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ABSTRACT

Aim : This study assesses 222Rn concentrations in groundwater sources within Nasarawa Local
Government Area and evaluates the Excessive Lifetime Cancer Risk (ELCR) associated with their
consumption.

Methods: Groundwater samples were collected from multiple locations and analyzed using a
RAD-7 electronic radon detector with RAD=H,O accessories. 222Rn concentrations were estimated
using both a conventional formula and a Monte Carlo simulation performed over 10,000 iterations.
These simulations were conducted using the Oracle Crystal Ball Software. ELCR values were vali-
dated against the 5, 50" and 95" percentiles of the resulting probability distribution.

Results: The mean 2>2Rn concentration was 2,201 Bg/m?, which significantly exceeded the World
Health Organization (WHO) recommended limit of 300 Ba/m?3. The annual effective dose due to in-
gestion (AED;,,) also surpassed the 0.1 mSv/yr threshold set by the European Union and the WHO,
while the total annual effective dose from ingestion and inhalation exceeded the 1 mSv/yr maxi-
mum contamination limit. The highest ELCR value (2.97 & 0.35) was recorded in Usha, likely due to
the alaskite- and clay-rich geology of the region. All the ELCR values exceeded the recommended
limit of 0.003875 set by the United Nations Scientific Committee on the Effects of Atomic Radiation
(UNSCEAR).

Conclusions: These findings highlight a significant potential public health risk from 222Rn- con-
taminated groundwater, especially if consumed without pre-treatment. The implementation of in-
tervention and remediation strategies is strongly recommended to reduce exposure, even though
no radiological health effects have been reported in the region to date.
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INTRODUCTION

Groundwater is essential for human development, and its quality has a direct impact on human health 2,
Groundwater serves as the primary source of drinking water in many parts of the world>?, including
Nasarawa State, North-Central Nigeria. Even sachet water, commonly referred to as “pure water”, is often
derived from underground water sources, which are susceptible to radon contamination from the
surrounding rocks and soils 3>

Radon is the most common intermediate radionuclide in the uranium-238 (38U) decay chain 67 Tts
relatively short half-life of 3.8 days allows it to migrate efficiently through environmental media such as water,
soil, rock, and air®’. Exposure to radon and its progeny accounts for over 50% of the total radiation dose
humans receive from natural sources®10. As a naturally occurring pollutant, radon is a significant health
concern due to its ability to cause DNA mutations and increase cancer risk, particularly through the
deposition of radioactive decay products in the lung '!

Radon originates from the radium decay in soil and rocks and escapes through crevices and fissures via
dissolution in groundwater '213, Its underground movement occurs through soil voids, where it dissolves in
groundwater, is stored in pores, and can be re-adsorbed onto soil particles 141>, Domestic human exposure to
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radon occurs mainly through two pathways: 1) ingestion of contaminated water, which delivers radiation
directly to the gastrointestinal tract; and 2) inhalation of radon released into indoor air during household
activities such as cooking, cleaning, or bathing'®!”. When radon-contaminated water is used domestically,
radon gas can be released into the air and inhaled, further compounding the health risks associated with this
radionuclide '®1°, Prolonged ingestion of such water exposes the gastric mucosa to radiation, increasing
cancer risk°.

Epidemiological studies have shown that the alpha particles emitted by radon can pose serious health risks
through both inhalation and ingestion, especially in areas dependent on groundwater 22!, Residents of the
Nasarawa Local Government Area (LGA) rely on groundwater for both domestic and commercial use;
however, studies aimed at assessing the risk of radon exposure in groundwater within the Nasarawa LGA are
scarce. Existing research has primarily focused on background radiation measurements, indoor air quality,
building materials, mining soils, levels of uranium (U), thorium (Th), potassium (K), radium (Ra), heavy
metals, and gross alpha/beta activity. In particular, little to no attention has been given to the potential radon
exposure risk from groundwater consumption in the region.

A major challenge in radiation risk assessment is the uncertainty associated with the Excess Lifetime Cancer
Risk (ELCR) estimation formula, which can either underestimate or overestimate the health risks associated
with radiation exposure 2223, Overestimation may lead to the misallocation of scarce resources towards
unnecessary remediation efforts, while underestimation leaves residents exposed to unavoidable public health
hazards. Although Monte Carlo methods have been employed globally for radon risk assessment, their use in
assessing the health risks of radon (*?>Rn) from groundwater—particularly from both ingestion and
inhalation pathways—remains limited in the study area. To date, no simulation-based studies have been
conducted in the Nasarawa LGA of Nasarawa State, North-Central Nigeria.

This study aims to apply a Monte Carlo simulation approach as a robust alternative for predicting and
assessing health risk associated with 2>Rn groundwater in the Nasarawa LGA. This approach improves risk
quantification and supports evidence-based decision-making for public health protection.

STUDY AREA

The Nasarawa LGA is located in Nasarawa State, within the North-Central zone of Nigeria. The
administrative headquarters of this region is located in the town of Nasarawa. The LGA shares boundaries
with the Toto LGA, parts of Benue State, and the Federal Capital Territory (Abuja).

The area comprises several towns and villages, including Usha, Loko, Guto, Mararaba-udege, Tammabh,
Angwan-wada, and the Millionaires’ quarters. The Nasarawa LGA has an estimated population of over
188,903 inhabitants and is predominantly occupied by the Afo/Ajiri ethnic group; additional minority groups
include the Gbagi, Agatu, Gade, Bassa, and Hausa. The major economic activities in the area involve
agriculture and artisanal mining.

Due to the region’s underlying geology, which includes radon-emitting rock formations and the widespread
reliance on groundwater for domestic and commercial use, there are concerns about the concentration of
radon (*??Rn) in groundwater sources. This is particularly important given the ongoing mining activities in
the region, which could increase the mobilization of radionuclides into groundwater systems. Despite these
risks, there has been little to no prior assessment of radon exposure through groundwater in this area,
highlighting the urgent need for scientific evaluations to safeguard public health.

METHODS

Sample Collection and Preparation

Groundwater samples were collected from 10 different sampling locations within the Nasarawa LGA using
random sampling methods. The sampling sites were selected based on population density and frequency of
groundwater usage, especially in areas where groundwater was the sole or dominant source of water for public
consumption, livestock, and crop production.

Each sample was collected in a 300 mL plastic container, leaving minimal headspace to allow for thermal
expansion but minimize radon escape. The containers were sealed immediately after collection to prevent the
degassing of radon. Specifically, each container was wrapped with masking tape and labeled with a unique
sample identification code (ID) using a permanent marker. The geographic coordinates of each sampling
point were recorded with a global positioning system (GPS) device.
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All labeled samples were securely packaged and transported to the Centre for Energy Research and Training
(CERT) at Ahmadu Bello University, Zaria, in Kaduna State, Nigeria, for laboratory-based radon
concentration measurements.

Radon Concentration Measurements

Experimental measurements of 222Rn concentration in the collected groundwater samples were conducted
using a RAD?7 electronic radon detector (Durridge Co., USA). The measurements were performed using the
RAD-H;O0 accessory following the Wat250 protocol, which is specifically designed for water samples. The
RAD7 automatically recorded the highest and lowest radon concentrations in each sample.

RAD7 Operating Conditions

The operating conditions of the RAD7 during measurements were as follows:

« Cycle and Recycle settings: 005 and 004, respectively.

« Operating Mode: Medium sensitivity mode.

o Detection Range: 0-750,000 Bqm 32425

o Relative Humidity: Before measurements, the RAD7 was purged with dry air until the internal relative
humidity dropped to 6% (~30 minutes), ensuring optimal detection performance.

« Sample volume: 250 mL (drawn from the 300 mL sample containers for analysis).

o Measurement Duration: 30 minutes.

o Replicates: Each measurement was performed in triplicate to ensure accuracy and reproducibility. The
mean values were used for further analysis.

The RAD7 device uses alpha spectrometry to detect radon as well as its short-lived decay products
(specifically, the alpha particles from the decay of 2'8Po and 2'4Po). The RAD-H,O setup involves aerating
the water sample, trapping radon in a closed-loop air circuit, and subsequently analyzing its decay products
within a scintillation chamber.

Figure 1 illustrates the setup for experimental 22*Rn concentration measurements.
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Figure 1: RAD-H,0 configuration of the RAD7 device 2627 .

EXPERIMENTAL ANALYSIS

Annual Effective Dose for Ingestion

The annual effective dose for the ingestion of radon in groundwater was obtained from the documentation
provided by the United Nations Scientific Committee on the Effects of Atomic Radiation (UNSCEAR) 27,
Specifically, the annual effective dose for ingestion (ADEj;,¢) was calculated using Equation (1):

AEDing = CR,, X Awi X ]DCFing (1)

where Cg, is the radon activity concentration (Bq/ m?3), A,,; is the annual water intake (730 L/yr) for adults,
and IDCFjy, is the ingesting dose conversion factor for radon (3.5 x 1076 Sv/ Bq for adults) 282,
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Annual Effective Dose for Inhalation

The annual effective dose for the inhalation of radon (ADE},;,) due to radon in water released to the air was
calculated using Equation (2):

AED;,, = Cry X AWCR X IDCF,,;, x EF x10T (2)

where Cg, is the radon activity concentration in water (Bq/ m?3), AWCR is the ratio of radon in air to radon in
water (10~* Bq/m3/Bq/L), IDCF,,, is the ingesting dose conversion factor for radon (9 x 10~°
Sv/hr/Bq/m?3), EF is the equilibrium factor between radon and its products (0.4), and IOT is the average
indoor occupancy time per person (7,000 hr/y)%°.

Monte Carlo Method Simulation of Excessive Lifetime Cancer Risk

The probability of cancer induction from exposure to >>?Rn by the inhabitants of the Narasawa LGA was
estimated using the ELCR equation. ELCR represents the probability of an individual developing cancer over
an average adult lifetime of 75 years due to 22>Rn exposure in groundwater. The ELCR was calculated using
Equations 3 and 4:

Droqr (mSv/yr) = AED;uy + AEDjy, (3)

Where Dryq is the sum of the annual radon doses through ingestion and inhalation. From here, ELCR can
be obtained from:

ELCR = Dyyu x DL x RF  (4)

where DL is the assumed life expectancy of an average inhabitant (75 years), and RF is the stochastic risk
factor (0.055 Sv—1)28:29,

The Oracle Crystal Ball version 11.1.2.4.850 software was used to perform the Monte Carlo simulations .

RESULTS AND DISCUSSION

In this study, the activity concentration (Bq/m3), annual effective dose due to ingestion (AED;,,), inhalation
(AEDjy;,), the combined ingestion and inhalation (AED;;,¢ 4 jn;,), and ELCR of 222Rnin groundwater used for
drinking and domestic purposes in the Nasarawa LGA of Nasarawa state, North-Central Nigeria, were
determined using a conventional approach as well as Monte Carlo simulation implemented with the Oracle
Crystal Ball software.

Experimental Radon Concentration

Table 1 presents the experimentally measured 2>Rn concentrations obtained from RAD7 analysis from
groundwater samples collected from various locations within the Nasarawa LGA. The location, ID, and
sample code of each sample are listed.

* = Lowest radon concentration; ** = Highest radon concentration

Table 1 shows that the highest mean ?>?Rn concentration was observed in the groundwater sample collected
from Usha (N), which had a mean concentration of 2,810 Bg/ m?3 and a standard deviation, maximum, and
minimum values of 335, 3,240, and 2,470 Bq/m?, respectively.

The mean radon concentration across all samples was 2,201 Bq/m?>.

Annual Effective Doses

Table 2 presents the AED;,¢, AED;;,, and AED;;, i, values as calculated using Equations (1) and (2).

The highest mean AED;,,, was recorded in Usha (Ny; 7.1840.86 mSv/yr), with a maximum and minimum
value of 8.28 £ 0.86 and 6.31 =+ 0.86 mSv/yr, respectively, while the Police Station (Ns; 4.78-£1.20 mSv/yr)
exhibited the lowest mean AED in the study area, with a maximum and minimum value of 5.65 4 1.20 and
2.99 £ 1.20 mSv/yr, respectively. The mean AED;,, across all the samples was 5.62 & 1.19 mSv/yr, with a peak
of 6.86 + 1.19 and a low of 4.25 £ 1.19 mSv/yr.

Notably, the AED;,, values from the groundwater samples collected from the Nasarawa LGA far exceed the
maximum annual dose limit of 0.1 mSv/yr recommended by both the European Union (EU) and the World
Health Organization (WHO).

Similarly, the highest AED;,,;, was recorded in Usha (N; 0.007 £ 0.001 mSv/yr), while the lowest was
observed at the Police Station (Ns; 0.005 £ 0.001 mSv/yr).
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Table 1: Results of experimentally measured radon concentrations

Concentration (Bg/m?)

SIN Sample 1.D Sample Code Mean Highest Lowest

1 N, 5604 2810+£335** 32404335 2470+335
2 N> 5704 2310£353 2790+353 2040+353
3 N3 5804 2110246 23401246 1900246
4 Ny 5904 2600£576 3090+£576 1900£576
5 Ns 6004 1870+470* 2210+470 1170470
6 Npg 6104 2020449 2500449 1450449
7 N7 6204 2090£535 2650£535 1300£535
8 Ng 6304 2050705 2890705 1020705
9 Ny 6404 1950359 2350+359 1610£359
10 Nio 6504 2200+642 2790+642 1760642
Sum average 2201+467 26851467 1662467

Table 2: Annual effective dose (mSv/yr) from ingestion (AED;,;), inhalation (AED;,;), and the combination of
both (AEDing+inh)-

AEDing AEDinh AEDinanh
S/N  Sample Sample AED;,, Highest;,, Lowesti,; AED;p, Highest;,;, Lowest;,;, Drotar=
Location LD AEDjygt+
AEDjyp,

1 Usha** Ny 7.18+0.86  8.28+0.86 6.31+£0.86 0.007+0.001 0.00840.001 0.006+0.001 7.19
2 Endo 1 N, 5.90£0.90  7.13+£0.90 5.21+0.90 0.006+0.001 0.007£0.001 0.005+0.001 5.91
3 Endo 2 N3 5.39+0.63  5.98+0.63 4.86+0.63 0.005+0.001 0.0064-0.001 0.005+0.001 5.40

4 Mararaba Ny 6.64+1.47 7.90£1.47 4.86+1.47 0.007£0.002 0.008%+0.002 0.005£0.002 6.65
Udege

5 Police Ns 478+1.20  5.65+1.20 2.994+1.20 0.005+0.001 0.006+0.001 0.003£0.001 4.78
Station*

6 Mangwor Ng 5.16+1.15 6.39+1.15 3.71+£1.15 0.005+0.001 0.0064+0.001 0.004+0.001 5.17
Goma

7 Angwan Ny 5.344+1.37 6.77£1.37 3.32+1.37 0.005+0.001 0.007£0.001 0.003£0.001 5.35
Birri

8 Angwan Ny 5.24+1.80 7.38£1.80 2.61+1.80 0.005£0.002 0.007£0.002 0.003+0.002 5.24
Wada

9 Millionaires Ng 4.98+0.92 6.004£0.92 4.11+0.92 0.005+0.001 0.0064+0.001 0.00440.001 4.99
Quarters

10 Tammah Njp  5.62+1.64 7.13+1.64 4.50£1.64 0.006+0.002 0.00740.002 0.004+0.002 5.63

Average sum 5.62+1.19 6.86+1.19 4.25£1.19 0.056+0.012 0.068+0.012 0.042+0.012 5.63
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In contrast to the AED;;, the AED;,,;, values across the study area were well within the limit of 1.0 mSv/yr
recommended by international organizations, including the WHO.

The AED;;, 1 in;, represents the total absorbed dose from groundwater consumption in the Nasarawa LGA. The
measured AED;;, 1, ranged from 7.19 mSv/yr in Usha (N1 ) to 4.78 mSv/yr in the Police Station sample (Ns).

Excessive Lifetime Cancer Risk Calculated Using Conventional Methods

The ELCR values due to the consumption of groundwater in the study areas, as estimated from conventional
methods, are presented in Table 3 .

Table 3: The Excessive Lifetime Cancer Risk due to ingestion (ELCR;,,), inhalation (ELCR;,;) and
ingestion/ inhalation (ELCR;,,,  ;1; ELCRs/). ELCRux , and ELCR,;, are also presented.

S/N  Sample Location Sample ELCR;;¢  ELCRj,  ELCRypgiinn ELCRygr ELCRyiy
1D
1 Usha** Ni 2.96 0.003 2.961+0.35 3.42 2.61
2 Endo 1 N, 243 0.002 2.44+0.37 294 2.15
3 Endo 2 N3 2.22 0.002 2234026 247 2.00
4 Mararaba Udege Ny 2.74 0.002 2.74+£0.61  3.26 2.00
5 Police Station* Ns 1.97 0.002 1.97+£0.50  2.33 1.23
6 Mangworo Goma Ne 2,113 0.002 2.13£0.15  2.64 153
7 Angwan Birri N7 2.20 0.002 2.20£0.56  2.80 1.37
8 Angwan Wada Ng 2.16 0.002 2.16+0.74  3.05 1.08
9 Millionaires Quarters ~ Ng 2.06 0.002 2.06+0.38  2.48 1.70
10 Tammah Nig 2 0.002 2.32£0.68  2.94 1.86
Average sum 2.32 0.023 2324049 283 1.75

Table 3 presents the ELCR due to ingestion (ELCR;y,), inhalation (ELCR;,,), and combined ingestion and
inhalation (ELCR;pg 1 ins) as well as the maximum (ELCRyqx) and minimum (ELCR,;,) values based on
222Rn measurements obtained from groundwater samples collected from the Nasarawa LGA. The samples
exhibited an average ELCR;yo.inj, Of 2.32 £ 0.49, while the mean ELCR;y,g, ELCR;,j;, and ELCR ;g 4., Values
were 2.32, 0.023, and 2.32 + 0.49, respectively. The highest ELCR;y¢ 1 i, Was recorded in the sample collected
from Usha (N1; 2.96 + 0.35), while the lowest was found in the sample from the Police Station area (1.97 +
0.50).

The ELCR;ot ; ELCR gy, and ELCR,,;;;, resulting from the ingestion and inhalation of 222Rn in groundwater
samples from the Nasarawa LGA exhibited mean values of 2.32, 2.83, and 1.75, respectively; these values
represent the cumulative ELCR obtained from the analyzed samples.

Monte Carlo Simulation of the Excessive Lifetime Cancer Risk (ELCR)

ELCR due to the consumption of groundwater within the study areas, calculated using the Monte Carlo
method, are presented in Table 4 and Table 5. These values were compared to the values obtained using the
conventional method.

A total of 10,000 simulations were performed to determine the ELCR associated with 222Rn exposure from
groundwater samples obtained from the Narasawa LGA. The 5th 501t and 95th percentiles of the ELCR
probability were computed using Oracle Crystal Ball software, with the results summarized in Table 4 for each
sampling location. These percentiles represent the minimum probable risk (5" percentile; best-case scenario),
median risk (50" percentile; most probable scenario), and the maximum probable risk (95 percentile;
worst-case scenario) attributable to 22?Rn inhalation and ingestion due to groundwater consumption.
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Comparison Between the Radon Exposure Risk Calculated Using Conventional and Monte
Carlo Methods

Table 4 compares the ELCR calculated from the conventional and Monte Carlo methods. Specifically, it
presents the 57 and 95 percentiles obtained after 10,000 Monte Carlo simulations.

The calculated ELCR;,;g/jp,, simulated ELCR ;g /i, (50" percentile), ELCR (5" percentile), and ELCR (95
percentile) values were 2.32 &+ 0.49, 2.32, 1.94 % 0.00, and 2.70 £ 0.06, respectively.

Table 5 presents the ELCR values obtained from conventional methods as well as the 0/ and 100" percentiles
of the Monte Carlo simulation.

Table 4: ELCR values obtained from conventional and Monte Carlo methods.

Results using the formula Monte Carlo at 5% and 95% percentiles for mitigation
S/N Sample ELCRing.ink ELCRyg /i ELCR;5% ELCR;95%
Location/L.D

1 Ny 2.96 0.003 2.9640.35 3.42

2 N 2.43 0.002 2.44+0.37 294

3 N3 220 0.002 2.2340.26 2.47

4 Ny 2.74 0.002 2.74£0.61 3.26

5 Ns 1.97 0.002 1.97+£0.50 2.33

6 Ne 2.13 0.002 2.1340.15 2.64

7 N7 2.20 0.002 2.20£0.56 2.80

8 Ng 2.16 0.002 2.1610.74 3.05

9 Ny 2.06 0.002 2.0640.38 2.48

10 Nig 2 0.002 2.32£0.68 294

Sum average 2.3240.49 2.32 1.94+0.00 2.70+0.06

Table 5: A comparison between the calculated and simulated ELCR values in terms of the minimum and
maximum radon risk obtained from both methods.

Calculated results Simulated results; 10,000 Iterations:

SN LD  ELCRyy  ELCRpuax  ELCRyin  SDior  ELCRypr/sim ELCRuge/sim ELCRunssim SDior/sim

1 Ny 2.97 3.42 2.61 0.35 2,97 4.17 1.81 0.29
2 N> 244 2.94 2.15 0.37 2.43 3.43 1.45 0.24
3 N3 2.23 2.47 2.01 0.26 2.23 3.01 1.26 0.23
4 Ny 2.74 3.26 2.01 0.61 2.74 3.91 1.60 0.28
5 Njs 1.97 2.33 1.23 0.49 1.97 2.68 1.26 0.20
6 Ng 2.13 2.64 1,53 0.14 2.13 2.86 1.27 0.21
7 Ny 221 2.80 1.37 0.56 2.20 3.09 1.34 0.22
8 Ng 2.16 3.05 1.08 0.74 2.17 2.95 1.42 0.22
9 No 2.06 2.48 1.69 0.38 2.06 2.85 1.31 0.21
10 Nip 232 2.94 1.86 0.68 2.32 3.20 1.43 0.23
Sum average 2.32 2.83 1.75 0.49 2.32 3.22 1.42 0.23
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Table 5 presents the ELCR values obtained from conventional methods as well as the 0/ and 100" percentiles
of the Monte Carlo simulation. Table 5 shows that in Usha (N ), the mean calculated ELCR was 2.97 mSv/yr,
while the simulated 57, 50", and 95" percentile ELCR values due to the ingestion and inhalation of 222Rn
were 2.44 + 0.00, 2.97 £ 0.29, and 3.45 & 0.01, respectively. In contrast, in the sample from the Police station
(Nis), the calculated ELCR was 1.97 mSv/yr, while the simulated 5, 50, and 95" percentile ELCR values
were 1.65 £ 0.00, 1.97£0.20, and 2.29 & 0.01. Across all samples, the calculated mean ELCR was 2.32, while
the simulated mean 5%, 50", and 95" percentiles were 1.94 + 0.00, 2.32+40.23, and 2.70 = 0.06, respectively.
Figure 2 presents the calculated and simulated values of ELCR;o;, ELCR 4x; ELCR i, and SDyoy.

This location demonstrated higher ELCR values in the simulation than the calculated value, with differences
in the ELCR4x, ELCRypin, and SD of 0.35 (higher in the simulated value), 0.03 (higher in the simulated
value), and 0.29 (lower in the simulated value), respectively.

Across all sampled locations in the Narasawa LGA, the mean simulated ELCR 4y /5i, ELCR,3j/5iy and

SD 1 /sim values were 3.22, 1.42, and 0.23, respectively, while the ELCR;o and ELCR,; /i, Were 2.32 and 2.32,
respectively (Figure 2). In contrast, the calculated ELCR,,4rand ELCR,;, were 2.83 and 1.75 mSv/yr,
respectively.

WELCRiot  WELCRtot/sm @ ELCRmax  ® ELCRmax/sim

WELCRmin  WELCRmin/sim WSDrot M SDtot/sim

hlll h'l‘ hll “ll ||||| ‘ul |||| ‘lll hll hll

N N10

ENDO1 | ENDOMARARABA DDEGE STAVIOMEWORO GUMEAVAN BIRRG W AM WIADAAIRESQUARTARSMAH

Figure 2: Variation between calculated and simulated ELCR in the Nasarawa LGA.

The observed variations in ELCR, with Usha exhibiting the highest risk, may be related to the presence of
alaskites and clay in the region. These minerals are known to contain uranium, similar to granites.
Groundwater samples collected from various locations across the Nasarawa LGA in Nasarawa state were
analyzed by recording the 22?Rn concentrations in these samples using a RAD-7 electronic radon detector
equipped with a RAD-H,O accessory. The data were evaluated using both conventional calculation methods
and Monte Carlo simulations, with comparisons made between the two approaches. Risk assessments were
further benchmarked against maximum radon exposure limits. The Oracle Crystal Ball software was used for
advanced simulation and probabilistic analysis.

Among the samples, the groundwater from Usha (N ) exhibited the greatest ELCR values with ECLR,,; /.
and ELCR;; /iy, of 2.97 and 2.97, respectively. In contrast, the sample from the Police Station in Nasarawa
Central exhibited the lowest ELCR values with ECLR;; /cq; and ELCR;, 4y, 0f 1.97 and 1.97, respectively. The
elevated ELCR in Usha is likely influenced by its sandy-loam soils and rocky/sandstone terrain, suggesting
that local geology and environmental factors play a significant role in radon mobility and accumulation, even
in the absence of mining activities.

The 22*Rn concentrations reported inTable 1 are higher than the WHO reference level of 300 Bq/m? for
indoor air>3!. However, since the present study deals with groundwater, the more relevant comparison is with
the USEPA guideline for drinking water, which recommends a maximum contaminant level of 11.1 Bq/L*2.
The measured values falls within this limit, indicating that while airborne radon exposure could pose risks if
the water used domestically, the direct ingestion pathway remains within international safety standards.

CONCLUSIONS

The health risk assessment for 222Rn based on the ingestion and inhalation exposure pathways revealed that
the AED;;,, exceeds the WHO and also in comparison with that of ICRP recommended reference dose of 0.1
mSv/year. In contrast, the inhalation doses remain within the permissible annual dose of 1.0 mSv/year. This
indicates that the ingestion of radon-contaminated water poses a significant radiological health threat in
locations with elevated radon levels in their groundwater sources.

3885



Science & Technology Development Journal 2025, 28(4):3878-3887

The Monte Carlo simulations proved to be a more robust and informative method of risk assessment
compared to conventional methods, allowing for the determination of base case, mean, standard deviation,
and 57, 50, and 95" percentile risk probabilities. These simulations further confirm elevated cancer risks
across the study area. All simulated ELCR values exceeded the maximum permissible limit of 0.003875
recommended by the ICRP and the UNSCEAR. These findings highlight the urgent need for radiological
protection measures as well as underscore the necessity of implementing appropriate remediation strategies to
mitigate the risk of radon exposure due to groundwater consumption in the affected communities.

It should be noted that the results in exceed the 300 Bq/m? threshold recommended by the WHO 3!, while
the results in Table 2 fall within the 11.1 Bq/L3? threshold recommended by the USEPA.

ABBREVIATIONS

GPS: Global Positioning System.

AED: Annual Effective Dose.

mSv/yr: mili Sievert Per Year.

Bq/m?: Becquerel per square metre.

ing: Ingestion.

inh: Inhalation.

ELCR: Excess Lifetime Cancer Risk.

CERT: Centre for Energy Research and Training.

ICRP: International Commission on Radiological Protection.
UNSCEAR: United Nations Scientific Committee on the Effects of Atomic Radiation.
USEPA: United States Environmental Protection Agency.
WHO: World Health Organization.

LGA: Local Government Area

SD: Standard Deviation.

COMPETING INTERESTS

The authors declared no competing interests.

AUTHORS’ CONTRIBUTIONS
o Abubakar Bala Madaki: Writing-original draft, Conceptualization, Data Curation, Methodology,

Resources, Investigation, Software, Formal Analysis, Visualization, and Validation.

o Abdulkarim Muhammad Hamza: Methodology, Supervision, Software, Validation, Conceptualization.

o Adamu Usman Mohammed: Software, Validation.

 Abubakar Sadiq Aliyu, and Muhammad Sanusi Liman: Supervision, Validation.

« Suleiman Jibrin Yaro: Methodology, Data Curation.

« Labaran Jamilu Ari & Ali Musa Kazzayo: Data Curation, Visualization.

« Haliru Dauda Aliyu, Abel Maruku, Kanita Mallam Shehu, Halima Nuhu Iliyasu, Amina Haruna
Olesheye: Data Curation, Location Guide, Transportation.

ACKNOWLEDGEMENTS

The authors are grateful to the Centre for Energy Research and Training (CERT), Ahmedu Bello University
(ABU) Zaria, Kaduna State, Nigeria for providing Laboratory facilities and technical assistance during the
experiment. Authors would also like to express their gratitude everyone who contributed to the success of this
research.

REFERENCES

1. Madaki AB, Hamza AM, Aliyu SA, Ari LJ. Simulation of excess lifetime cancer risk due to the presence of radon in groundwater in
Wamba town of Wamba local government area, Nasarawa state, Nigeria. J Nucl Radiat Sci. 2024;1(1):1-10. Available from:
https://doi.org/10.5455/jnrs.2024.01.001.

2. Mohammed AU, Aris AZ, Ramli MF, Isa NM, Arabi AS, Orosun MM. A Monte Carlo simulation of unmitigated risk of radon exposure
from soil and groundwater around Maiganga Coal Mine, North-Eastern Nigeria. Arab J Geosci. 2022;15(14):1297. Available from:
https://doi.org/10.1007/s12517-022-10575-8.

3886


https://doi.org/10.5455/jnrs.2024.01.001
https://doi.org/10.1007/s12517-022-10575-8

Science & Technology Development Journal 2025, 28(4):3878-3887

3.

20.

21.

22.

23.

24,

25.

26.
27.
28.
29.

30.

31.
32.

Agbalagba EO, Avwiri GO, Ononugbo CP. Activity concentration and radiological impact assessment of 226Ra, 228Ra and 40K in
drinking waters from (OML) 30, 58 and 61 oil fields and host communities in Niger Delta region of Nigeria. J Environ Radioact.
2013;116:197-200. Available from: https://doi.org/10.1016/j.jenvrad.2012.08.017.

. Ahmadu M, Mustapha SG, Habu TA, Yakubu M, Dankawu UM, Lariski FM, et al. Assessment of radiological hazard risk due to gross

alpha and beta radioactivity in groundwater from Damaturu, North-Eastern Nigeria. J Pure Appl Sci. 2024;10:153-63. Available
from: https://doi.org/10.4314/dujopas.v10i2b.16.

. Ajiboye Y, Isinkaye MO, Badmus GO, Faloye OT, Atoiki V. Pilot groundwater radon mapping and the assessment of health risk from

heavy metals in drinking water of southwest, Nigeria. Heliyon. 2022;8(2). Available from:
https://doi.org/10.1016/j.heliyon.2022.e08840.

. Aladeniyi K, Arogunjo AM, Pereira AJ, Ajayi OS, Fuwape IA. Radiometric evaluation of indoor radon levels with influence of building

characteristics in residential homes from southwestern Nigeria. Environ Monit Assess. 2020;192(12):764. Available from:
https://doi.org/10.1007/s10661-020-08734-z.

. El-Taher A. An overview of instrumentation for measuring radon in environmental studies. J Radiat Nucl Appl. 2018;Available from:

https://www.researchgate.net/publication/327691778.

. Edition of the Drinking Water Standards and Health Advisories. In: EPA 822-S-12-001. Washington DC; 2012.
. EU. Recommendation on the protection of the public against exposure to radon in drinking water supplies. Off J Eur Community.

0OJ L.2001;344:85-8.

. Zainol NF, Zainuddin AH, Looi LJ, Aris AZ, Isa NM, Sefie A, et al. Mohd Ku, Kalkausar K. Spatial analysis of groundwater

hydrochemistry through integrated multivariate analysis: a case study in the urbanized Langat Basin, Malaysia. Int J Environ Res
Public Health. 2021;18(11):5733. Available from: https://doi.org/10.3390/ijerph18115733.

. Ponciano-Rodriguez G, Gaso MI, Armienta MA, Trueta C, Morales |, Alfaro R, et al. Indoor radon exposure and excess of lung cancer

mortality: the case of Mexico-an ecological study. Environ Geochem Health. 2021;43(1):221-34. Available from:
https://doi.org/10.1007/s10653-020- 00662-8.

. ICRP. International Commission on Radiological Protection statement on radon. In: ICRP Ref2; 2009.
. Ismail NF, Hashim S, Sanusi MS, Rahman ATA, Bradley DA. Radon levels of water sources in the southwest coastal region of

Peninsular Malaysia. Appl Sci (Basel). 2021;11(15):6842. Available from: https://doi.org/10.3390/app11156842.

. Kumar A, Sharma S. Measurement of radon concentration in some water samples belonging to some adjoining areas of Pathankot,

Punjab. AIP Conf Proc. 2015;++. Available from: https://doi.org/10.1063/1.4929310.

. Kumari R, Kant K, Garg M. The effect of grain size on radon exhalation rate in natural-dust and. Phys Procedia. 2015;80:128-30.

Available from: https://doi.org/10.1016/j.phpro.2015.11.078.

. Lawal TO, Abayemi SJ, Fawale O. Assessment of concentrations of radioactive elements in selected groundwater samples of Kwara

State Polytechnic and environs. Nigeria Society of Physical Sciences. 2023;Available from:
https://flayoophl.com/journals/index.php/rans.

. Kumar M, Kumar P, Agrawal A, Sahoo BK. Radon concentration measurement and effective dose assessment in drinking

groundwater for the adult population in the surrounding area of a thermal power plant. J Water Health. 2022;20(3):551-9.
Available from: https://doi.org/10.2166/wh.2022.26.

. Raksawong S, Sola P, Tampraserd P, Macha K, Khonman S, Somingmee C. Measurement of radon concentrations and effective dose

assessment in groundwater from Kamphaeng-Saen district, Nakhon Pathom province, and Ban-Pong district, Ratchaburi province.
J Phys Conf Ser. 2019;1380(1). Available from: https://doi.org/10.1088/1742-6596/1380/1/012019.

. Rathnayake RM. Determination of radon concentration of various water sources by using RAD7 active alpha detector. Project

report. Sri Lanka: University of Peradeniya; 2015.

Tan W, Li Y, Tan K, Xie Y, Han S, Wang P. Distribution of radon and risk assessment of its radiation dose in groundwater drinking for
village people nearby the W-polymetallic metallogenic district at Dongpo in southern Hunan province, China. Appl Radiat Isot.
2019;151:39-45. Available from: https://doi.org/10.1016/j.apradiso.2019.05.008.

Todorovic N, Nikolov J, Forkapic S, Bikit I, Mrdja D, Krmar M, et al. Public exposure to radon in drinking water in Serbia. Appl Radiat
Isot. 2012;70(3):543-9. Available from: https://doi.org/10.1016/j.apradiso.2011.11.045.

Shabana El, Abulfaraj WH, Kinsara AA, Rizaiza OS. Natural radioactivity in the groundwater of Wadi Nu'man, Mecca Province, Saudi
Arabia. Radiochim Acta. 2013;101(7):461-9. Available from: https://doi.org/10.1524/ract.2013.2043.

Suresh SB, Rangaswamy DR, Srinivasa E, Sannappa J. Measurement of radon concentration in drinking water and natural
radioactivity in soil and their radiological hazards. J Radiat Res Appl Sci. 2020;13(1):12-26. Available from:
https://doi.org/10.1080/16878507.2019.1693175.

Ullah F, Muhammad S, Ali W. Radon concentration and potential risks assessment through hot springs water consumption in the
Gilgit and Chitral, Northern Pakistan. Chemosphere. 2022;287(Pt 3). Available from:
https://doi.org/10.1016/j.chemosphere.2021.132323.

Onwuka JC, Jasper EE, Egyegbola DA. Radiological health risk evaluation of domestic sources of water in selected lead mining
communities of Nasarawa State. J Chem Soc Nigeria. 2022;47(2):312-326.

Durridge. RAD7 Electronic Radon Detector User Manual; 2019.

Durridge. Radon Capture & Analytics. RAD7 Radon Detector. Real-time Continuous Radon Monitor with Spectral Analysis; 2022.
UNSCEAR. Sources and Effects of lonizing Radiation. UNSCEAR 2000 Report. vol. Volume 1. New York: UNSCEAR; 2000.

El-Taher A, Abojassim AA, Najam LA, Mraity HAB. Assessment of annual effective dose for different age groups based on radon
concentrations in the groundwater of Qassim, Saudi Arabia. Iran J Med Phys. 2020;17:15-20. Available from:
https://doi.org/10.22038/ijmp.2019.37379.1476.

Oracle. Unparalleled insight into the critical factors affecting risk; 2008. Available from:
https://www.oracle.com/applications/crystalball/.

WHO. Guidelines for Drinking Water Quality. Vol. 1, Recommendations, third ed., incorporating the first and second addenda; 2008.
USEPA, United States Environmental Protection Agency. Basic information about radon in drinking water; 2014.

3887


https://doi.org/10.1016/j.jenvrad.2012.08.017
https://doi.org/10.4314/dujopas.v10i2b.16
https://doi.org/10.1016/j.heliyon.2022.e08840
https://doi.org/10.1007/s10661-020-08734-z
https://www.researchgate.net/publication/327691778.
https://doi.org/10.3390/ijerph18115733
https://doi.org/10.1007/s10653-020-00662-8
https://doi.org/10.3390/app11156842
https://doi.org/10.1063/1.4929310
https://doi.org/10.1016/j.phpro.2015.11.078
https://flayoophl.com/journals/index.php/rans
https://doi.org/10.2166/wh.2022.26
https://doi.org/10.1088/1742-6596/1380/1/012019
https://doi.org/10.1016/j.apradiso.2019.05.008
https://doi.org/10.1016/j.apradiso.2011.11.045
https://doi.org/10.1524/ract.2013.2043
https://doi.org/10.1080/16878507.2019.1693175
https://doi.org/10.1016/j.chemosphere.2021.132323
https://doi.org/10.22038/ijmp.2019.37379.1476
https://www.oracle.com/applications/crystalball/

