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Simple Summary: This paper assesses radiation doses in biota and the health risk from exposure to
naturally occurring radionuclides in contaminated soil following mining activities at the Nkamouna-
Kongo cobalt–nickel deposit. The activity of 226Ra, 232Th, and 40K was determined by γ-spectrometry.
The internal doses were 2.13 × 10−07, 1.42 × 10−06, and 8.38 × 10−05 Gy d−1 for animals and
2.38 × 10−07, 2.04× 10−06, and 9.07× 10−05 Gy d−1 for plants. These values are below the value limit
recommended by the US DOE. The maximum total dose of 0.7234 mSv yr−1 was obtained at t = 1 year.
The external dose contribution obtained at t = 1 year for all nuclides summed and all component
pathways was 0.4 mSv yr−1, above the background radiation dose limit of 2.5 × 10−01 mSv yr−1. A
maximum cancer risk of 1.36 × 10−03 was observed at t = 1 year. The use of a 1 m cover thickness
would remediate the contaminated site to a dose on the order of 10−5 mSv yr−1 for a period of 0 to
100 years.

Abstract: Nkamouna-Kongo is a cobalt–nickel deposit located in Lomié, Eastern Cameroon. Mining
creates radiation exposure pathways that must be considered in risk management scenarios. RESRAD-
ONSITE and RESRAD-BIOTA, developed by the US DOE, assess contaminated sites by deriving
cleanup criteria and estimating the radiation dose and risk associated with residual radioactive
materials using site-specific parameters. This paper evaluated the radiation dose in biota and the
health risk from exposure to naturally occurring radionuclides. The activity of 226Ra, 232Th, and
40K was determined by γ-spectrometry. The internal doses were 2.13 × 10−07, 1.42 × 10−06, and
8.38 × 10−05 Gy d−1 for animals and 2.38 × 10−07, 2.04 × 10−06, and 9.07 × 10−05 Gy d−1 for
plants. The maximum total dose of 0.7234 mSv yr−1 was obtained at t = 1 year. The external
dose contribution obtained at t = 1 year for all nuclides summed and all component pathways was
0.4 mSv yr−1, above the background radiation dose limit of 2.5 × 10−01 mSv yr−1. A maximum
cancer risk of 1.36 × 10−03 was observed at t = 1 year. It was also shown in the RESRAD calculations
that the total cancer morbidity risks from plant ingestion, radon (independent of water), and external
gamma exposure pathways were greater than those from other exposure pathways. The high risk
calculated for 226Ra relative to 232Th and 40K makes it the primary human health concern in the study
area. The use of a 1 m cover thickness would remediate the contaminated site to a dose on the order
of 10−5 mSv yr−1 for a period of 0 to 100 years. The values of these doses are below the US DOE
recommended limits.
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1. Introduction

Artisanal and industrial mining activities cause more harm than good to the environ-
ment despite being one of the best sources of income and wealth creation [1,2]. Several
studies have documented serious environmental impacts of mining activities over the past
decades worldwide [3–6]. However, it is difficult to identify the main trends in impacts, as
human, social, and geographical situations differ so much. Mining in developing countries
continues to pose serious environmental issues. The location of mines, unaccountable
extraction processes, and the lack of enforcement of mining codes are all factors that make
mining an environmental disaster [7,8]. Nkamouna-Kongo is a cobalt–nickel deposit lo-
cated in the locality of Lomié in the forestry and mining region of Eastern Cameroon.
During the mining process, naturally occurring long-lived primordial radionuclides, which
exist in trace amounts in all rock and soil formations and represent the main source of exter-
nal radiation to the public, are fragmented underground and transported to the ground’s
surface [9]. X-rays, gamma rays, and alpha and beta particles are all forms of ionizing
radiation. If present at sufficient levels, they can harm the health of humans and other
animals. Scientific studies conducted after the Fukushima disaster have revealed the con-
sequences of radioactivity in living organisms, particularly in wildlife. Exposure of biota
to radiation from exploration and mining is of concern because radionuclide concentra-
tions at the surface of the ground can increase during exploration and mining [10]. Thus,
exploration and mining can create pathways of radiation exposure that must be considered
in risk management scenarios [11]. The mining industry, which is mainly focused on
the extraction of minerals and metals, such as iron, copper, cobalt, nickel, and cadmium,
degrades ecosystems and contaminates the environment [12–15]. Air contamination can
occur through dust released by mining activity and is a serious cause of diseases, usually
respiratory disorders, in people and asphyxiation in plants and trees [16,17]. On the other
hand, there may be emanations of toxic gases and vapors and the production of sulfur
dioxide. Mining activities contribute to the degradation of flora and fauna, the deterioration
of the landscape, and the pollution of water resources [18]. The awareness of the need for
mining rehabilitation is recent. Many sites are still abandoned after exploitation. Good man-
agement of rehabilitation can mitigate and even solve the problem of contamination. In this
context, RESRAD, a sustainability assessment tool, has been developed as an instrument to
assess the sustainability of the rehabilitation of contaminated areas [19,20].

The RESRAD-ONSITE and RESRAD-BIOTA codes developed by the US DOE were
designed to evaluate contaminated sites [21]. They are used to derive clean-up criteria and
estimate the radiation dose and risk associated with residual radioactive materials using
site-specific parameters. Assessment of the potential radiation impact of environmental
contamination with radionuclides in order to prevent or reduce radiation effects in living
organisms requires the assessment of radiation doses. Soil and surface water are the
pathways by which radionuclides enter the biological systems of biota [22]. The transfer
parameter from the soil to the plant is based on the existence of a relationship between the
presence of the radionuclide in the soil and the plants [23].

The aim of this work was to assess radiation risk from the Naturally Occurring
Radioactive Materials (NORM) on members of the public and biota in the cobalt-, nickel-,
and manganese-bearing areas of Nkamouna-Kongo. The entry parameters, namely the
activity concentrations of 238U, 232Th, and 40K in the soil, to run RESRAD-ONSITE and
RESRAD BIOTA codes were determined using an HPGe spectrometer. These parameters
were used to calculate risks factors, such as the sum ratio factor, internal dose rate, external
dose rate, and total dose rate in terrestrial plants and terrestrial animals. This study is also
a preliminary part of a major environmental radioactivity monitoring campaign in the area
of the Nkamouna-Kongo cobalt–nickel–manganese deposit.
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2. Materials and Methods
2.1. Study Area

The Lomié subdivision is located in the administrative region of East Cameroon
between the latitude of 3◦10′ north and the longitude of 13◦37′ east (Figure 1). It has about
18,952 inhabitants, including 4266 in the town of Lomié [24]. The relief is hilly with flat
valleys in some places, and the altitude of the region is 624 m on average. The climate
is humid equatorial with a relative humidity of 77% [25]. Lomié has very favorable soil
for agricultural and livestock activities. The main activities of the inhabitants are farming,
livestock, fishing, and gathering. The average annual rainfall is 778.4 mm, and the average
annual temperature is 23.5 ◦C. The soils are ferralitic with red facies, sometimes ochre
to yellow, not very thick, and stony. In some places, they are gravelly or lateritic. In the
talwegs, especially at the edges of watercourses, hydromorphic soils are found, alternating
with deposits of sand, laterite, and stones that can be used for various construction works.
On the whole, the pedological structure of the area is based on metamorphic rocks (schists,
gneiss, orthogneiss, granites, and migmatites rich in kaolinite, goethite, gibbsite, and
quartz). We also noted the presence of amphibolites and diorites [26].

Figure 1. Map of the study area showing the sampling points in Kongo, where the cobalt–nickel
deposit is located, and in Lomié, the most populated locality of the area.

Indeed, Lomié is the epicenter of mining in the eastern region. This mining is also
accompanied by logging. Far from the mining sites, subsistence family farming, fishing,
handicrafts, and small-scale business are carried out, all of which are closely linked to
mining activities. Finally, artisanal hunting is also highly developed. Because of the
exploration activities carried out by mining companies, the locality of Lomié and its
surroundings are experiencing unprecedented pollution.

A study on the assessment of trace element pollution and its potential health risks
in the same area was conducted by Gondji et al. (2022) [4]. This study found that high
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spatial heterogeneity in trace element concentration was observed in samples from the
study area. This variability revealed that samples collected in close proximity to the cobalt–
nickel deposit were subject to high trace element concentrations. An assessment of the risk
to human health due to exposure to trace elements was also performed [4]. Indeed, the
population carcinogenic risk from ingestion exposure was high (2.5 × 10−03), while the
risk from skin exposure was moderate (7.08 × 10−04) and the risk from inhalation was low
(2.50 × 10−07). In addition, the non-carcinogenic risk for children and adults depends on
the metals and their route of exposure.

2.2. Sample Collection and Measurements

Thirty (30) different soil samples were collected at the cobalt exploration site and in
the nearby town of Lomié (Figure 1). A random method was chosen for soil sampling.
The samples were taken on a surface of 1 m2 with a depth between 0 and 10 cm and a
dry mass of about 500 g. Fifteen soil samples were analyzed at the Research Center for
Nuclear Science and Technology of the Institute of Geological and Mining Research (IRGM)
(Cameroon) using an NaI (Tl) detector (Model 802) with a crystal size of 7.6 cm × 7.6 cm,
a multiple channel analyzer of 1024 channels, and a resolution of 7.5% at 662 keV. The
detector was mounted inside a cylindrical lead shielding. The acquisition and analysis of
the spectra were performed with the software GENIE 2000 (Canberra). The spectrometer
was calibrated using a 500 mL Marinelli Beaker with resin containing 155Eu, 60Co, 137Cs, and
22Na traceable to international standards and emitting gamma-rays in the 60.0–1115.5 keV
energy range. The same geometry was used with a counting time of 100,000 s to measure
radioactivity in soil samples. The full energy peaks of interest for 214Bi (1120.3 keV and
1764.5 keV) were considered to determine the 238U activity concentration after reaching
secular equilibrium between 226Ra and daughter products. The full energy peaks of interest
for 228Ac (338.8 keV, 409.5 keV, and 911.6 keV or 969.6 keV, depending on the sample) were
considered to determine the 232Th activity concentration. The specific full energy peak of
1460.8 keV of 40K was used to determine its activity concentration [27].

The remaining 15 samples were sent for radioactivity measurement to the Institute
of Radiation Emergency Medicine, Hirosaki University, Japan. All measurements were
performed using an HPGe detector (GEM40190, AMETEK ORTEC, Oak Ridge, TN, USA)
with a relative efficiency of 30% and an energy resolution of 1.85 keV (FWHM) at 1.33 MeV
of 60Co using an MCA-7 multichannel analyzer, Seiko EG&G, Japan. The acquisition and
analysis of the spectra were performed with GAMMA VISION software (Seiko EG&G,
Tokyo, Japan). Radioactivity measurements in soil samples were carried out over a period
of 172,800 s (48 h). The sample container had a standard cylindrical shape of the U-8 type
(diameter = 48 mm; height = 58 mm) (PURATUBO 3–20 type 100 cm3 U8, AS ONE, Yamayu,
Japan). The samples were dried at 110 ◦C for 24 h and sieved with 2 mm mesh; about 100 g
of sieved sample was placed in a U-8, hermetically sealed with adhesive glue, and stored
for 45 days. Energy and detector efficiency calibrations were performed using standard
gamma sources provided by the Japan Radioisotope Association with gamma energies
ranging from 60 to 1333 keV and an overall uncertainty of less than 10%.

2.3. RESRAD Simulation and Output Parameters
2.3.1. RESRAD-BIOTA

The RESRAD-BIOTA code is used for the assessment of radiological risk to non-human
biota. RESRAD-BIOTA version 1.8 was used to estimate the BCG values, total dose, and
sum ratio factor in this study. RESRAD-BIOTA offers the necessary capabilities to evaluate
the doses received by the biota. The RESRAD-BIOTA code is used to calculate radiation
doses in aquatic, sediment, and terrestrial biota. In this work, the organisms studied were
grass (terrestrial plants) and terrestrial animals, such as the goats and sheep in the study
area, which are of dwarf breeds and have an average weight of about 25 kg [28]. The
dose calculation in RESRAD-BIOTA is based on dose conversion factors [29,30]. DCFs are
calculated using the Monte Carlo n-particle transport (MCNP) code. In the current study,
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assuming a uniform distribution of radionuclides in the body, organisms are represented
by a three-dimensional ellipsoidal phantom [31]. RESRAD-BIOTA offers, at its 3rd level, 8
predefined geometries for the terrestrial environment. For this purpose, geometry 6 was
used in the present work in order to simulate site-specific terrestrial animals. Since it is
possible to vary the mass of the organisms, we used a mass of 25 kg, representing the
average mass of mammals in Cameroon [28]. It should be noted that the maximum values
of the activity concentrations were used as input values in the RESRAD codes and that,
because of secular equilibrium, the concentrations of the progeny were the same as those of
the primordial radionuclides.

2.3.2. Equations and Models for Terrestrial Systems

1. Soil BCGs for Terrestrial Plants

Biota Concentration Guide (BCG) is the limiting concentration of a radionuclide in the
soil, sediment, or water that would not cause the dose rate criteria for the protection of
populations of aquatic and terrestrial biota to be exceeded [31]. The method used to derive
the BCGs for terrestrial plant exposure to a single nuclide in contaminated soil is:

BCGsoil, terrestrial plant, i =
365.25×DLtp

CFtp ×
[(

Biv,tp,i × DCFint,i
)
+ DCFext,i,sol

] (1)

where:

• BCGsoil, terrestrial plant, i

[
Bq
kg

]
is the nuclide concentration i in the soil;

• Bivtp,soil,i is the concentration factor of the fresh mass of the terrestrial plant in the soil
for nuclide i;

• Biv,tp,i is the concentration factor of the fresh mass of the land plant with respect to the
soil;

• CFtp is the correction factor for area or time;
• DLtp (0.01 Gy d−1) is the dose limit recommended for terrestrial plants;

• DCFext,soil,i

[
Gy/y
Bq/kg

]
is the dose conversion;

• DCFint,

[
Gy/y
Bq/kg

]
is the dose conversion factor.

2. Soil BCGs for Terrestrial Animals

The method used to derive the terrestrial animal BCGs for exposure to a single nuclide
in contaminated soil is:

BCGsoil, terrestrial animal, i =
365.25×DLta

CFta × [(Biv,ta,i × DCFint,i) + DCFext,i,sol ]
(2)

where:

• DLta (0.01 Gy d−1) is the dose limit recommended for terrestrial animals;

• BCGsoil, ta, i

[
Bq
kg

]
is the concentration of nuclide i in the soil;

• Biv,ta,i is the concentration factor of the fresh mass of land animals in relation to the
soil.

3. Sum Ratio Factor (SRF)

The SFR is the value of the absorbed dose rate in biota relative to the total dose limit in
biota. DOE reports show that the absorbed dose limits in biota are 10 m Gy d−1 for aquatic
animals and terrestrial plants and 1 m Gy d−1 for terrestrial and riparian animals [31]. The
following relationship gives the expression of SFR:

SFR =
dose in biota

dose limit
(3)
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where the dose to biota is measured in Gy d−1, and the dose limit value is based on
international standard DOE reports (Gy d−1). Table 1 presents the DOE dose rate criteria
used in the calculation of the RESRAD for terrestrial plants and terrestrial animals.

Table 1. DOE dose rate criteria.

Dose Rate Limit (Gy d−1)

Terrestrial Plants 0.01
Terrestrial Animals 0.001

In addition, the internal dose rate, the external dose rate, and the total dose rate due to
concentrations of the various radionuclides in the soil were estimated by the RESRAD code.
The formulas describing external and internal doses were described by Higley et al. [32].

2.3.3. RESRAD-ONSITE

Version 7.2 of the RESRAD-ONSITE code was used to assess the cancer risk of exposure
to natural radionuclides in the soil around the Lomié high-potential mining site, which
covers an area of 15,000 m2 and is 0.1 m thick. The site-specific parameters used in this
study are listed in Table 2.

Table 2. Site-specific parameters of the study area.

Parameters Site-Specific Data

Area of contaminated zone 15,000 m2

Thickness of contaminated zone 0.1 m
Cover depth 1 m

Density of contaminated zone 1.4 cm3 g−1

Wind speed 1.67 m s−1

Precipitation rate 0.7784 m yr−1

Well pump intake 15 m
Indoor time factor 0.6

Outdoor time factor 0.4

All other parameters are used as default values. However, it should be noted that the
distribution coefficients (kds) of natural primordial radionuclides (238U, 232Th, 226Ra, and
40K) were set at 15 cm3 g−1, 3300 cm3 g−1, 36,000 cm3 g−1, and 55 cm3/g, respectively, for
loamy soils in order to assess the mechanism of transport to the water table [33].

3. Results and Discussion

3.1. Activity Concentrations of Natural Primordial Radionuclides (226Ra, 232Th, and 40K)

The activity concentrations of 226Ra, 232Th, and 40K for the thirty (30) soil samples
(Table 3) were compared to the world average activity concentrations as well as the results
of studies conducted in Batouri and Betaré-Oya, located in the same region. Thus, these
results clearly show that the radioactivity levels of 226Ra and 232Th are in the same range as
the global average; however, radioactivity levels of 40K were below the global average [9].
The highest activity concentrations for 232Th were found in the samples taken in the vicinity
of the cobalt–nickel high-potential mining site, whereas those for 40K and 226Ra were found
in the samples taken in Kongo, a village located at about 2 km from the cobalt–nickel
high-potential mining site.
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Table 3. Activity concentrations in soil samples of 226Ra, 232Th, and 40K measured with the NaI (Tl)
and HPGe detectors.

With the NaI (Tl) Detector With the HPGe Detector

Activity Concentration
(Bq·kg−1)

Radionuclides
226Ra 232Th 40K 226Ra 232Th 40K

Minimum 34 ± 18 58 ± 5 45 ± 1 19 ± 1 45 ± 1 158 ± 5
Maximum 53 ± 28 126 ± 17 339 ± 8 63 ± 1 50 ± 1 463 ± 7

Mean 45 ± 23 87 ± 11 135 ± 3 35 ± 1 42 ± 1 215 ± 5
World average 33 45 420

Batouri average 46 32 76
Betaré-Oya average 32 37 197

The reported activity concentrations of 226Ra, 232Th, and 40K in soil samples from the
gold mining areas of Betaré-Oya ranged from 29 to 63 Bq·kg−1, 13 to 87 Bq kg−1, and 16 to
414 Bq kg−1 with mean values of 32 ± 7 Bq kg−1, 37 ± 13 Bq kg−1, and 197 ± 21 Bq kg−1

for 226Ra, 232Th, and 40K, respectively [34]. In addition, activity concentrations reported
in soil samples from the gold mining areas of Batouri ranged from 32 to 62 Bq kg−1, 22
to 40 Bq kg−1, and 41 to 115 Bq kg−1 with mean values of 46 Bq kg−1, 32 Bq kg−1, and
76 Bq kg−1, respectively, for 226Ra, 232Th, and 40K [34].

These results show that the radioactivity level in the current study area for 40K was
slightly lower than those at the gold mining sites of Batouri and Betaré-Oya, and the
radioactivity levels for 226Ra and 232Th were slightly higher [34].

A statistical comparison of two sets of samples was made. The p-values were calculated
for comparison purposes. Firstly, the activity concentrations obtained for the immediate
vicinity of the mining site (disturbed area by mineral exploration) were compared with
those obtained at Lomié (undisturbed area). The activity concentrations of 40K, 232Th, and
226Ra in the samples taken at Lomié varied from 77 to 212 Bq kg−1, 54 to 97 Bq kg−1, and
34 to 50 Bq kg−1, respectively, with arithmetic means of 140 Bq kg−1, 74 Bq kg−1, and
44 Bq kg−1, respectively. At the disturbed area, the activity concentrations ranged from 46
to 340 Bq kg−1, 40 to 126 Bq kg−1, and 36 to 54 Bq kg−1, respectively, for 40K, 232Th, and
226Ra with arithmetic means of 158 Bq kg−1, 86 Bq kg−1, and 46 Bq kg−1 respectively. A
t-test was performed, and a p-value of 0.275 was obtained. This result indicates that there
was no statistically significant difference between the data obtained in the undisturbed and
disturbed areas (p-value > 0.05).

Secondly, the activity concentrations of 226Ra, 232Th, and 40K in the control sampling
from an area with no anthropogenic activity were 34 Bq kg−1, 54 Bq kg−1, and 77 Bq kg−1,
respectively. The p-values calculated to compare the activity concentrations of the area with
high mining potential and of Lomié with those of the control sampling area were all equal
to zero (p-value = 0). Thus, the radionuclide concentrations in the immediate vicinity of the
cobalt site and in Lomié are significantly higher than those in the control sampling area.

Thus, the activity concentrations of radionuclides vary from site to site, which is
explained by the non-uniform distribution of radioactive material in the geological matrix.
The variation of activity concentrations in the study area could be attributed to two factors:
firstly, the differences in the distribution of natural radionuclides in the rocks and soils
that make up the geology of the area and the variable deposition of the clay content,
which constitutes the formation of the geology of the investigated area; secondly, the soil
excavation during the exploration of the cobalt–nickel deposit of Nkamouna-Kongo [35].

3.2. The Biota Concentration Guide (BCG), Sum Ratio Factor (SRF), Internal Dose, External Dose,
and Total Dose of Different Radionuclides in Four Organism Types by Soil (Bq kg−1) Media

Calculations using RESRAD-BIOTA version 1.8 software revealed that BCG levels in the
soil ranged from 5.10× 10+04 Bq kg−1 to 5.49× 10+03 Bq kg−1 for 40K; 8.75 × 10+05 Bq kg−1 to
6.16 × 10+04 Bq kg−1 for 232Th; and 5.82 × 10+05 Bq kg−1 to 2.13 × 10+05 Bq kg−1 for 226Ra.
These BCG values represent the limits of radionuclide concentrations in an environmental
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medium that will not result in exceeding the standard recommended doses for biota. The
SRFs of 40K, 232Th, and 226Ra in soil samples, calculated according to the organism, are
presented in Table 4. These results show that the SRF values of 40K were 8.44 × 10−02 for
terrestrial animals and 9.07 × 10−03 for terrestrial plants. For the case of 232Th, we obtained
a value of 2.04 × 10−03 for terrestrial animals and 1.44 × 10−04 for terrestrial plants; for the
case of 226Ra, we obtained a value of 2.44 × 10−04 for terrestrial animals and 8.93 × 10−05

for terrestrial plants. The total ratio factors (SFRs) for the different radionuclides met the
requirement that this factor be ≤1 [21]. Figure 2a shows the total SFR in soil media.

Table 4. The biota concentration guide (BCG), sum ratio factor (SRF), internal dose, external dose,
and total dose of 226Ra, 232Th, and 40K in two organism types by soil (Bq kg−1) media.

Risk Parameter Radionuclides Terrestrial
Animal Terrestrial Plant

Sum ratio factor
(

dose in biota
dose limit

) 226Ra 2.44 × 10−04 8.93 × 10−05

232Th 2.04 × 10−03 1.44 × 10−04

40K 8.44 × 10−02 9.07 × 10−03

Biota Concentration Guide (BCG)
(Bq kg−1)

226Ra 2.13 × 10+05 5.82 × 10+05

232Th 6.16 × 10+04 8.75 × 10+05

40K 5.49 × 10+03 5.10 × 10+04

External dose
(Gy d−1)

226Ra 1.34 × 10−08 6.55 × 10−07

232Th 1.65 × 10−10 2.21 × 10−08

40K 6.18 × 10−07 4.32 × 10−06

Internal dose
(Gy d−1)

226Ra 2.31 × 10−07 2.38 × 10−07

232Th 2.04 × 10−06 1.42 × 10−06

40K 8.38 × 10−05 8.64 × 10−05

Total dose
(Gy d−1)

226Ra 2.44 × 10−07 8.93 × 10−07

232Th 2.04 × 10−06 1.44 × 10−06

40K 8.44 × 10−05 9.07 × 10−05

Figure 2. Sum Ratio Factor (SRF) (a) and total dose rate (b).
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The external dose rates for terrestrial plants due to exposure to 226Ra, 232Th, and 40K
were 6.55 × 10−07 Gy d−1, 2.21 × 10−08 Gy d−1, and 4.32 × 10−06 Gy d−1, respectively,
and those for terrestrial animals were 1.34 × 10−08 Gy d−1, 1.65 × 10−10 Gy d−1, and
6.18 × 10−07 Gy d−1 due to exposure to 226Ra, 232Th, and 40K respectively.

Similarly, the internal dose rate value in the soil of the study area due to exposure
to 226Ra was 2.13 × 10−07 Gy d−1 for terrestrial animals and 2.38 × 10−07 Gy d−1 for
terrestrial plants; as for 232Th, a value of 2.04 × 10−06 Gy d−1 was obtained for terrestrial
animals and 1.42 × 10−06 Gy d−1 for terrestrial plants. For the case of 40K, we obtained a
value of 8.38 × 10−05 Gy d−1 for terrestrial animals and 9.07 × 10−05 Gy d−1 for terrestrial
plants. These dose rate values are below the US DOE’s recommended dose limits. These
results indicate that the dose rates may not pose a threat to terrestrial animal and plant
populations in the study area.

The total dose rate value due to exposure to 226Ra, 232Th, and 40K was higher for
terrestrial animals than terrestrial plants. The dose calculated with RESRAD-BIOTA in this
study is below the US DOE standard dose limits. Figure 2b shows the total dose rate in the
terrestrial animals and terrestrial plants for all nuclides summed.

3.3. Environmental Risk

The aim of dose and risk assessment is to produce a more accurate estimation of the
risk from a contaminated site in order to understand the level of the risk.

The following results (Figures 3–8) are those obtained with RESRAD-ONSITE taking a
cover depth equal to zero. The cover depth was used later to evaluate the exposure risk
when taking a depth of 1 m (Figure 9).

Figure 3. Summed total dose due to all nuclides and all pathways.
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Figure 4. Dose contributions from all nuclides summed and for all exposure pathways.

Figure 5. Cancer risk depending on time and contributions from all nuclides.
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Figure 6. Contributions of exposure pathways to cancer risk.

Figure 7. Total dose versus time for all radionuclides summed and all exposure pathways summed
taking into account the sensitivity analysis on the thickness of the contaminated area.
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Figure 8. Cancer risk as a function of time for all radionuclides summed and all exposure pathways
summed using the sensitivity analysis on the thickness of the contaminated area.

Figure 9. Total dose of all nuclides using a cover thickness of 1 m.

Figure 3 shows the variation in the dose due to 40K, 232Th, and 226Ra over a period of
1000 years due to the mining activity. This figure shows that the maximum total dose due to
226Ra, 232Th, 40K, and their progeny of 0.7234 mSv yr−1 was obtained at t = 1 year. Similarly,
the total dose contributions calculated with RESRAD-ONSITE for each radionuclide at
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t = 1 year for the ground pathway were 0.0827 mSv yr−1 for 226Ra, 0.0220 mSv yr−1 for
232Th, and 0.0615 mSv yr−1 for 40K. The high values of the calculated doses for 226Ra
compared with 232Th and 40K make it the main human health concern in the study area.

Similarly, the excess risk and excess effective dose due to natural background radiation
(Lomié) were also evaluated. The maximum total dose due to natural background radiation
from 226Ra, 232Th, 40K, and their progeny of 0.410 mSv yr−1 was obtained at t = 1 year,
and the total dose contributions calculated with RESRAD-ONSITE for each radionuclide
at t = 1 year for the ground pathway were 0.0733 mSv yr−1 for 226Ra, 0.0169 mSv yr−1 for
232Th, and 0.0281 mSv yr−1 for 40K.

It is clear that the impact of the mining activity (excavation of the ground during
exploration) is visible because the results show that the excess effective dose received
because of the mining activity was greater than that received in the area representing the
natural radiation background (Lomié).

The external dose contribution obtained at t = 1 year for all nuclides summed and
all component pathways was 0.4 mSv yr−1. The external pathway is thus the largest
contributor to exposure among all the pathways (Figure 4). This dose is above the basic
radiation dose limit of 2.5 × 10−01 mSv yr−1. The different values of the dose contributions
for each radionuclide are superior to those obtained by Njinga and Tshivhase [36] except
for the case of 232Th. It should also be noted that the total dose obtained in this study for all
exposure pathways summed at t = 1 year is lower than that obtained by the same authors.
This difference could be due to the geology of the study area.

Figure 5 shows the cancer risk assessed with RESRAD-ONSITE. This curve shows that
the risk of cancer following exposure to the various radionuclides decreases from the first
to the hundredth year for all primordial radionuclides. The risk tends toward zero from
the 100th year onwards. The maximum value of the total cancer risk of 1.356 × 10−03 was
observed at t = 1 year. It should also be noted that the contribution of 226Ra to cancer risk is
high compared with that of 232Th. 226Ra is therefore the major contributor to cancer risk
(Figure 5).

Figure 6 shows the variation in cancer risk, taking into account all exposure pathways.
The external pathway is the major pathway contributing to cancer risk. There is a decrease
in the contribution of all pathways from t = 1 year to t = 100 years. The risk tends toward
zero after 100 years.

The cancer risk for inhalation of radon and its progeny at t = 1 year (water-independent
pathway) was calculated by RESRAD-ONSITE. It should be noted that RESRAD evaluates
the risk of radon and thoron as a function of the concentration of radium and thorium [37].
Given the high concentrations of 232Th in the soil samples from the current study area,
the contribution of thoron (220Rn) to cancer risk is high. Thus, the cancer risk of 222Rn is
4.83 × 10−05; for its decay progeny, the cancer risk is 9.52 × 10−05 for 218Po, 1.21 × 10−04

for 214Pb, and 2.36 × 10−04 for 214Bi. These values are below the limit of 3.00 × 10−4

obtained by using the recommended value of 0.25 mSv/year, except for the values for 214Pb
and 214Bi. For 220Rn, the contribution to the cancer risk is 1.80 × 10−05, and for its decays
progeny, the cancer risk is 2.83 × 10−07 for 216Po, 9.90 × 10−06 for 212Pb, and 4.74 × 10−06

for 212Bi. These values are high compared with those for 222Rn because 220Rn is a progeny
of 232Th, which has a higher concentration than 226Ra. Note that the contributions to cancer
risk from 222Rn and 220Rn are ten times smaller than the limit of 3.00 × 10−4 obtained
using the recommended value of 0.25 mSv yr−1. Other studies, such as [38,39], have been
conducted on radon, thoron, and thoron progeny in the same region (eastern Cameroon). It
appears from these studies that the contribution of thoron to the inhalation dose due to
radon and thoron exposure ranges between 7 and 70% in Betare-Oya.

It is important to note that RESRAD cannot be an appropriate model for radon risk
assessment because there is no direct input for radon activity concentration in RESRAD [37].

Sensitivity analysis is the study of how uncertainty in the output of a code can be
attributed to uncertainty in its inputs. It involves estimating sensitivity indices that quantify
the influence of an input or group of inputs on the output. In order to assess the importance
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of certain parameters in the risk assessment, a sensitivity analysis was conducted for the
thickness of the contaminated area, the variation of which may influence the environmental
risk assessment of our study area [37].

Figures 7 and 8 show the variation in dose and cancer risk, respectively. In both cases,
it can be seen that if the thickness of the contaminated area is doubled, then the dose and
cancer risk increase, and if the thickness is divided by 2, these two parameters decrease.
Thus, at t = 1 year, when the thickness is doubled, the cancer risk increases from 1.36 ×
10−03 to 2.24 × 10−03, while when it is divided by 2, the cancer risk decreases from 1.36 ×
10−03 to 6.67E−4.

For the purpose of estimating the cleanup level of the contaminated site studied in
the current work, a clean cover thickness of 1 m was used. Figure 9 shows the variation of
the cumulative dose for all radionuclides with a clean cover thickness of 1 m. This figure
shows that using this cover thickness, the dose due to 232Th and 40K is insignificant from
t = 0 to t = 100 years. On the other hand, we observed a stable value of the dose equal to
0.16 mSv yr−1 due to 226Ra from t = 0 to t = 100 years. This value is lower than the limit
value and does not pose any major health risk. For a considerable reduction of the dose
and the associated risk, it is thus important to increase the cover thickness. The maximum
total dose of 0.52 mSv yr−1 was observed at t = 1000 years.

4. Conclusions

Using gamma-ray spectrometry, the activity concentrations of 226Ra, 232Th, and 40K in
thirty soil samples collected in the locality of Lomié in Cameroon were determined. These
activity concentrations were used as input parameters to run the RESRAD-BIOTA and
RESRAD-ONSITE codes to determine the biota concentration guide (BCG), the internal
and external dose rate in biota, the sum ratio factor (SFR), and an excess cancer risk
assessment. The maximum concentrations of 226Ra, 232Th, and 40K were found to be
52 Bq kg−1, 126 Bq kg−1, and 463 Bq kg−1, respectively. Calculations with RESRAD-
BIOTA version 1.8 software revealed that the maximum and minimum biota concentration
guide (BCG) levels in the soil for 40K, 232Th, and 226Ra were 5.10 × 10+04 Bq kg−1 to
4.39 × 10+03 Bq kg−1, 8.75 × 10+05 Bq kg−1 to 5.62 × 10+04 Bq kg−1, and 5.82 × 10+05 Bq
kg−1 to 5.84 × 10+04 Bq kg−1, respectively. The dose rate values obtained with RESRAD-
BIOTA version 1.8 are below the dose limits recommended by the US Department of Energy
(DOE). These results indicate that the dose rates may not pose a threat to terrestrial animal
and plant populations in the study area. According to RESRAD-ONSITE, the maximum
total dose of 0 0.7234 mSv yr−1 was obtained at t = 1 year. Furthermore, the total dose
contributions calculated with RESRAD-ONSITE for each radionuclide at t = 1 year for
the ground pathway were 0.0827 mSv yr−1 for 226Ra, 0.0220 mSv yr−1 for 232Th, and
0.0615 mSv yr−1 for 40K. The external dose contribution obtained at t = 1 year for all
nuclides summed and all component pathways was 0.4 mSv yr−1, above the background
radiation dose limit of 2.5 × 10−01 mSv yr−1. The maximum value of the total cancer risk
of 1.356 × 10−03 was observed at t = 1 year. It should also be noted that the contribution
of 226Ra to cancer risk is high compared to that of 232Th. Radium is therefore the major
contributor to cancer risk. The use of a cover thickness of 1 m would allow the contaminated
site to be remediated to a dose on the order of 10−5 mSv yr−1 for a period of 1 to 100 years,
and the maximum total dose of 0.52 mSv yr−1 was observed at t = 1000 years. Therefore,
all the data obtained in the present study will help protect humans, animals, and terrestrial
plants from the effects of ionizing radiation and provide an idea of the risk of cancer due
to natural radionuclide exposure. Environmental assessment is planned during and after
mining to demonstrate its impact for better radiological protection of members of the public
and the environment.
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