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Abstract: In recent times, groundwater has emerged as an alternative drinking water source for
populations in Ghana’s gold mining communities due to high pollution levels in surface water
resources caused by artisanal miners. This study presents the findings on different radioactivity
levels in groundwater, their sources, the characteristics of aquifers in the study area, and the impact
of radionuclides on human health as a factor of water quality. The mean activity concentrations of
radionuclides in groundwater samples were 0.1 ± 0.04 Bq/L for Ra-226, 0.36 ± 0.05 Bq/L for Ra-228,
and 1.41 ± 0.10 Bq/L for K-40. The activity concentration of 228Ra exceeded the World Health
Organization (WHO) guideline level of 0.1 Bq/L. The elevated levels of Ra-228 in groundwater were
found to be of natural origin, emanating from the aquifer rocks in the study area. Groundwater
resources near mining zones showed higher radioactivity levels. The corresponding committed
effective dose from consuming such groundwater was estimated to be higher than the United
Nations Scientific Committee on the Effects of Atomic Radiation (UNSCEAR) recommended value of
0.3 mSv/y for children and infants, indicating potential health risks.

Keywords: radionuclides; groundwater; water quality; radiological monitoring; mining

1. Introduction

Water is an essential resource to sustain life and society [1]. The growth of the global
population has led to a sharp increase in water demand in recent decades [2,3]. Groundwa-
ter is a geologic agent that interacts with its environment. It can mobilize, transport, and
accumulate matter—among these are also radioactive elements [4–6]. Studies have shown
that groundwater may contain appreciable quantities of radionuclides. These radionuclides
can enter groundwater as a result of water–rock interaction, resulting in radiation exposure
to users [7]. Groundwater as a source of drinking water may contain radioactivity that
could present a risk to human health [8]. Hence, there is growing recognition in many coun-
tries that natural radioactivity is a factor limiting the quality of groundwater supplies [1],
as almost all the radionuclides detected in drinking water are of natural origin [4].

The radioactivity in groundwater mainly comes from radionuclides of the natural
decay chains U-238 and Th-232, and K-40 in soil and bedrock. These are major sources
of external gamma radiation arising from terrestrial radionuclides present at trace levels
in all ground formations [3,8–10]. The radioactivity due to natural radionuclides in rocks
and water is the main source of human exposure to background radiation. The occurrence
of natural radionuclides in drinking water poses a health hazard when ingested due to
their ability to accumulate in various organs of the body [11–13]. Therefore, radiological
characterization is an important part of drinking water monitoring due to the relatively
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high radiotoxicity of some naturally occurring radionuclides and their importance in the
study of cumulative radiation effects on human health [9].

Globally, about 25–40% of the world’s drinking water is sourced from groundwater [4,14].
Groundwater is widely regarded as an essential water resource for human consumption
and irrigation [15]. In Ghana, people rely on groundwater for drinking and other domestic
purposes. In some parts of the country, groundwater is used to irrigate farms. The supply
of good-quality water in rural communities is a major challenge [16]. Though the country
is endowed with water resources, mainly surface water, the availability of water varies
significantly in different seasons and from year to year. Likewise, the distribution of water
supplies is not uniform, as the southwestern part of Ghana has more access to water than
the coastal and northern parts [17]. In general, access to safe water is higher in urban areas
compared to rural areas. Meanwhile, the majority of the population lives in rural areas,
where agriculture is the main occupation [15]. In rural areas, water supplies are mostly
obtained from groundwater resources. As of 2011, there were an estimated 75,000 dugouts,
wells, and boreholes nationwide [17]. Studies in Ghana over the years have pointed out that
the quality of groundwater in the country is generally good for multipurpose usage [15].
Nonetheless, this general assessment does not factor in the radionuclide contents in the
groundwater resources. Groundwater quality is of interest in this study since surface
waters in many mining areas in the country have become polluted with mine wastes due to
increasing illegal mining activities [18,19].

In this study, the area is characterized by several artisanal mining activities, which,
to a large extent, are unregulated, as seen in other parts of the country [18,20,21]. Mining
provides employment and supports the livelihood of the inhabitants of the communities.
However, it has led to the pollution of surface water resources [18,19,22], which serve as
the source of drinking water for the inhabitants of the area. As a result of the pollution,
inhabitants are resorting to groundwater as an alternative source of water for drinking
and household use. Studies have shown that mining can result in the leaching of ra-
dionuclides into groundwater resources, hence causing further pollution of groundwater
resources with radionuclides as more fractures are developed in bedrocks due to mining
activities [3,5–7,10,23]. Since groundwater resources can contain significant concentrations
of radionuclides [8], this study seeks to determine the quality of such groundwater re-
sources and whether they are potable for drinking and domestic use by the population of
Atiwa West. Unfortunately, no studies have yet been published on the levels of radionu-
clides in groundwater resources in the study area and, consequently, their suitability for
human use. This work sought to assess the levels of natural radionuclides in groundwater
in the area, evaluate the potability of the groundwater for domestic and drinking needs as
well as for agricultural purposes, and contribute to the database of groundwater quality in
the eastern part of Ghana.

Atiwa West has several sources of water for domestic use, including rivers, streams,
and groundwater. Previous studies conducted on radionuclides in groundwater in mining
areas in other countries have established that mining activities, such as crushing and
washing of ore, discharge and leaching of tailings, and transportation of ore minerals, are
found to increase the levels of radionuclides Ra-226, Ra-228, and K-40 [11,12,23]. However,
in our study area, radionuclide contamination in groundwater due to these activities has
not yet been investigated to determine the quality of groundwater in the area. As a result,
there is a general lack of knowledge among the public and miners on the radiological effect
of drinking groundwater containing high levels of radionuclides.

Hence, the aims of this study were to determine the activity concentrations of Ra-226,
Ra-228, and K-40 in groundwater resources in the mining towns of Atiwa West District,
Ghana, to identify the source of radionuclide contamination using the isotopic ratio and
to provide information about the radiological risks resulting from the ingestion of these
radionuclides with respect to using the water containing them for drinking.
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2. Materials and Methods
2.1. Study Area

The study area, Atiwa West District (Figure 1), is in the Eastern Region of Ghana, lying
between 6◦18′50.4′′ N and 0◦35′34.2′′ W. It has an elevation of 240 m to 750 m above sea
level. The region is largely green as it is located within a semi-deciduous forest. Twelve
to twenty percent of the land area is covered with commercial tree species such as Milicia
regia, Triplochiton scleroxylon, Terminalia superba, Mahogany, and bamboo [15,24,25].
The landscape is gentle and undulating, with different rock formations resulting in its
different relief features, ranging from flat bottom valleys to steep-sided high lands. With
a population of about 62,000, the inhabitants are mainly into agriculture and agro-based
industrial activities. The area has mineral deposits, particularly gold, which has made
the area one of the hot spots for artisanal gold mining activities in the region [24–27]. The
artisanal mining activities in the study area are mostly located very near farmlands, water
resources, and residential areas.
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2.2. Sampling

In this study, groundwater sampling was conducted based on the proximity of the
groundwater resources to mining areas. Samples were collected from 16 different locations
within the study area, utilizing composite samples of triplicates from each location. A total
of 48 groundwater samples were gathered. The samples were directly collected from bore-
holes and wells into pre-conditioned 1.5 L polyethylene bottles. Prior to filling, the bottles
were rinsed with some of the groundwater. The samples were stored in polyethylene bottles
and then acidified to prevent radionuclide precipitation and adsorption on the container
walls. They were subsequently transported to the laboratory for further analysis [23].
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2.3. Radioactivity Measurement

In the laboratory, the groundwater samples were transferred into pre-cleaned Marinelli
beakers and sealed for a period of 4 weeks. This allowed for the establishment of secular
equilibrium between the parent and daughter radionuclides before counting with a gamma
spectrometer. The counting time for each sample was approximately 22 h, ensuring better
statistics in the gamma spectra with minimal counting error. The activity concentrations
of Ra-226, Ra-228, and K-40 were measured using a High Purity Germanium (HPGe)
detector. This equipment was employed to count and detect Ra-226, Ra-228, and K-40 in
all the samples. The detector has an efficiency of 40% and is cooled to a liquid nitrogen
temperature of −196 ◦C. It was calibrated with three closed sources: Cs-137 (at 662 keV),
Co-60 (at 1173 and 1332 keV), and Am-241 (at 59 keV). Activity concentrations of the
radionuclides were determined using specific gamma peaks: for Ra-226, using its decay
products peak energies of Pb-214 at 351 keV and Bi-214 at 609 keV; for Ra-228, using Ac-228
and Tl-208 at 911 keV and 583 keV, respectively; and K-40 was determined at a peak energy
of 1460 keV [28].

2.4. Radionuclides Activity Concentration

The specific activity concentration of Ra-226, Ra-228, and K-40 in the groundwater
samples were determined by the following equation:

A =
N

ε× P × v × t
(1)

where A is the activity concentration of Ra-226, Ra-228, and K-40 in Bq/L; N is the net
area under the related energy peaks; E is the gamma efficiency at energy E; P represents
the abundance of the gamma line of a radionuclide; v is the sample volume in liters; and t
represents the counting time in seconds.

2.5. Statistical Analysis

The Statistical Package of Social Science (SPSS) tool, version 26, was used to analyze
and describe the determined activity concentrations of Ra-226, Ra-228, and K-40 in the
groundwater of Atiwa West. Normality tests were conducted by using the Kolmogorov–
Smirnov and Shapiro–Wilk tests. The tool was used to determine ordinary statistics of the
estimated activity concentrations. The data sets were evaluated for their mean, median,
minimum, maximum, standard deviation, correlations, kurtosis, and skewness values.

2.6. Estimation of Health Hazards Due to Ingestion of Ra-226, Ra-228, and K-40 in Groundwater

The radiological hazard associated with the consumption of such groundwater was
evaluated. The term “radiological hazard” refers to the risk posed by exposure to radioac-
tive substances. In this context, it specifically pertains to the presence of harmful radioactive
elements in the groundwater, attributed to the activity concentrations of Ra-226, Ra-228,
and K-40. This hazard was quantified in terms of the committed effective dose and excess
lifetime cancer risks. The committed effective dose due to the ingestion of radionuclides
was determined using Equation (2).

Eing(w) = Iw

3

∑
j=1

DCFing(Ra − 226, Ra − 228, K − 40)Asp(w) (2)

where Eing (w) is the effective dose from the consumption of water in mSv/y; Asp (w) is the
activity concentration of the radionuclides in a sample in Bq/L; Iw is the intake of water
per year; and DCFing is the ingestion dose coefficient in Sv/Bq, i.e., 2.3 × 10−4 m Sv/Bq
for Ra-226, 6.9 × 10−4 m Sv/Bq for Ra-228, and 6.2 × 10−6 m Sv/Bq for K-40. The annual
water consumption rates adopted for the study were 730 L for adults, 350 L for children,
and 250 L for infants [13,29].
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The Lifetime cancer risk associated with the ingestion of radionuclides in groundwater
was evaluated using the following equation:

Lifetime risk = Eing × LE × RF (3)

where Eing is the committed effective dose in mSv/y, LE is the life expectancy rate of
70 years, and RF is the risk factor of 7.3 × 10−2 per Sv. The RF considers the risk regarding
severe hereditary effects and fatal cancer (WHO, 2011). According to the International
Commission on Radiological Protection (ICRP) (1990), multiplying RF by the reference
dose level of 0.1 mSv/y in drinking water provides a likely upper bound reference level of
approximately 10−4 for the lifetime risk of stochastic health effects [4,30].

3. Results
3.1. Activity Concentrations of Ra-226, Ra-228, and K-40 in Groundwater

Table 1 presents the basic descriptive statistics of the collected data, including the
minimum, maximum, average, standard deviation, kurtosis, and skewness values. The
activity concentrations of the measured natural radionuclides in the Atiwa West ground-
water samples are depicted in Figures 2–4. These figures illustrate the mean activities for
each groundwater sampling location.

Table 1. Descriptive statistics for the mean activity concentrations of Ra-226, Ra-228, and K-40 in
groundwater in the Atiwa West district.

Ra-226 (Bq/L) Ra-228 (Bq/L) K-40 (Bq/L)

Average 0.10 0.36 1.41
Minimum 0.05 0.29 1.09
Maximum 0.13 0.41 1.65

Median 0.12 0.36 1.41
Standard deviation 0.03 0.03 0.18

Kurtosis −0.26 −0.37 −0.89
Skewness −1.02 −0.34 −0.43

Geometric mean 0.10 0.35 1.40
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In Table 1, the activity concentration of Ra-226 ranged from 0.05 ± 0.03 to
0.13 ± 0.04 Bq/L, with a mean value of 0.1 ± 0.04 Bq/L. The measured activity concentra-
tions of Ra-226 were lower than the World Health Organization (WHO) and UNSCEAR
guideline levels of 1.0 Bq/L [13,29]. Based on kurtosis and skewness, the normality of
the distribution for Ra-226 had negative values. Compared to the zero value of normal
distribution, this suggests a tendency towards symmetric distribution. However, applying
the Kolmogorov–Smirnov and Shapiro–Wilk normality tests indicated that Ra-226 activities
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are not normally distributed, as evidenced by p-values < 0.05. The frequency distribution
of Ra-226 activity concentration is shown in Figure 2.

For Ra-228, concentrations ranged from 0.29 ± 0.04 to 0.41 ± 0.06 Bq/L, with a mean
of 0.36 ± 0.05 Bq/L. The overall mean activity concentration of Ra-228 is above the WHO
and UNSCEAR recommended levels of 0.1 Bq/L [13,29,31]. All measured activities at
various sampling locations were also above 0.1 Bq/L, indicating that Ra-228 concentrations
were higher than those of Ra-226 in the groundwater samples. The high Ra-228 activity
concentration can be associated with a greater abundance of the parent radionuclide Th-
232 than U-238 in the aquifer rocks [7]. The frequency distribution of Ra-228 activity
concentration is presented in Figure 3. Relatively high negative skewness and kurtosis
values suggest a distribution closer to normal. The Kolmogorov–Smirnov and Shapiro–Wilk
normality tests also indicated that Ra-228 activity concentrations were normally distributed,
with p-values of 0.20 and 0.91, respectively.

K-40 had activity concentrations ranging from 1.09 ± 0.10 to 1.65 ± 0.09 Bq/L, with a
mean of 1.41 ± 0.10 Bq/L. The mean activity concentration of K-40 was below the reference
level of 10.0 Bq/L [29,32]. Figure 4 displays the frequency distribution of K-40 activity
concentrations in groundwater samples. The distribution was normal, as both Kolmogorov–
Smirnov and Shapiro–Wilk normality tests had p-values > 0.05 (0.20 and 0.24, respectively),
and skewness and kurtosis values indicated a symmetric distribution.

As seen in the statistics in Table 1, mean activity concentrations were observed to be
greater than the standard deviation values, suggesting more dispersion from the mean
and greater variability in the data. This indicates a uniform distribution of radionuclides
in the area [4,33], likely due to similar lithologies in the geological formations containing
groundwater. Nonetheless, variations in activity concentrations of Ra-226, Ra-228, and
K-40 indicate different origins of the radionuclides due to variations in sources, depths,
and transport mechanisms in their geological layers [34].

High Ra-228 radioactivity concentrations in the groundwater indicate high radioactiv-
ity levels in the aquifer rocks, as radionuclide concentrations depend on minerals derived
from aquifer rocks [3,10]. The radionuclide is found in excess in groundwater because
it can diffuse out of aquifer rocks and sediments into overlying waters [35]. Sampling
locations closer to mining sites recorded relatively high activity concentrations, particularly
for Ra-226 and Ra-228. This can be attributed to the leaching of radionuclides from min-
ing zones into bedrock, as groundwater interacts with geological formations [1,4,6,9,23].
The highest and lowest Ra-226 activity concentrations were recorded at GL10 and GL16,
respectively, while for Ra-228, maximum activity was observed at GL02 and the lowest at
GL12. Studies indicate that groundwater and surface water are interconnected within a
hydrologic system, and thus pollution in one can affect the other [23]. Consequently, surface
water contamination from artisanal mining activities may have transferred to groundwater
resources, leading to high radioactivity in such locations.

The total activity of all the isotopes (Ra-226, Ra-228, and K-40) measured at each sam-
pling location was evaluated, as depicted in Figure 5. The mean total activity concentration
of Ra-226 + Ra-228 + K-40 was 1.87 Bq/L. Locations GL08, GL01, and GL02 recorded the
highest total activities of 2.16 Bq/L, 2.15 Bq/L, and 2.12 Bq/L, respectively, while locations
GL15 (1.48 Bq/L) and GL16 (1.49 Bq/L) had the lowest total activity concentrations. Sam-
pling locations with higher total activities are likely to induce more ionizing radiations to
the human body compared to those with lower concentrations.
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3.2. Activity Ratios and Characteristics of Groundwater Aquifer

To determine the origins and processes of radium transport from aquifer rocks into
water, the groundwater’s Ra-228/Ra-226 activity ratio can serve as a useful proxy. Radium
isotope activities and their ratio (Ra-228/Ra-226) are often correlated with the parent
nuclide abundances (Th-232, U-238) in the aquifer rocks. This relationship is influenced
by the equilibrium states of the individual parent–daughter pairs within the rocks, the
duration of groundwater contact with the rock, and the timing of water sampling [1].

In this study, the estimated activity ratios, as shown in Figure 6, were higher than 1,
ranging between 2.37 and 6.08, with a mean of 3.70. Isotopic ratios exceeding 1 indicate
that the source of high Ra-228 in the groundwater resources is of natural origin [11,36].
Therefore, the composition of Ra-228 in the aquifer rocks underlying the study area’s
groundwater is at high levels. This characteristic of the groundwater aquifer suggests
that, while groundwater can be an alternative water source for inhabitants, it might not be
the best option due to the high concentration of naturally occurring radionuclides in the
aquifer rocks.

The groundwater of the Atiwa West district interacts with rocks of the Volta Basin
hydrogeological formation, known as the Voltaian aquifer. This aquifer mainly consists
of Precambrian to Paleozoic sandstones, shales, and conglomerates. The Volta Basin,
located in West Africa, occupies about 40% of Ghana, covering an area of approximately
103,600 km² [15–17,37]. In parts of the study area, the Voltaian strata overlie the Birimian
rocks, composed of sandstones, schist, and phyllites [17]. Gumma and Pavelic was noted
that the Precambrian to Paleozoic basement complexes have poor groundwater potential,
with a yield rate of 72 l/min [37]. This is likely due to steep hills in some parts of the study
area, causing high runoff and low groundwater recharge rates. They also observed that
areas with low runoff are generally good recharge zones, whereas areas with high runoff
are poor recharge zones, with high drainage density and lower groundwater potential [37].
The Voltaian aquifer has a low groundwater residence time and is prone to chemical
weathering [17]. Additionally, the presence of fractures in the aquifers can increase the rate
of radionuclides leaching into the groundwater system as groundwater moves through
these fractures containing radionuclides [17,23].

The isotopic ratio results from this study are comparable to findings from similar
studies in other countries with akin aquifer rock characteristics. Shabana and Kinsara from
Saudi Arabia and Sherif and Sturchio from Egypt studied radionuclide concentrations in
groundwater samples from geological areas with sandstone aquifers. They recorded high
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Ra-228 concentrations, with mean isotopic ratios of 1.59 and 2.95, respectively [1,7]. Kiro
et al. (2015) investigated radon and radium isotopes in Israel’s groundwater and found that
areas with sandstone aquifers had higher Th/U activity ratios and consequently higher
Ra-228/Ra-226 isotopic ratios greater than 1, compared to other aquifer rocks [36].
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Figure 6. Activity ratios of Ra-228/Ra-226 in the groundwater samples.

Pearson and Spearman correlations were used to evaluate the relationship between
the activity concentrations of Ra-228 and Ra-226 in the Atiwa West groundwater. These
correlations showed a lack of association between Ra-228 and Ra-226 activities (r = 0.04 for
Pearson and r = 0.07 for Spearman). Figure 7 displays a very weak correlation coefficient
(R² = 0.01) between the activities of Ra-228 and Ra-226 in the groundwater samples. Con-
versely, a p-value of 0.75 suggests a likely uniform distribution of radionuclides in the
aquifer rocks of the study area [33].
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3.3. Groundwater Quality for Drinking Purpose and Dose Estimation

The demand for clean and potable drinking water is increasing due to the rising
number of artisanal mining activities in the area. These mining activities have led to the
pollution of surface waters, which are the primary source of water treatment by the Ghana
Water Company. This pollution has resulted in higher water treatment costs and limited
water supply to inhabitants of these areas [18]. Consequently, people are turning to wells
and boreholes for their daily water needs. Surface waters are also used for irrigation,
industrial purposes, and building construction, making groundwater quality an important
consideration in this study due to pollution from mining activities.

Natural radioactivity levels in groundwater resources are crucial in evaluating water
quality. The presence of radionuclides, particularly Ra, in groundwater can significantly
increase human radiation exposure [1,9]. These radionuclides pose potential health haz-
ards to the local population upon ingestion. Ghana has not established national reference
levels for specific radionuclides in drinking water and relies on values recommended
by international agencies like UNSCEAR and WHO, recognized for dose and health risk
assessment. The evaluation of Atiwa West’s groundwater quality was based on UNSCEAR
and WHO recommendations for committed effective dose calculation [13,29]. The assess-
ment involved estimating the committed effective dose due to the ingestion of Ra-226,
Ra-228, and K-40 in groundwater samples based on their activity concentrations and dose
conversion factors.

Committed effective doses were calculated for three different age groups in the Atiwa
West district across all sampled locations. These age groups, as defined by UNSCEAR [13],
were infants (1–2 years old), children (7–12 years old), and adults (>17 years old). The
effective doses for these groups, according to their annual groundwater consumption, are
shown in Figure 8. For adults, the effective dose ranged from 0.17 to 0.24 mSv/year, with a
mean value of 0.21 mSv/year. For children, the range was 0.44 mSv/year to 0.60 mSv/year
(mean = 0.52 mSv/year), and for infants, it was 0.46 mSv/year to 0.63 mSv/year
(mean = 0.55 mSv/year). These estimated doses were above the ICRP and WHO recom-
mendations of 0.1 mSv/year by WHO and ICRP. While the adult group’s mean value of
0.21 mSv/year was below the UNSCEAR reference level of 0.3 mSv/year, the mean effective
doses for infants and children, 0.55 mSv/year and 0.52 mSv/year, respectively, were above
the UNSCEAR guideline level [13]. These estimates, exceeding 0.3 mSv/year, indicate that
infants and children are more susceptible to health risks associated with the ingestion of
radionuclides if they consume such groundwater resources.

Water 2024, 16, x FOR PEER REVIEW 11 of 14 
 

 

was below the UNSCEAR reference level of 0.3 mSv/year, the mean effective doses for 
infants and children, 0.55 mSv/year and 0.52 mSv/year, respectively, were above the UN-
SCEAR guideline level [13]. These estimates, exceeding 0.3 mSv/year, indicate that infants 
and children are more susceptible to health risks associated with the ingestion of radio-
nuclides if they consume such groundwater resources. 

 
Figure 8. The committed effective dose due to ingestion of such groundwater by the different age 
groups. 

It was noted that the high dose rates, particularly for infants and children, could be 
attributed to the high Ra-228 activity concentrations in the water samples and its large 
dose-conversion factor (6.9 × 10−4 mSv/Bq). Additionally, the committed effective dose for 
infants and children was calculated using their respective annual water consumption rates 
of 250 L and 350 L. Due to their smaller body sizes, children and infants generally have 
higher committed effective doses compared to adults [9]. The order of the calculated com-
mitted effective dose was infants > children > adults. 

The lifetime risk was assessed using the committed effective doses for adults. The 
average lifetime risk resulting from the consumption of Ra-226, Ra-228, and K-40 in 
groundwater ranged from 0.89 × 10−3 to 1.22 × 10−3, with a mean value of 1.06 × 10−3 across 
the study area. This value exceeds the upper bound reference level of approximately 10−4 
for the lifetime risk of stochastic health effects. Given that the estimated effective doses 
were above the ICRPʹs 0.1 mSv/year reference level, it was anticipated that the evaluated 
lifetime risk would exceed the recommended upper bound of 10−4 [30]. This indicates that 
consuming groundwater from the study area poses a risk of cancer development within 
the inhabitantsʹ lifetime, along with the possibility of severe hereditary effects by the end 
of their lifespan [29]. 

This study reveals that the concentrations of natural radionuclides in Atiwaʹs ground-
water resources are above the recommended guideline levels for consumption. The high 
activity concentrations of the measured radionuclides, and consequently the high com-
mitted effective doses and lifetime cancer risk factors, can be attributed to several factors. 
Activity ratios indicated that the aquifer rocks beneath the groundwater resources of the 
study area contain high levels of the thorium parent radionuclide. However, indiscrimi-
nate mining activities exacerbate the issue [11,38-41]. The crude gold mining methods ob-
served during the investigations expose miners, the public, and the environment, includ-
ing groundwater resources, to elevated levels of radioactivity and subsequent radiation 
doses [38]. In Ghana, artisanal and small-scale mining, often lacking strict regulatory 

Figure 8. The committed effective dose due to ingestion of such groundwater by the different
age groups.



Water 2024, 16, 62 11 of 14

It was noted that the high dose rates, particularly for infants and children, could be
attributed to the high Ra-228 activity concentrations in the water samples and its large
dose-conversion factor (6.9 × 10−4 mSv/Bq). Additionally, the committed effective dose
for infants and children was calculated using their respective annual water consumption
rates of 250 L and 350 L. Due to their smaller body sizes, children and infants generally
have higher committed effective doses compared to adults [9]. The order of the calculated
committed effective dose was infants > children > adults.

The lifetime risk was assessed using the committed effective doses for adults. The
average lifetime risk resulting from the consumption of Ra-226, Ra-228, and K-40 in ground-
water ranged from 0.89 × 10−3 to 1.22 × 10−3, with a mean value of 1.06 × 10−3 across
the study area. This value exceeds the upper bound reference level of approximately 10−4

for the lifetime risk of stochastic health effects. Given that the estimated effective doses
were above the ICRP’s 0.1 mSv/year reference level, it was anticipated that the evaluated
lifetime risk would exceed the recommended upper bound of 10−4 [30]. This indicates that
consuming groundwater from the study area poses a risk of cancer development within
the inhabitants’ lifetime, along with the possibility of severe hereditary effects by the end
of their lifespan [29].

This study reveals that the concentrations of natural radionuclides in Atiwa’s ground-
water resources are above the recommended guideline levels for consumption. The high
activity concentrations of the measured radionuclides, and consequently the high com-
mitted effective doses and lifetime cancer risk factors, can be attributed to several factors.
Activity ratios indicated that the aquifer rocks beneath the groundwater resources of the
study area contain high levels of the thorium parent radionuclide. However, indiscrim-
inate mining activities exacerbate the issue [11,38–41]. The crude gold mining methods
observed during the investigations expose miners, the public, and the environment, includ-
ing groundwater resources, to elevated levels of radioactivity and subsequent radiation
doses [38]. In Ghana, artisanal and small-scale mining, often lacking strict regulatory
control, leads to pollution, poor water quality, health problems, and increased threats to
ecosystems [39]. Mining activities are not regulated for naturally occurring radionuclide
exposures [40], raising concerns about the condition of surface and groundwater in mining
communities [39,41]. Mining increases radionuclide levels in groundwater due to leaching
from rocks, soil, and tailings [42,43]. Additionally, if a mining site is located in a signifi-
cant groundwater recharge area, the backfill material can affect recharge characteristics,
reducing infiltration rates due to the destruction of micropores and soil structure [44].
The reliance on such untreated groundwater for drinking and domestic use, as in Atiwa
West, is detrimental to health [38]. Therefore, identifying, quantifying, evaluating, and
managing such risks is significant for the general well-being of the population in mining
communities [43]. This study is important for determining the groundwater quality of the
surveyed area to safeguard the health of infants, children, and adults.

4. Conclusions

Groundwater is widely used in Ghana, particularly in rural areas, for drinking and
household purposes. This study aimed to provide groundwater quality information with a
focus on natural radioactivity levels. Wells and boreholes from 16 different locations were
sampled and analyzed. Activity concentrations of Ra-226, Ra-228, and K-40 ranged between
0.05 ± 0.03 and 0.13 ± 0.04 Bq/L, 0.29 ± 0.04 and 0.41 ± 0.06 Bq/L, and 1.09 ± 0.10 and
1.65 ± 0.09 Bq/L, respectively. The measured radionuclide activities for Ra-226 and K-40
were below the global guidelines for drinking water, except for Ra-228. The presence of Ra-
228 activity concentrations was found to be higher than that of Ra-226 in the groundwater,
associated with the geological conditions and the Voltaian aquifer type in the study area. A
weak correlation was observed between the activity levels of Ra-226 and Ra-228.

Using the radioactivity concentrations, the committed effective dose was evaluated
for three age groups: adults, children, and infants. The determined committed effective
doses, in relation to the recommended WHO and ICRP guidelines, were found to exceed
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0.1 mSv/year. However, they were lower than the UNSCEAR ingestion value of
0.3 mSv/year for adults. Ra-228 contributed to a higher radiation dose than Ra-226 due
to the ingestion of groundwater, regardless of the location and age group. Children and
infants, however, may suffer higher doses from drinking the same groundwater. There-
fore, the radiological hazard associated with using groundwater from the study area was
considered to pose significant radiation exposure to humans, primarily affecting infants
and children, with the likelihood of developing cancer-related diseases by the end of
their lifetime. Based on the data presented in this study, it is recommended that efficient
water-treatment technology capable of removing radionuclides should be employed to
treat groundwater before consumption.
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