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This research aimed to assess the levels of natural radionuclides in the soil of the Riruwai mining area
and to evaluate the radiological hazards associated with them. A total of sixty soil samples were collected
from four sampling sites during the dry and wet seasons. The concentrations of uranium-238 (238U),
thorium-232 (232Th), and potassium-40 (40K) were measured using an HPGe gamma-ray spectrometer,
and the measured concentrations were used to estimate the internal and external hazards and gamma dose
rate. The results of the analysis indicated that the concentrations of 238U and 232Th in all sampling sites
and seasons were higher than the world average. The radionuclide levels in the soils showed a significant
seasonal variation, with higher concentrations obtained during the dry season. The correlation analysis
revealed a very strong positive relationship between all the radionuclides, which indicates a common
origin (parent material). The gamma dose rate computations revealed that only active and abandoned
mining sites have a mean gamma dose rate greater than the tolerable limit of 59.00 nGy/h. The internal
and external radiological hazards assessments showed that only the active mining sites had the potential
to be hazardous to human health. The researchers, therefore, recommend that comprehensive monitoring
of mining operations and public education about the dangers of radiation exposure in the study area be
carried out.
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Introduction

Radioactivity is a natural phenomenon evidenced by the release of
ionizing radiation that can be found in various quantities throughout
the environment [1]. Radioactivity has become an important
environmental concern around the world and has become a topic of
great concern over the years due to its significant adverse effects on
human health [2, 3]. Environmental radioactivity is mostly caused by
cosmic rays and naturally occurring radionuclides found in the
environmental compartments (water, soil, rock, and air).
Radionuclides are responsible for around 86 % of the effective human
dosage [3, 4]. These radionuclides consist predominately of the 238U
series, the 232Th series, and the “°K series, together with their decay
products [5, 6]. Radiations emitted by radioactive materials and
associated progenies are one of the most significant external sources
of radiation exposure for human beings [7, 8]. Leukemia, a cancer of
the blood cells, is one of the most common types of radiation-induced
diseases. Excessive exposure to radionuclides can cause damage to the
bone marrow, where blood cells are produced, leading to abnormal
production of white blood cells. Symptoms of leukemia include
weakness, fatigue, fever, and bleeding [9]. Aside from their possible
ionizing impacts, radionuclides can be hazardous, undergo bio-
concentration and bioaccumulation, and unfavorably affect human and
ecological health [10]. The concentrations of radionuclides are
extensively distributed across the earth’s ecosystem and are largely
determined by geology, soil properties, relative humidity, organic
matter, soil pH, and geographical factors [4].

Soil is a vital component of the natural environment, and its quality is
essential for sustaining Life on Earth. However, soil can also be
vulnerable to radioactive pollution, which highlights the importance
of monitoring and maintaining soil well-being [11]. The impacts of
radioactive pollution on soil can be significant, leading to ecosystem
disturbances and potential health risks for humans and animals [4].
The ability of soil to retain radionuclides is primarily due to its
chemical properties, such as the presence of clay minerals and organic
matter, which act as adsorption sites for radionuclide ions [12]. Soil
acts as a channel for transferring radionuclides to plants, animals, and
other environmental compartments; hence, it is the basic indicator of
the radiological contamination of the environment [13]. The
concentration of naturally occurring radioactive materials is generally
low when undisturbed in the soil, but anthropogenic activities like
mining and smelting processes have the potential to modify or increase
their levels in the soil [14, 15]. Radionuclides in soils are absorbed by
humans through the food chain via air dispersal, gravity settlement,
plant absorption, and a variety of other geological factors [7]. The
amount of radioactivity in the soil is affected not only by soil type and
usage but also by seasonal variations [16]. It has been reported that
radionuclide concentrations are found to be higher in the dry season
compared to the wet season [17].

Mining has been identified as a possible source of naturally occurring
radionuclide exposure. Workers in the mining and mineral processing
sectors are exposed to a variety of radiation hazards, including external
gamma radiation from ores, inhalation of dust containing long-lived
alpha-emitting radionuclides, and inhalation of radon decay products
[4]. Mining operations cause naturally occurring radioactive materials
to pre-concentrate and accumulate in mine tailings and water bodies,
which eventually expose people to high levels of radiation [8, 18]. Due
to the health hazards connected with naturally occurring radioactive
material exposure and inhalation of radon's short-lived decay products,
international and governmental organizations have taken stringent
steps to limit such exposure [4]. The assessment of radioactivity levels
in the environment is absolutely essential in order to protect public

health and the environment from the detrimental effects of radiation
[19].

In Nigeria, the majority of mining activities are performed by small-
scale artisanal miners (ASM); these local miners have little to no
awareness of the environmental and health impacts of mining
operations [20]. Unsophisticated mining practices expose miners and
their surroundings to excessive amounts of radionuclides. Nigeria is
estimated to have more than 1218 abandoned mine sites, ponds, and
quarries that need to be reclaimed [21]. One of these abandoned sites
is Riruwai, which is an old mining community that housed the first and
largest underground tin mine in Nigeria. Large-scale mining began in
1979 when nearly nine hundred tons of tin and zinc ores were
produced every day. The mining operations were officially stopped
after 5 years of continuous activity and have been reopened by
artisanal and illegal miners thereafter [22]. After the stoppage of
mining, no remediation of the site has been carried out yet. The area
has been recognized as one of Nigeria's biggest prospective uranium
mining zones, with about two hundred million tons of rock containing
over half a million tons of niobium and uranium [23]. A
reconnaissance survey by the researcher has confirmed that several
mining sites are located close to settlements and farmland where
people are engaged in farming and other activities, and the artisanal
miners in the study area worked long hours without adequate safety
wear; some miners even stay overnight and eat at mining sites. The
mining has resulted in the accumulation of various tailings heaps that
have been randomly dispersed over large areas. These tailings are
reprocessed and used as building materials, and the land is being used
by locals for farming [24]. Communities living in this area are
constantly in danger of being exposed to ionizing radiation emitted by
natural radionuclides found in rocks, soils, and dust. Previous research
from all over the world reported that people living near mining areas
are at a significantly higher risk of being exposed to ionization
radiation [25-28]. To reduce the negative health effects of radioactive
intake and bridge the knowledge gap, it is critical to measure the level
of radionuclide presence in soils. At present, and based on our
findings, there is a scarcity of available data on this type of study in
the study area. This has created the urgency of carrying out an in-depth
investigation that will provide detailed radiological information and
pave the way for assessing any future environmental contamination
due to radionuclides. It is envisioned that this study will lay the
groundwork for long-term management and restoration of the study
area.

Materials and Methods

Description of the study area

Riruwai is a town in Kano State, Doguwa Local Government Area, in
northern Nigeria. It is located between latitudes 10°43"97"N and
10°45'01"N and longitudes 8°43"3"E and 8°47'39"E, and it spans an
area of 129 km? (Figure 1). According to the 2006 census, Riruwai has
a population of 150,645 people [29]. Riruwai is one of Nigeria's newer
granite complexes. It is bordered by metamorphic and calc-alkaline
meta-igneous rocks that range in age from the Precambrian to the
Cambrian [30]. Riruwai is principally a mining community. Mining
on a large scale began in 1979, with roughly 900 tons of Zn-Sn ore
produced each day. The mining operations were shut down after five
years of operation. However, artisanal and small-scale mining
operations continue in the region [22].
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Fig. 1: Geographical Map of the Study Area

Soil Sampling and Collection

Sampling was carried out in two distinct seasons; the dry season
(February and May 2020) and the wet season (July and August 2020).
Sixty surface soil samples were collected from the top 0-20 cm layer
at four sampling locations, including 18 from active mining sites, 12
from abandoned mine sites, 21 from farmlands, and 9 from control
sites, using a steel soil Auger. Three (3) sub-samples were obtained at
each sampling location within a 5-meter radius of the site in order to
obtain representative and uniform samples. These sub-samples were
then combined to form a composite sample. 1.00 kg of the mixed
samples were selected by quartering, stored in a polyethylene bag,
labeled, and transported to a laboratory for analysis [31].

Measurement of Radioactivity Concentrations

After the removal of extraneous materials such as stones, leaves, and
roots, the collected soil samples were dried in an oven at 105 °C,
ground, and sieved through 60 meshes to obtain homogeneous
particles. 300 kg of samples were transferred into empty cylindrical
plastic containers of uniform size (75 mm height by 70 mm diameter),
sealed, and allowed to stay for 30 days in order to attain secular
equilibrium between parent and daughter 238U and 2%2Th [32, 33].
Before the measurements of the sample, an empty container in similar
conditions was used to record the background gamma radiation. This
value was subtracted from the gamma-ray spectra of the samples
examined in order to rectify the net peak areas for the counts and
calculate radioactivity levels accurately. The activity concentrations of
the radionuclide in each sample were measured using an ultra-low
background High Purity Germanium (HPGe) gamma-ray
spectrometer.

The gamma-ray spectrometer comprises a co-axial HPGe detector
with a relative efficiency of 50.00% equipped with a 32-k
multichannel analyzer. The data acquisition and analysis were
performed with the use of Genie 2000 software (Canberra, USA). The
detector contained 10.00 cm of lead shielding to reduce the
background radiation. The activity of 238U was computed as the mean
of the activities obtained from the gamma-ray lines 2**Pb (295.30 and
352.00 keV) and 2'?Bi (609.50, 1120.20, and 1764.5 keV) isotopes.
The activity of 22Th was obtained by the gamma-ray lines of 28Ac
(911.1 and 968.80 keV), and the activity of “°K was obtained from the
gamma-ray line of 1460.80 keV.

Estimation of Radiological Hazards

Gamma Dose Rate (GDR)

The GDR (nGy/h) was computed using the following relation:

GDR = 0462 X CU—238 + 0604 X CTh—ZSZ + 04’62 X CK—40 1

Where: Cu-238, Cth-232and Ck-40 are the activity concentrations of 238U,
232Th and “°K respectively in soils [4].

Internal Hazard Index (Hin)

The internal radiation exposure is computed using the following
equation:

_ Gy Crn Cx
Hp =t

= 2
185 = 259 4810

Where, Cu, Cth and Ck are the measured concentrations of 238U, 22Th
and “°K respectively in Bg/kg [4]

External Hazard Index (Hex)

The external hazard (Hex) index is another radiation hazard index
defined by Beretka and Mathew [34] to evaluate the indoor radiation
dose rate due to the external exposure to gamma radiation from the
natural radionuclides in the building materials of dwellings. The
external hazard index (Hex) is used to quantify the radiation hazard
caused by gamma-ray exposure. Hex was calculated using equation
®)- c c [4
Hex =$+£+48’1{0 3

Where, Cu, Cth and Ck are the measured concentrations of 238U, 232Th
and “°K respectively in Bg/kg. The Hin and Hex value greater than one
may cause significant health hazards [4].

Quality control and statistical analyses

All data were treated as the mean + standard deviation of three
replicates. The calibration of the HPGe gamma-ray spectrometer was
carried out using International Atomic Energy Agency (IAEA)
standard reference materials, i.e., RGU-1, RGTh-1 and RGK-1, for the
quantitative determination of 238U, 22Th, and “°K of the soil samples,
respectively. One-way analysis of variance (ANOVA), independent t-
test, and Pearson correlation analysis was performed using SPSS 23.0
(SPSS Inc., Chicago, USA). The ANOVA was used to compare
radionuclide contents from the different sampling sites, and statistical
significance was established using the Tukey HSD post-hoc test at p <
0.05 levels. The independent t-test was used to identify whether there
are significant differences in radionuclide concentrations between dry
and wet seasons, while correlation analysis was employed to identify
the relationship between radionuclides in the soils. All the graphs were
plotted using Microsoft Excel 2013.

Results and Discussion

Results

The concentrations of 238U, 232Th and “°K in the soils of the Riruwai
mining area during the dry and wet seasons are presented in Tables 1
and 2.

Table 1: Radionuclide Concentrations (Bg/kg) in Soils of Riruwai
Mining Area during the Dry Season

Dry Season
Radio Sampling Location UNSCE
nuclid AR
es RSSI RSS2 RSS3 RSS4 (2000)
13477 + 98.51° + 56.11° + 27.92¢ + 35.00
238y 2.15 1.30 111 0.97 '
232 110.66°+  80.91°+ 38.51°+ 18.41% +
Th 1.34 0.60 145 1.34 35.00
296.87°+ 239.15°+ 157.03°+ 84.13%+
40
K 3.93 1.18 1.37 151 400.00

Values are mean =+ standard deviation (n = 3). RSS1 = active mining

sites, RSS2 = abandoned mining sites, RSS3 = farmland, RSS4 =

control site. The values on the same row with the same superscript

letters are statistically the same (p > 0.05), whereas values on the same

row with different superscript letters are statistically different (p <0.05)
as revealed by one-way ANOVA and the Tukey HSD post-hoc test.

Table 2: Radionuclide Concentrations (Bg/kg) in Soils of Riruwai
Mining Area during the Wet Season

i Sampling Location UNSC
Raqclionucl EAR
ldes RSS1 RSS2 RSS3 RSS4  (2000)

238 97162+  7521°+  49.40°+ 2013+
U 116 0.75 153 012 00
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85.09% £ 73.94° + 37.56°+  15.38%

232
Th 1.12 1.76 2.39 0.96 35.00
243.83* 205.71°+ 129.03°+ 66.45%+
40
K 1.31 2.10 2.09 1.02 400.00

Values are mean + standard deviation (n = 3). RSS1 = active mining
sites, RSS2 = abandoned mining sites, RSS3 = farmland, RSS4 =
control site. The values on the same row with the same superscript
letters are statistically the same (p > 0.05), whereas values on the same
row with different superscript letters are statistically different (p <0.05)
as revealed by one-way ANOVA and the Tukey HSD post-hoc test.

The concentrations of uranium-238 as shown in Tables 1 and 2 ranged
from 27.92 (control site) to 134.77 Bg/kg (active mining site), such
that 56.11 Bg/kg (farmland) and 98.51 Bg/kg (abandoned mining site)
were found between the lowest and highest experimental values in the
dry season. Levels of uranium-238 in active mining sites (134.77
Bg/kg), abandoned mining sites (98.51 Bq/kg), and farmland (56.11
Bag/kg) were found to be greater than the threshold value of 35.00
Bg/kg recommended by UNSCEAR [4]. The control value of 27.92
Ba/kg is, however, lower than the threshold value. During the wet
season, the concentrations of uranium-238 ranged from 20.13 Bg/kg
(control site) to 97.16 Bg/kg (active mining site). The levels of 37.56
mg/kg (farmland) and 98.51 Bg/kg (abandoned mining sites) fell
between the lowest and highest values of uranium-238 determined.
Except for the control site, the levels of uranium-238 in all the
sampling locations were above the UNSCEAR [4] threshold limit. A
one-way ANOVA revealed a significant difference in radionuclide
concentrations across the four sampling locations. Orosun et al. [35]
observed a similarly high concentration of uranium-238 above the
UNSCEAR [4] recommended limit when they studied the natural
radionuclides and radiological risk assessment of a granite mining
field in Asa, North Central Nigeria. High mean uranium-238
concentrations of 78.00 22 +3.00 Bg/kg, comparable to this study,
were also reported in soils around the Arufu mining area in Taraba
State, North-Eastern Nigeria [36]. Moreover, a comparable value of
79.3 Bag/kg was also recorded by Yang and Sun [37] when they
measured the natural radioactivity of the surface soil in Guangdong,
China. Uranium exposure may cause health risks because of its
chemotoxicity and radiotoxicity. Many epidemiological and
laboratory studies have demonstrated that environmental and
occupational uranium exposure can induce multifarious health
problems. For example, when Zhivin et al. [38] investigated the health
impacts of occupational uranium exposure among veterans of the
Persian Gulf and Balkan wars, they observed some signs of an elevated
risk of lung cancer among uranium-processing workers.

The measured concentrations of thorium-232 varied from 18.41
(control site) to 110.66 Bq/kg (active mining site) during the dry
season. The concentrations of 38.51 Bg/kg (farmland) and 80.91
Bag/kg (abandoned mining site) lay between the lowest and highest
thorium-232 values obtained. The concentrations of thorium-232 in
active mining sites, abandoned mining sites, and farmland were above
the recommended value of 35.00 Bg/kg set by UNSCEAR [4]. The
concentration of 18.41 Bq/kg in the control site was, however, below
the recommended value. During the wet season, the concentrations of
thorium-232 (Bg/kg) ranged from 15.38 (control site) to 85.09 (active
mining site), when 37.56 Bg/kg (farmland) and 73.94 Bg/kg
(abandoned mining site) fell between the extreme experimental values.
The experimental values of thorium-232 in the present study were
slightly higher than the reported literature values of 67.00 + 1.00
Bg/kg determined in soils around gold mines in Zamfara State,
Northwest Nigeria [36], but comparable to the average thorium-232
value of 154 + 56 Bg/kg measured in farmland soil from Bukuru, Jos,
North- Central Nigeria by Jibiri et al. [39]. Thorium is a well-known
radioactive and chemically hazardous environmental pollutant.
Continuous thorium exposure may increase the chance of developing
lung and liver illnesses as well as lung and pancreatic cancer [37].
The concentration of potassium-40 spread from 84.13 to 296.87 Bqg/kg
during the dry season. The highest concentration (296.87 Bqg/kg) was
observed at the active mining site, while the lowest concentration
(84.13 Bg/kg) was found at the control site. The experimental values
of 157.03 Bg/kg (farmland) and 239.15 Bqg/kg (abandoned mining site)
fell between the lowest and highest observed concentrations. During
the wet season, the levels of potassium-40 varied from 66.45 to 243.83

Bag/kg, such that 129.03 Bg/kg (farmland) and 205.71 Bag/kg
(abandoned mining sites) fell between the lowest and highest observed
values.

The measured concentrations of potassium-40 in all the sampling sites
and seasons were lower than the UNSCEAR [4] threshold
concentration of 400.00 Bg/kg. The experimental values of potassium-
40 were comparable to the literature value of 277.81 + 5.77 Bg/kg
reported by Beogo et al. [40] and lower than the value of 570.91 + 6.0
reported by Orosun et al. [35]. Laniyan and Adewumi [36] also found
a potassium-40 content of 314.11 Bg/kg in the soils of the Arufu
mining area, Taraba State, North-East Nigeria, which was relatively
similar to the experimental values of 296.87 Bg/kg and 239.15 Bg/kg
found in active and abandoned mining sites, respectively, during the
dry season. Similarly, a mean concentration of 218.93 Bq/kg, close to
that of the present study, was also reported in the farmland of Barkin
Ladi, Plateau State, Nigeria [41]. Anthropogenic activities such as
mining and smelting have resulted in an increase in potassium-40
radionuclides in the environment. According to reports, exposure to
high concentrations of potassium-40 poses serious health concerns
[42].

Correlation Analysis

Table 3 shows the results of Pearson’s correlation analysis of
radionuclides (28U, 22Th and “°K) in the soils of the Riruwai mining
area during the dry and wet seasons.

Table 3: Correlation between Radionuclides of Soil during the Dry
and Wet Seasons

Dry season Wet season

238U 232Th 40 K 238U 232Th 4OK
238U 1 238U 1
22Th 0.999 1 22Th  0.987 1
K 0.994 0.991 1| YK 0.996 0.997 1

The 238U, 2%2Th and “°K exhibit very strong positive correlations with
one another during the dry and rainy seasons.

Gamma Dose Rate

Figure 2 shows the values of gamma dose rate (GDR) in active mining
sites (RSS1), abandoned mining sites (RSS2), farmland (RSS3), and
control sites (RSS4) during the dry and wet seasons.

160.00 -

O Dry Season
140.00 -

B Wet Season

120.00 -
100.00 -
80.00
60.00

40.00

Mean Dosage Rate (nGy/hr)

20.00 -

RSS1 RSS2 RSS3 RSS4
Sampling Sites

Fig. 2: Gamma dose rate (GDR) in soils of the Riruwai mining area
during the dry season wet seasons

The values of GDR in RSS1, RSS2, RSS3, and RSS4 are 141.48,
104.35, 55.73, and 27.53 nGy/h, respectively. During the wet seasons,
the values of GDR are 106.45, 87.98, 50.89, and 21.36 nGy/h for
RSS1, RSS2, RSS3, and RSS4, respectively. GDR levels in RSS2 and
RSS2 were significantly higger than the global average of 59.00 nGy/h
in both seasons, whereas values in RSS3 and RSS4 were lower than
the global average value. Sanusi et al. [43] and Mukhtar et al. [44] both
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observed comparable higher GDR values of 182 nGy/h and 116
nGy/h, respectively.

Internal hazard (Hin ) and external hazard (Hex )

The values of internal (Hin) and external (Hex) hazards in active mining,
abandoned mining, farmland, and control sites during the dry and wet
seasons are presented in Figure 3.
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Fig. 3: Internal (Hin) and External (Hex) Hazards of Radionuclides in
Soils during (a) dry Season (b) Wet season

Discussion

Mining activities have contributed to the distribution and uptake of
radionuclides in the soil. This has led to an increase in their
concentrations in the environment and increased human health risks.
The findings of this study revealed that the concentrations of 23U,
232Th, and %K varied significantly (p < 0.05) along the sampling
locations, with levels of 23U and 2%?Th above the UNSCEAR [4]
recommended limits in all the sampling locations except for the
control sites. Orosun et al. [35] observed similar high concentrations
of 238U and 2%2Th above the UNSCEAR [4] recommended limit when
they studied the natural radionuclides and radiological risk assessment
of a granite mining field in Asa, North Central Nigeria. Higher
concentrations of those radionuclides above the threshold limits were
also reported in soils around gold mines in Zamfara State, Northern
Nigeria [36]. Moreover, Cao et al. [45] reported similar higher
concentrations of 238U and 232Th above the threshold limits when they
studied the distribution pattern of radionuclides in the soils of
mainland China. Higher concentrations of 23U and 2*2Th above the
threshold limit in active mining sites, abandoned mining sites, and
farmland could be attributed to the fact that mining activities and
farming Mining involve the excavation of deep soil, which exposes
natural radionuclides and their corresponding decay products that
were already buried beneath the ground to the earth's surface, hence
increasing the radiation level of the impacted area [41, 46]. Underlying
geology could be another factor that would result in an elevated level
of 28U and %2Th in an environment. It has been documented that
environments with granitic geological formations are linked to higher
gamma amount of radiation rates because of the substantial silica
content and radioactive materials of granite rock, whereas locations
with sedimentary rock origins have a lower terrestrial gamma radiation
dose rate [4]. The study area is geologically characterized by several
types of underlying granitic rock formations. Therefore, the high level
of radionuclides found in the area could be attributed to the geological
formations beneath it. Moreover, the variation of radionuclide
concentrations across the sampling locations could be due to a number
of factors, including geology, soil type and features, and the
application of fertilizer [47]. For example, the application of fertilizer
has been reported to increase the accumulation of radionuclides in the
soil [48]. The existence of the uranium series and associated decay
products in phosphate fertilizers is well documented [47]. Akdzcan et
al. [48] reported that the radioactivity levels of 238U, 232Th, and “°K
have increased with fertilization applications when they studied dose
rates and seasonal variations of 2¥U, 22Th, 226Ra, “0K, and ¥’Cs
radionuclides in soils along the Thrace, Turkey.

The concentrations of radionuclides in the soil are seasonally varied,

with higher values obtained during the dry seasons. The difference was,
however, statistically not significant, as obtained from an independent
t-test result. In all the sampling locations, the concentrations of 23U,
232Th, and “°K were significantly higher during the dry season. High
concentrations of radionuclides during the dry season could be
attributed to the release of radionuclides because, in the dry season,
gases move upward, carrying radionuclides with them and thereby
increasing ionization near the soil surface [16]. The decrease in
radionuclide levels during the wet season could be due to high soil
water content, as a result of reduced rates of gas diffusion. This
characteristic influences radiation spread in soils, where water
molecules likely form a thin physical shield against gamma-ray
detection during the rainy season, which disappears during the dry
season [49]. Tchorz-Trzeciakiewicz et al. [50] confirmed that higher
water content in the soil during the rainy season could restrict the
emanation of gamma rays and hence, lower the concentration of
radionuclides.

The radionuclides show very strong positive correlations with one
another in both the dry and rainy seasons. This demonstrates that these
radionuclides may have come from similar natural sources (parent
materials). Several studies have confirmed that naturally occurring
radionuclides are originated from parent material that is, granitic rocks
[37, 51].

The results of GDR show that RSS1 and RSS2 have higher values than
the world average value of 59.00 nGy/h in both dry and wet seasons.
This demonstrates that the soils from the aforementioned locations
have a very high radiation rate and are therefore not suitable for
farming and other anthropogenic activities. The GDR values are found
to be significantly higher in the dry season compared to the wet season
in all the sampling locations. Lower GDR values during the wet season
could be due to the high moisture of the soil, which decreases the
emanation of gamma radiation [50]. Melintescu et al. [52] and Barbosa
et al. [53] reported similar low GDR values during the wet season
compared to the dry season.

The internal hazard (Hin) and external hazard (Hex) are used to evaluate
the radiological hazards in this study. The Hin values of radionuclides
are less than one in all sampling sites and seasons, with the exception
of active mining sites. This demonstrates that only the soil from active
mining sites may be hazardous to human health. Hin seeks to assess the
internal exposure to radon and its short-lived progenies, which are
perilous to the respiratory organs. For safety precautions, the Hin
should be less than or equal to one [54, 55]. The Hex of values of
radionuclides at all the sampling sites and seasons is less than one.
Similar observations were recorded by Alomari et al. [13], Orosun et
al. [35], and Hassan et al. [56]. The estimated values of Hex suggest
that the soils from the Riruwai mining area may be used for building
and construction purposes. Hex is used as a radiation exposure index to
assess the indoor radiation dose rate in relation to external exposure to
gamma radiation from natural radionuclides [39, 57, 58].

Conclusion

The natural radioactivity levels of 28U, 232Th and “°K were measured,
and the results of the analysis revealed that the concentrations of 238U
and 2%2Th in all sampling sites and seasons were higher than the world
value, while the concentrations of 4°K were lower than the world
average value. The levels of radionuclides in the soils show a
significant seasonal variation, with higher concentrations obtained
during the dry season. According to the internal and external
radiological risk assessments, only active mining sites have the
potential to be hazardous to human health, and the soils in the study
area could be used for farming and construction. The information
obtained in this study would serve as baseline radiological data for
future reference in the study area and similar locations.
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