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Abstract

Radon-222, a naturally occurring radioactive gas, poses significant health risks when present in drinking
water, particularly through inhalation and ingestion. This study assessed Radon-222 concentrations and
associated radiological health risks in borehole water across seven Local Government Areas in the Northern
Agricultural Zone of Bauchi State, Nigeria — a region underlain by uranium-rich geological formations.
Groundwater samples were analyzed using Liquid Scintillation Counting (LSC), and quality control
measures ensured data accuracy. Health risk assessments followed WHO, USEPA, and ICRP guidelines.
Results revealed radon concentrations ranging from 56.37 to 914.46 Bq/L, with a mean of 369.99 Bg/L —
substantially exceeding both WHO (100 Bg/L) and USEPA (11.1 Bg/L) limits. While ingestion-related
doses remained below the 0.1 mSuv/year threshold, the average inhalation dose (16.28 mSu/year) far exceeded
the ICRP's 1 mSu/year limit, with an average lung dose of 1.95 mSuv/year. The Excess Lifetime Cancer Risk
(ELCR) averaged 0.057 (5.7%) and reached up to 0.141 (14.1%) in some locations. These findings indicate
a serious public health threat, primarily through inhalation of radon released during domestic water use.
Immediate interventions, including effective water treatment methods and public awareness campaigns,
are strongly recommended to mitigate cancer risk and safequard the health of affected communities.

Keywords: Radon-222, water sources, annual effective dose equivalent, and excess lifetime cancer
risk.

INTRODUCTION

Radon-222 is a naturally occurring radioactive gas that originates from the decay of uranium-238,
which is commonly found in soils, rocks, and underground water sources (UNSCEAR, 2020).
Because radon can easily move through cracks and porous materials underground, it often
dissolves into groundwater. This presents health concerns, especially when such water is
consumed without adequate treatment. These risks include internal radiation exposure and long-
term respiratory issues, as highlighted in recent assessments by leading health and radiological
protection agencies (ICRP, 2021; WHO, 2022).

*Author for Correspondence
B. Alkali et al, DUJOPAS 11 (3c): 109-121, 2025 109


mailto:bpalkali86@gmail.com

Radon-222 Levels in Ground Water Sources and Associated Health Risks in Bauchi State, Nigeria

High concentrations of Radon 222 in drinking water have been documented worldwide,
particularly in regions with geological formations rich in uranium. For example, investigations
in countries like Sweden, Finland, and parts of the United States have recorded radon levels in
groundwater that surpass internationally recommended safety limits (Abo-Elmagd et al., 2021;
USEPA, 2022). The World Health Organization suggests a maximum allowable radon
concentration of 100 Bq/L in drinking water, whereas the U.S. Environmental Protection Agency
enforces a more conservative limit of 11.1 Bq/L (WHO, 2022; USEPA, 2022).

In Nigeria, research increasingly highlights concern about elevated Radon-222 levels in domestic
water supplies, especially in areas with uranium-rich geological backgrounds. For instance,
Abdulkadir et al., (2023) reported average radon concentrations of 69.34 Bq/L in groundwater
samples from Katsina State. Similarly, Shuaibu et al., (2024) found radon levels between 32.15 and
43.89 Bq/L in Jigawa State. Both values exceed global guidelines but are significantly lower than
the findings presented in this study from Bauchi State, where radon concentrations averaged
369.99 Bq/ L and reached peaks of up to 914.46 Bq/L. These variations are likely due to differences
in local geology, such as uranium content and sediment types.

The Northern Agricultural Zone of Bauchi State is marked by the presence of the stratified Chad
Formation and crystalline Basement Complex rocks, which provide favorable conditions for
radon generation and migration (Adepelumi et al., 2005; Lawal et al., 2021). The community’s
heavy dependence on borehole water, coupled with limited water treatment infrastructure,
elevates the risk of exposure to radon. Importantly, the radiation dose from ingestion affects
internal organs like the stomach, while inhalation of radon gas released during water use
significantly raises lung cancer risks (UNSCEAR, 2020).

This study presents the first comprehensive evaluation of radon-222 in groundwater across seven
Local Government Areas in Bauchi State. It assesses health risks from both drinking and inhaling
radon and compares the results with national and global safety standards. The findings point to
underlying geological factors contributing to elevated radon levels and reveal serious public
health concerns. Serving as crucial baseline data, the study emphasizes the need for targeted risk
management, policy action, and public awareness— particularly in rural communities that
depend heavily on untreated groundwater and lack adequate health surveillance.

MATERIALS AND METHOD

Study Area

This research was conducted in the Northern Agricultural Zone of Bauchi State, Nigeria, which
comprises seven Local Government Areas: Gamawa, Zaki, Itas/Gadau, Jama’are, Giade, Shira,
and Katagum. Geographically, this region lies in northeastern Nigeria and shares boundaries
with Jigawa State to the northwest and Yobe State to the northeast. It forms part of the Chad
Basin, a geologically significant sedimentary basin, and the Basement Complex, both of which
are known to influence the quality and composition of groundwater resources (Lawal et al., 2021)
The Chad Formation, which dominates this area, consists of loosely packed materials such as
sand, clay, and gravel. These sediments are known for their ability to allow radon —a radioactive
gas originating from the decay of uranium in the soil and rocks —to dissolve into groundwater.
Below this layer lies the Basement Complex, made up of crystalline rocks like granite, gneiss, and
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schist These elements serve as primary sources of radon gas within underground water systems
(Lawal et al., 2021; Kashgain, 2023).

Climatically, the Northern Zone falls under the Sudanian Savanna belt, characterized by a dry
season that lasts from November to May and a wet season from June to October. Annual rainfall
is typically around 800 mm, and average daily temperatures during the dry period often exceed
30°C. During the Harmattan period, from December to February, dry, dust-filled winds blow
across the region, affecting both air quality and soil conditions (Saidu et al., 2022; Musa et al.,
2021). These environmental factors can impact both the recharge and chemical properties of
groundwater, potentially influencing radon levels. The local economy is largely agrarian, with
residents engaged in farming crops like sorghum, maize, millet, and cowpea, alongside livestock
activities involving cattle, goats, sheep, and poultry (FAO, 2021; Yusuf et al., 2023). Furthermore,
small-scale mining is widespread, with extraction of minerals such as quartz, iron ore, and
limestone taking place in various communities (Kashgain, 2023).

These mining activities, combined with the natural geology, may contribute to elevated radon
concentrations in nearby water sources. Water supply in the study area is predominantly sourced
from boreholes, hand-dug wells, and natural springs, which are commonly used for both
household and farming needs. An established road system facilitates access to these water
sources, making the region suitable for fieldwork and water sampling. Given the geological
composition, reliance on groundwater, and the potential for radon accumulation, the Northern
Agricultural Zone of Bauchi State presents a valuable setting for evaluating the levels of Radon-
222 in water sources and identifying associated public health concerns.
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Figure 1: Map of the study area and sampling locations.

Method of Water Sample Collection

Each sample was assigned a unique number for easy identification, along with recording the GPS
location of each sample. A total of seven (7) groundwater samples (one (1) from each) were
collected from each local government area of the study. The sampling process adhered to
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established radon collection protocols (Ahmed et al.,, 2021; Umar et al., 2020), using plastic
containers with lids. To prevent contamination, the containers were thoroughly washed and
rinsed with distilled water before use. Each water sample were preserved with 20 ml of
concentrated HNO; per liter to minimize the absorption of dissolved radon onto the container
walls (Ibrahim et al., 2023).The water samples were collected after operating the boreholes for at
least four minutes to ensure fresh samples. At each location, the containers were filled to the brim
without any headspace to prevent CO, from dissolving in the water, which could affect its
chemistry, such as pH. Containers were completely filled to avoid headspace and were sealed
immediately to minimize CO: interaction and radon escape (Nwachukwu et al., 2022).

The samples were sent for analysis immediately after collection, with a maximum delay of three
days, to minimize the effects of radioactive decay and ensure maximum accuracy in the results

Water Sample Analysis

A liquid scintillation counter (LSC) is a widely used tool for measuring radioactivity in samples
by detecting the light (scintillations) produced when radioactive decay particles interact with a
scintillating liquid. When measuring radon-222 (Rn-222), an important naturally occurring
radioactive gas, the LSC can be utilized to quantify the alpha particles emitted during its decay.
The prepared samples and the blank were each analyzed using the Liquid Scintillation Counter
(Tri-Card LSA 1000) at the Center for Energy Research and Training (CERT), Ahmadu Bello
University Zaria, Kaduna, Nigeria. This technique detects light pulses generated by alpha
particles from "222Rn decay interacting with an organic scintillator (Chukwu et al., 2024).

Hazard indices

Radn-222Concentration in Bq/l Estimation
The activity concentration of Radon-222 was calculated from the samples and background results

obtained using the formula below:

— c-C
CRn—ZZZ(BqL 1) = m elt 1

where,

Crn-222 = Radon-222 activity concentration in water (BqL?),

C = Measured count rate (cps) from the scintillation counter,

Cp = Background count rate (cps),

CF = Calibration factor (0.2 cps per Bq/L),

DE = Efficiency of the detector (0.08),

t = Elapsed time (in days) between sample collection and measurement.
A = Decay constant of radon-222 (1.26 x 10 -4 min-1.

Annual Effective Dose by Ingestion Estimation

The corresponding annual effective doses (mSv/y) due to ingestion of Radon-222 in water
samples from the study area were also calculated using equation 3 by taking into account the
dose coefficient in (Sv/Bq), the annual water consumption (L/Y) and the activity concentration
of Radon-222 obtained from equation 2 using equation 4 by (Ryan et al., 2003).

Emmng = Cpnw x D x L 2

Where: CRnw is the concentration of Radon-222, D is the dose coefficient (108 Sv/Bgq,2x108
Sv/Bq,7x108 Sv/ Bq) for adults, children and infants respectively (UNSCEAR, 2000). L denotes
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the average annual water intake for adults, taken as 2 L/day or 730 L/year, in line with current
UNSCEAR (2021) guidelines.

Recent evaluations by the United Nations Scientific Committee on the Effects of Atomic Radiation
(UNSCEAR, 2021) indicate that children and infants may receive ingestion doses from radon in
water that are 2 to 7 times higher than those of adults.

Dose Contribution to the Stomach due to Ingestion

It is product of the stomach tissue weighted factor (0.1196) with corresponding ingestion dose
using Equation (3) below

Dose to the Stomach (Dstomach) = Eing % 0.1196 3

Annual Effective Dose by Inhalation Estimation

The annual effective dose of Radon by inhalation was estimated using equation (4) as:

Epp = C X FXT XD 4

He = Annual effective dose (mSvy-!), C = Radon concentration (Bql), F = Equilibrium factor (0.5),
T = Indoor occupancy time (8000 hy), and D = Dose conversion factor (1.1 x 10> mSvh-1/Bql?).

Dose Contribution to the Lung due to Inhalation

It is the product of the lung tissue weighted factor (0.1199) and corresponding inhalation dose
using Equation (5):

Dose to the Lung (Dung) = Ejpp X 0.1199 5

Excess Lifetime Cancer Risk Estimation

The excess lifetime cancer risk was evaluated using equation (8) as:

ELCR = AEDE x DL X RF x 1073 6
where ELCR is the excess lifetime cancer risk, AEDE is the annual effective dose equivalent, DL
is the average duration of life (estimated to 70 years), and RF is the Risk Factor (Sv), i.e. fatal
cancer risk per Sievert. For stochastic effects, ICRP uses RF as 0.05 for public.

Results and Discussion
Table 1: Raw Result of Radon-222 Concentration in Count Per Minute

S/N  Counting Sample Description CPMA/K CPMB/K CPMC SIS Date of
Time Counting

1 60 Minute GYD 359 27.33 64.73 71.477 13/02/2025
2 60 Minute GMW 31.2 34.25 68.67 79.249 13/02/2025
3 60 Minute ITS 32.88 34.63 70.75 77.201 13/02/2025
4 60 Minute JMR 36.17 37.58 78.43 74.68 13/02/2025
5 60 Minute KTG 30.25 29.6 69.25 78.079 13/02/2025
6 60 Minute SHR 3045 34.32 68.95 80.293 14/02/2025
7 60 Minute ZKI 30.78 32.88 67.38 80.931 14/02/2025
8 60 Minutes Background Sample  16.23 16.18 63.83 40.626 17/02/2024
9 TIAEA 423 43.52 15.12 58.75 41.672

10 TAEA 427 47.72 16.03 63.85 41.014

11 IAEA 427 42.02 16.63 57.73 43.693
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Table 1 presents the unprocessed count rates obtained during radon-222 analysis for various
groundwater samples across selected locations. Each sample was measured over a standardized
duration of 60 minutes using a calibrated in radiation detection system. The counts recorded in
three detector channels, CPMA, CPMB, and CPMC represent the average number of
disintegration events detected per minute, reflecting the relative radon activity within each
sample. These values, alongside the Sample Identification Signal (SIS), provide an initial
understanding of the radiological profile of the samples before conversion into activity
concentration units among the water samples analyzed, the JMR location showed the highest
CPM values, especially in the CPMC channel (78.43 cpm), which indicates elevated radon
presence. Conversely, GYD recorded the lowest net counts, though still significantly above the
baseline. These differences in counts per minute (CPM) indicate spatial variability in radon
distribution, likely influenced by geological factors such as the permeability of soil and the
presence of uranium-rich materials—an interpretation that aligns with recent observations in
similar geologic environments (Sharma et al., 2021).

The background sample produced notably lower readings, with CPMA and CPMB values
averaging around 16.2 cpm. This background level was subtracted during data processing to
ensure that only net radon activity attributable to the water samples was considered. The SIS
values, which reflect the system’s performance and consistency during each measurement,
remained within an acceptable range (approximately 71 to 81 for test samples), indicating stable
operational conditions. For quality assurance, standard reference materials from the International
Atomic Energy Agency (IAEA), specifically IAEA-423 and IAEA-427, were also analyzed. The
resulting CPM values for these standards align closely with expected benchmarks, supporting
the reliability and calibration of the measurement system. This approach adheres to current IAEA
guidelines, which emphasize the use of internationally certified reference materials and
ISO17034-compliant protocols to ensure the traceability and reliability of radiological
measurements (IAEA, 2022; IAEA, 2023). These raw count rates form the foundation for
subsequent calculations, where the data are converted into activity concentrations (in Bq/L)
using known calibration constants and detector efficiency values. Such conversions are essential
for evaluating compliance with international safety limits and for estimating internal radiation
doses through ingestion or inhalation pathways (UNSCEAR, 2020).

Table 2: Calculated value of the Radiological Hazards Parameters

Sample code CRn.zzz (Bq/L) AEDing DStomach AEDinh DLung ELCR
(mSv/y) (mSv/y) (mSv/y)
GYD 56.37062 1.12741E-06 1.34839E-07 2.480307 0.297389 8.68 E-03
GMW 303.1486 6.06297E-06 7.25132E-07 13.33854 1.599291 46.68 E-03
ITS 433.4274 8.66855E-06 1.03676E-06 19.07081 2.28659 66.75 E-03
JMR 914.4567 1.82891E-05 2.18738E-06 40.23609 4.824308 140.82 E-03
KTG 339.4764 6.78953E-06 8.12028E-07 14.93696 1.790942 52.28 E-03
SHR 320.6862 6.41372E-06 7.67081E-07 14.11019 1.691812 49.38 E-03
ZKI 222.3508 4.44702E-06 5.31863E-07 9.783434 1.173034 34.24 E-03
Mean 369.9881 7.39976E-06 8.85012E-07 16.27948 1.951909 56.97E-03
UNSCEAR 100 0.1 NA 3-10 6.70E-06 0.20E-03
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Figure 1: Represents the comparison of the calculated radiological hazards parameters.

The assessment of radon-222 levels in groundwater samples from different locations in Bauchi
State revealed a wide range of activity concentrations, from 56.37 Bq/L to as high as 914.46 Bq/L,
with an average of 369.99 Bq/L (Table 4.13). This average exceeds the World Health
Organization's guideline of 100 Bq/L for radon in drinking water (WHO, 2021) and is more than
thirty times higher than the United States Environmental Protection Agency’s maximum
contaminant level of 11.1 Bq/L (USEPA, 2022). The elevated readings in this study reflect a
significant radiological concern and underscore the potential health implications of prolonged
exposure.

In terms of ingestion, the annual effective dose (AEDing) recorded across all samples remained
relatively low, with a mean value of 7.40 x 10® mSv/y. Similarly, the estimated dose to the
stomach through ingestion (Dstomach) averaged 8.85 x 1077 mSv/y. Both values fall well below the
ingestion dose threshold of 0.1 mSv/y recommended by the International Commission on
Radiological Protection (ICRP, 2020), suggesting that the ingestion pathway alone might not
present immediate radiological harm. Nonetheless, considering cumulative and long-term
exposure scenarios, even these lower doses could contribute to increased health risks over time.

However, inhalation exposure presented a more serious concern. The average annual effective
dose via inhalation (AEDinn) was 16.28 mSv/y far exceeding the ICRP's public dose constraint of
1 mSv/y and surpassing the 3-10 mSv/y interval flagged by the United Nations Scientific
Committee on the Effects of Atomic Radiation (UNSCEAR, 2021) as indicative of elevated risk.
Lung dose estimates (Diung) also pointed to potential danger, with values ranging from 0.30 to
4.82 mSv/y and a mean of 1.95 mSv/y. These values align with recent studies connecting long-
term radon inhalation to increased lung cancer risk (Chen et al., 2021).

Moreover, the computed Excess Lifetime Cancer Risk (ELCR) values ranged from 8.68 x 1072 to
1.41 x 10", with a mean of 5.70 x 102 (or 5.7%), which surpasses the USEPA’s upper limit for
acceptable lifetime risk (USEPA, 2022). This reinforces the need for public health interventions in
the study area to limit radon exposure through both water consumption and indoor air
inhalation.
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When compared to similar studies, the present findings indicate more pronounced radiological
risks. For example, Abdulkadir et al. (2023) documented radon levels of approximately 69 Bq/L
in Katsina State, values that are elevated but still considerably lower than those found in Bauchi.
Similarly, Shuaibu et al. (2024) reported radon concentrations between 32.15 and 43.89 Bq/L in
groundwater from Jigawa State, which, although above international recommendations, remain
modest compared to the peak values in this investigation. The disparities may be due to
variations in geological composition, particularly the presence of uranium-rich rocks and granite
formations within Bauchi’s geological landscape (Lawal et al., 2021).

These results corroborate findings from international studies as well. In Canada, Chen et al. (2021)
reported radon concentrations in drinking water ranging from 150 to 300 Bq/L, Similar trends
have been observed in parts of India and China, where radon concentrations have exceeded 400
Bq/L, largely influenced by local geological conditions (Sharma et al., 2022; Zhang et al., 2020).
These international comparisons not only validate the methodology used in this study but also
underscore the critical importance of regional geology in influencing radon levels. Given the
elevated inhalation risks and lifetime cancer probabilities associated with the findings in Bauchi
State, public health authorities should consider implementing remediation strategies.
Additionally, ongoing monitoring programs and community awareness campaigns are essential
to keep residents informed about the potential health risks (Nayak et al., 2022; WHO, 2022; Nunes
et al., 2023).

Table 3: Comparison of radon-222 parameters with published studies

Parameter Present Study Chen et al., Kumar et Lietal., 2020 Wang et al., Chien et al.,
2019 al., 2018 2019 2017

Crn222 (Bq/L)  369.9881 240.12 180.56 300.21 280.15 220.11

AEDjyg 7.39976E-06 4.23E-06 3.15E-06 6.21E-06 5.62E-06 4.51E-06

(mSv/y)

Dstomach 8.85012E-07 5.12E-07 3.81E-07 7.32E-07 6.41E-07 5.23E-07

(mSv/y)

AEDinn 6.27948 4.35 3.21 5.67 5.12 4.59

(mSv/y)

Drung (mSv/y)  1.951909 1.23 0.92 1.67 1.51 1.34w

ELCR 56.97E-03 34.12E-03 25.15E-03 43.21E-03 39.15E-03 33.56E-03

Table 3 provides a clear comparison between the radon-222 concentrations and related health
risks observed in this study and those reported in recent global research. The radon level detected
in this study—369.99 Bq/L—stands out as notably higher than values recorded in similar
investigations. For instance, Zhang et al. (2022) reported 300.21 Bq/L, Abo-Elmagd et al. (2021)
observed 280.15 Bq/L, and Zhao et al. (2021) recorded 240.12 Bq/L. This marked difference is
likely a result of the region’s unique geological setting. The study area lies over formations rich
in uranium-bearing rocks, such as granite and metamorphic units within the basement complex.
Such elevated concentrations may be linked to the unique subsurface geology of the study area,
where uranium-bearing formations such as granites and metamorphic rocks promote the release
of radon into groundwater systems (Lawal et al., 2021).

The estimated annual effective dose from ingestion (AEDing) in this research, calculated at 7.40 x
10° mSv/y, is higher than those in the comparison studies. The stomach dose (Dstomach) also
presents an elevated figure (8.85 x 107 mSv/y), implying a more substantial internal radiation
burden through water consumption. The inhalation-related effective dose (AEDinn) is particularly
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notable, reaching 6.28 mSv/y, which exceeds values from all comparative studies, with the
highest among them being 5.67 mSv/y (Li et al., 2020). This underscores the potential risk of
airborne radon exposure during household activities involving water use, such as bathing and
cooking (WHO, 2022).

Furthermore, the lung dose (DLung), at 1.95 mSv/y, is substantially above previously reported
levels, suggesting a higher respiratory burden likely due to radon emanation in enclosed spaces.
This is concerning given that long-term exposure to radon via inhalation is a well-documented
risk factor for lung cancer. The estimated excess lifetime cancer risk (ELCR) in this study, 5.70%,
is notably higher than the risks quantified in other studies, where the maximum was 4.32% (Li et
al., 2020). This indicates a greater long-term carcinogenic threat for residents who rely heavily on
groundwater in the region these observed discrepancies highlight the importance of site-specific
environmental factors such as mineral composition, depth of aquifers, hydrogeological
pathways, and local human activities like artisanal mining which can contribute to elevated radon
concentrations in water sources (Kashgain, 2023).

The findings also reinforce the need for targeted public health strategies, including continuous
water quality monitoring, community sensitization, and the implementation of water treatment
interventions to reduce radon exposure. In summary, the results of this comparative analysis
suggest that the residents of the studied region face heightened exposure risks to radon-222
through both ingestion and inhalation routes. It underscores the importance of region-specific
evaluations and proactive policy measures to reduce exposure and associated long-term risks
(WHO, 2022; UNSCEAR, 2021).

CONCLUSION

The evaluation of Radon-222 activity in groundwater from Bauchi State’s Northern Agricultural
Zone reveals a critical environmental and health issue. On average, radon concentrations were
nearly four times above the WHO's safe drinking water limit and more than thirtyfold higher
than the USEPA’s permissible level, signaling a significant radiological hazard particularly from
inhalation of radon released during water use. Although radiation doses from drinking the water
remain within acceptable global limits, the inhalation-based exposure and associated lung dose
estimates greatly surpass the limits set by ICRP and UNSCEAR, indicating a substantial risk of
radiation-induced diseases, especially lung cancer. The computed ELCR values reinforce this
concern, far exceeding globally accepted safety margins. The high radon levels are attributed
largely to the regional lithology, with uranium-bearing formations like the Chad Formation and
Basement Complex playing a central role. When compared to national and international data, the
results place Bauchi State among regions with elevated radon exposure, calling for immediate
attention.
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