5.6× 10−1, with the highest value of 5.6× 10−1 Bq-1 noted in sample AG, whereas the lowest value of 1.40× 10−2 was
reported in samples AB and AC, respectively. Comparing the present study with the International Reference Level of 10-3, the entire
water sample is distinctly higher for radiological risk, according to Kim et al. [4]. For cancer morbidity risk, it varies from 2.14x10−2

to 8.60×10−1, with the highest value of 8.60×10−1 reported in sample AG; the lowest value of 2.14×10−2 was obtained from samples
AB and AC, respectively. Comparing the present study with the International Reference Level of 10-3, the entire water sample is
distinctly higher for radiological hazard [4]. Such a higher value could be attributed to the weathered nature of the water-bearing
formation, which might have affected the geochemical activities of the aquifer.

3.5. Chemical toxicity risk of 238U in groundwater at Awe area
The chemical toxicity risk of groundwater in the Awe area was calculated to evaluate the impact of the carcinogenic associated

risk of 238U as a chemical in the water. This was calculated using equation (3), the lifetime average daily dose of 238U obtained via
water intake, and the result was equated to the Reference Dose (RFD) of 0.6 gkg-1 day-1 [31], which is used as a standard criterion
for 238U by several foreign organizations, yielding the Lifetime Average Daily Dose (LADD), see equation (3).

Ingestion LADD of drinking water =
EPC × IR × ED

AT × BW
, (3)
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Table 5. The estimated lifetime average daily dose (LADD) of 238U in the water samples.
Sample ID LADD of 238U (µkg−1day−1) Reference dose (µkg−1day−1)
AB 8.58 × 10−4 Present
AC 8.58 × 10−4 Present
AD 1.06 × 10−2 Present
AE 7.44 × 10−3 Present
AF 9.44 × 10−3 Present
AG 4.61 × 10−2 Present
AH 6.01 × 10−3 Present
AI 6.01 × 10−3 Present
AJ 1.77 × 10−2 Present
AK 3.75 × 10−2 Present
U.S. Department of Health
and Human Service

6.0 × 10−1 ATSDR, 2003

where LADD denotes Lifetime Average Daily Dose (µg kg-1 day-1), EPC is Exposure Point Concentration (µg L-1), IR is Water
Ingestion Rate (L day-1), EF is Exposure Frequency (Day’s year 1), ED is Total Exposure Duration (years), AT is Average Time
(Days), and BW is Body Weight (Kg).

Therefore using, IR=2 LDay-1, EF= 365days, ED= 45.5y, AT= 16, 607.5 (obtained from 45.5 × 365) and BW = 70 kg (for a
standard man). The chemical toxicity risk for 238U in the study area over a lifetime consumption was estimated and presented in
Table 5.

4. Conclusion

From the analysis of activity concentrations, annual effective dose, and radiological risks of 238U in all the studied samples, the
Annual Effective Dose (AED) and Lifetime Average Annual Dose (LADD) at a few locations are close to threshold values. In addi-
tion, the cancer mortality and morbidity risks are higher than the recommended values suggested by Refs. [3, 10, 39], respectively.
Importantly, the cancer mortality and morbidity risks of 5.616 × 10−1 and 8.599 × 10−1, respectively, when compared to the interna-
tional reference dose magnitude of 10-3, pose a health risk to the residents who rely on underground water for drinking. Although
the average exposure level of 238U in water samples is high in the study area, it is strongly recommended to continuously monitor
and treat the water before consumption to reduce the risk of cancer-related diseases. The entire area needs to be thoroughly investi-
gated soon, and stringent remedial measures should be implemented in high-risk locations. This study can be used to investigate any
cancer-related diseases in the population and further research on heavy metals and their toxic levels in the region is recommended.

References

[1] J. M. Zachara, J. A. Davis, P. E. Long, K. H. Williams, M. Freshley & J. P. McKinley, “Persistence of uranium groundwater plumes: contrasting mechanisms at
two contaminated doe sites”, Geological Society of America Abstracts with Programs 43 (2011) 230. https://digitalcommons.unl.edu/usdoepub/177/.

[2] C. Charalambous, M. Aletrari, P. Piera, P. Nicolaidou-Kanari, M. Efstathiou & I. Pashalidis, “Uranium levels in cypriot groundwater samples determined by ICP-
MS and α-spectroscopy”, Journal of Environmental Radioactivity 116 (2013) 187. https://www.sciencedirect.com/science/article/abs/pii/S0265931X1200255X.

[3] ICRP (International Commission on Radiological Protection), Protection against Radon-222 at home and at work, ICRP Publication 65, Ann. ICRP 23, 1993.
https://www.icrp.org/publication.asp?id=ICRP%20Publication%2065.

[4] J. G. Zhang, R. Tang, G. Li, X. Xu, Y. Yang, Z. Feng & L. Jia, “Protection in emergency exposure situation”, Radiation Protection (Taiyuan) 36 (2016) 337.
https://inis.iaea.org/search/search.aspx?orig q=RN:52043892.

[5] J. Nriagu, D. H. Nam, T.A. Ayanwola, H. Dinh, E. Erdenechimeg, C. Ochir & T. A. Bolormaa, “High levels of uranium in groundwater of Ulaanbaatar,
Mongolia”, Science of the Total Environment 414 (2012) 722. https://www.sciencedirect.com/science/article/abs/pii/S0048969711013519.

[6] EFSA (European Food Safety Authority), “Uranium in foodstuffs, in particular mineral water”, EFSA Journal 7 (2009) 1018. https://doi.org/10.2903/j.efsa.
2009.1018.

[7] ATSDR (Agency for Toxic Substance and Disease Registry), Toxicological profile for Arsenic, U.S. Department of Health and Human Services, Public Health
Humans Services, Center for Disease Control, Atlanta, 2003. https://academic.oup.com/toxsci/article/123/2/305/1685876?login=false.

[8] P. L. Smedley, B. Smith, C. Abesser & D. Lapworth, Uranium occurrence and behaviour in British groundwater, Groundwater Programme Commissioned
Report CR/06/050N, British geological survey, 2006. https://nora.nerc.ac.uk/id/eprint/7432/1/CR06050N.pdf.

[9] D. Brugge & V. Buchner, “Health effects of uranium: new research findings”, Reviews on Environmental Health 26 (2011) 231. https://doi.org/10.1515/REVEH.
2011.032.

[10] World Health Organization, Primary health care now more than ever, The World Health Report, 2008. https://www.who.int/publications/book-orders?sesslan=
1&codlan=1&codcol=24&codcch=2008.

[11] EPA (Environmental Protection Agency, Cancer risk coefficients for environmental exposure to radionuclides, Federal Guidance Report No 13., EPA 402-R-99-
001, Office of Radiation and Indoor Air, 1999. http://www.epa.gov/radiation/docs/federal/402-r-99-001.

[12] Y. S. Kim, H. S. Park, J. Y. Kim, S. K. Park, B. W. Cho, I. H. Sung & D. C. Shin, “Health risk assessment for uranium in Korean groundwater”, Journal of
Environmental Radioactivity 77 (2004) 77. https://www.sciencedirect.com/science/article/abs/pii/S0265931X04000773.

7

https://digitalcommons.unl.edu/usdoepub/177/
https://www.sciencedirect.com/science/article/abs/pii/S0265931X1200255X
https://www.icrp.org/publication.asp?id=ICRP%20Publication%2065
https://inis.iaea.org/search/search.aspx?orig_q=RN:52043892
https://www.sciencedirect.com/science/article/abs/pii/S0048969711013519
https://doi.org/10.2903/j.efsa.2009.1018
https://doi.org/10.2903/j.efsa.2009.1018
https://academic.oup.com/toxsci/article/123/2/305/1685876?login=false
https://nora.nerc.ac.uk/id/eprint/7432/1/CR06050N.pdf
https://doi.org/10.1515/REVEH.2011.032
https://doi.org/10.1515/REVEH.2011.032
https://www.who.int/publications/book-orders?sesslan=1&codlan=1&codcol=24&codcch=2008
https://www.who.int/publications/book-orders?sesslan=1&codlan=1&codcol=24&codcch=2008
http://www.epa.gov/radiation/docs/federal/402-r-99-001
https://www.sciencedirect.com/science/article/abs/pii/S0265931X04000773


Nuhu & Shekwonyadu / African Scientific Reports 3 (2024) 169 8

[13] A. Banning, T. Demmel, T. R. Rude & M. Wrobel, “Groundwater uranium origin and fate control in a river valley aquifer”, Environmental Science and
Technology 47 (2013) 13941. https://doi.org/10.1021/es304609e-10.1021/es304609e.

[14] E. Stalder, A. Blanc, M. Haldimann & V. Dudler, “Occurrence of uranium in Swiss drinking water”, Chemosphere 86 (2012) 672. https://www.sciencedirect.
com/science/article/abs/pii/S0045653511013142.

[15] S. H. Moon, J. Hwang, J. Y. Lee, S. P. Hyun, B. K. Bae & Y. Park, “Establishing the origin of elevated uranium concentrations in groundwater near the Central
Ogcheon metamorphic belt, Korea”, Journal of Environmental Quality 42 (2013) 118. https://acsess.onlinelibrary.wiley.com/doi/pdfdirect/10.2134/jeq2012.
0044.

[16] Q. Yang, P. Smitherman, C. T. Hess, C. W. Culbertson, R.G. Marvinney, A. E. Smith & Y. Zheng, “Uranium and radon in private bedrock well water in Maine:
geospatial analysis at two scales”, Environmental Science & Technology 48 (2014) 4298. https://doi.org/pdf/10.1021/es405020k.

[17] J. Buschmann, M. Berg, C. Stengel, L. Winkel, M.L. Sampson, P.T.K Trang & P. H. Viet, “Contamination of drinking water resources in the Mekong delta
floodplains: Arsenic and other trace metals pose serious health risks to population”, Environment International 34 (2008) 756. https://www.sciencedirect.com/
science/article/abs/pii/S0160412008000020.

[18] M. S. Alam & T. Cheng, “Uranium release from sediment to groundwater: influence of water chemistry and insights into release mechanisms”, Journal of
Contaminant Hydrology 164 (2014) 72. https://doi.org/10.1016/j.jconhyd.2014.06.001.

[19] A. Kumar, N. Usha, P. D. Sawant, R. M. Tripathi, S. S. Raj, M. Mishra & H. S. Kushwaha, “Risk assessment for natural uranium in subsurface water of Punjab
State, India”, Human and Ecological Risk Assessment 17 (2011) 381. https://doi.org/abs/10.1080/10807039.2011.552395.

[20] EPA, National primary drinking water regulations; radionuclides; final rule, Environmental Protection Agency, 2000. 76708. https://www.federalregister.gov/
documents/2000/12/07/00-30421/national-primary-drinking-water-regulations-radionuclides-final-rule.

[21] A. I. Selden, C. Lundholm, B. Edlund, C. Hogdahl, B. M. Ek, B. E. Bergstrom & C. G. Ohlson, “Nephrotoxicity of uranium in drinking water from private
drilled wells”, Environmental Research 109 (2009) 486. https://www.sciencedirect.com/science/article/abs/pii/S0013935109000218.

[22] S. H. Frisbie, E. J. Mitchell, L. J. Mastera, D. M. Maynard, A. Z. Yusuf, M. Y. Siddiq & B. Sarkar, “Public health strategies for western Bangladesh that address
arsenic, manganese, uranium, and other toxic elements in drinking water”, Environmental Health Perspectives 117 (2009) 410. https://doi.org/pdf/10.1289/ehp.
11886.

[23] A. H. Welch & M. S. Lico, “Factors controlling As and U in shallow groundwater, southern Carson Desert, Nevada”, Applied Geochemistry 13 (1998) 521.
https://www.sciencedirect.com/science/article/abs/pii/S0883292797000838.

[24] C. M. Amakom & N. N. Jibiri, “Chemical and radiological risk assessment of uranium in borehole and well waters in the Odeda Area, Ogun State, Nigeria”,
International Journal of Physical Sciences 5 (2010) 1009. https://academicjournals.org/journal/IJPS/article-full-text-pdf/2C91F7B28222.pdf.

[25] N. L. Binbol, A. A. Adebayo & A. A. Zemba, “Drought characteristics in the savannah region of Nigeria”,
Adamawa State University Journal of Scientific Research 3 (2015) 33. https://adsujsr.adsu.edu.ng/wp-content/uploads/2023/12/
DROUGHT-CHARACTERISTICS-IN-THE-SAVANNAH-REGION-OF-NIGERIA-Copy.pdf.

[26] T. O. Odekunle, “Rainfall and the length of the growing season in Nigeria”, International Journal of Climatology: A Journal of the Royal Meteorological Society
24 (2004) 467. https://iri.columbia.edu/∼ousmane/print/Onset/Odekunle04 IntJClim.pdf.

[27] M. E. Offodile, “The geology of the middle Benue, Nigeria”, Palaentological Institute, University Uppsala, Special Publication 4 (1976) 1. https://cir.nii.ac.jp/
crid/1571698600324699904.

[28] N. G. Obaje, “Biostratigraphic and geochemical controls of hydrocarbon prospects in the Benue Trough and Anambra Basin, Nigeria”, Nigerian Association of
Petroleum Explorationists (NAPE) Bulletin 14 (1999) 18. https://cir.nii.ac.jp/crid/1570009750464436480.

[29] N. G. Obaje, D. O. Attah, S. A. Opeloye & A. Moumouni, “Geochemical evaluation of the hydrocarbon prospects of sedimentary basins in Northern Nigeria”,
Geochemical Journal 40 (2006) 227. https://www.jstage.jst.go.jp/article/geochemj/40/3/40 3 227/ article/-char/ja/.

[30] M. E. Offodile, Groundwater study and development in Nigeria, Mecon Geology and Engr. Service Ltd., Jos, 2002, pp. 308-336. https://www.academia.edu/
25456786/Hydrogeology Ground Water Study and Development in Nigeria Third Edition 2014 Book on Sale contact 234 8037015468.

[31] O. S. Onwuka, N. D. Umar, O. V. Omonona & I. G. Idris, “Heavy metals and rare earth elements distribution in the brine fields of Awe, Keana and Giza, Central
Benue trough, Nigeria”, Journal of African Earth Sciences 157 (2019) 103514. https://doi.org/10.1016/j.jafrearsci.2019.103514.

[32] M. Omeje, O. O. Adewoyin, E. S. Joel, C. O. Ehi-Eromosele, P.C. Emenike, M. R. Usikalu & M. A. Saeed, “Natural radioactivity concentrations of 226Ra,
232Th, and 40K in commercial building materials and their lifetime cancer risk assessment in dwellers”, Human and Ecological Risk Assessment: An Interna-
tional Journal Radionuclides: Final Rules. Federal Register 65 (2018) 76708. https://core.ac.uk/download/pdf/154230371.pdf.

[33] Y. Wu, Y. Wang & X. Xie, “Occurrence, behavior and distribution of high levels of uranium in shallow groundwater at Datong basin, northern China”, Science
of the Total Environment 472 (2014) 809. https://www.sciencedirect.com/science/article/abs/pii/S0048969713014137.

[34] C. Hopenhayn, “Arsenic in drinking water: impact on human health”, Elements 2 (2006) 103. http://www.rmpcecologia.com/disciplinas/impactos/literatura/
art27 hu2018.pdf.

[35] ADWG (Australian Drinking Water Guidelines), National water quality management strategy 6, National Health and Medical Research Council, Nat-
ural Resource Management Ministerial Council, Australia, 2004. https://www.google.com/url?sa=t&source=web&rct=j&opi=89978449&url=https://www.
clearwatervic.com.au/user-data/resource-files/Australian-Drinking-Water-Guidelines-2004 3.pdf.

[36] Council Directive 96/29/Euratom, laying down basic safety standards for the protection of the health of workers and the general public against the dangers
arising from ionizing radiation, OJ L 159 29.06.1996, p. 1. http://data.europa.eu/eli/dir/1996/29/oj.

[37] WHO, Meeting the MDG drinking water and sanitation target: the urban and rural challenge of the decade, World Health Organization, 2006. https://iris.who.
int/bitstream/handle/10665/43488/9241563257 eng.pdf.
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