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Abstract

The activity concentrations of natural radionuclides 226Ra, °Th and *°K in nineteen soil
samples from Zabili uranium exploration area were measured using a low-background digital
gamma-ray spectrometer equipped with broad energy germanium detector. The activity
concentrations of 2*8U, 2*2Th, and *°K range from 16.5 to 1110.9 Bq.kg™!, 19.45 t0 76.97 Bq.kg"
!, and 3.28 to 839.5Bq.kg’!, with their mean values of 478.0, 58.9, and 562.5, respectively. In
addition, radiological hazard parameters from the activity concentrations obtained were
assessed by estimating radium equivalent activity, external and internal hazard index, indoor
and outdoor absorbed gamma dose rate and the corresponding annual effective dose, effective
dose rate to different body organs and tissues, and excess lifetime cancer risk. Derived
radiological hazard indices have been revised in accordance with relevant national and
international legislation and guidelines. The radiological hazard parameter values were found
to be above the relevant limit values for soils. In order to investigate the distribution of
radionuclides and associated health hazard parameters in the study area, a statistical study was
performed.
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1. Introduction

The richness and endemism of the mining resources of the Mayo-Kebbi West region of Chad
are known for their originality. For more than a decade, mining has become a major activity in
this region and constitutes a source of income for a significant number of populations while
raising many hopes for development. Unfortunately, the exploitation of these mining resources
generally remains without any significant impact on the local population and constitutes
moreover a source of environmental degradation (IAEA, 2006; UNSCEAR, 2000). Therefore,
behind the exploitation of these mining resources, sites remain potentially contaminated by
various radioactive substances. People who frequent and feed on these resources are exposed
to the chemical and radiological toxicity of the radionuclides contained in the residues
generated by the exploitation of these ore deposits.

Several previous investigations have revealed the existence of radioactive elements and toxic
heavy metals in this region (Oyamta, 2013; Penabei et al., 2018; Ajani et al., 2020; Ajani et al.,
2022, Olivier et al., 2021). A prior work of ours (Penabei et al., 2018) reported on the
assessment of natural radioactivity levels and associated radiological risks in building materials
in the vicinity of mining and exploration sites in the Mayo-Kebbi region. The findings of this
assessment show a very high level of 2*®U activity in the soil brick samples from Zabili. This
high level of radioactivity demonstrates that soil pollution resulting from environmental
conditions generated by mining activities remains a very serious problem in the Zabili
localities, in view of the specificity of these highly toxic, radioactive ores and the very harmful
effects they produce on the environment and health in particular.

According to many sources consulted, there have been exploration activities for radioactive
minerals for radium and uranium production, which were started in the 1977s by the UNDP
(Oyamta, 2013). In 2007, airborne research was undertaken by the South African company
Global Blue Marine, first in the Léré region, specifically in Madajang - Zabili over an area of
193 km?, then in Gamboké in the Pala region over an area of 333 km? (Claudia Frank & Lena
Guesnet). This exploration was continued in 2008 in the same areas and over a larger area (841
km?) by Signet Mining Services Ltd (SMS), a European-based mining company known in Chad
as Chad Mining Services. The company's exploration activities included airborne geophysical
surveys, geological surveys, surface radiometric surveys, and most importantly, it completed
over 170 vertical (18,541 m) and core (2,676 m) percussion drill holes, 22 trenches, and a dozen
inclined drill holes (Oyamta, 2013; Claudia Frank & Lena Guesnet). Of note, piles of uranium
mining products have been left on the site and exposed to the elements for many years. Yet,
after rainfall, surface runoff as well as acid mine drainage can lead to dispersion of waste and
contamination of surrounding areas (IAEA, 2002; IAEA, 2006; Pereira et al., 2014; Carvalho
etal., 2016).

Dispersal of these substances and the non-restoration of soils after extraction processes
generally lead to the spread of naturally occurring radioactive material (NORM) contaminating



the environment, resulting in potential exposure to radioactivity of the public (Innocent,
Onimisi, & Jonah, 2013). Exposure to ionizing radiation from sources of radioactivity in the
environment represents one of the major health risks to humans. As a result, DNA damage can
occur and be the cause of various cancers in the long term. The main radionuclides responsible
for human exposure are uranium (**3U), uranium (***U), thorium (***Th), their decay products
and potassium (*°K). These four radionuclides each have a very long half-life and have been
present on Earth since its formation. In the uranium (**®U) decay chain, radium 226Ra is one
of the most radiologically important radionuclides and, therefore, *°Ra is often referred to
instead of 2*®U. Radium (**°Ra) with a half-life of 1600 years produces radon (**’Rn) with a
half-life of 3.82 days when it decays to an alpha ionizing particle. Radon (**2Rn) is a radioactive
gas that is ubiquitous on the surface of the Earth because its half-life (3.82 days) is long enough
to allow it to migrate in the soil, from the rock that gave it birth, to the atmosphere. Inhalation
of radon and its progeny (example, Polonium-218 with a half-life of 3.05 minutes) is the
leading cause of exposure among natural sources of ionizing radiation (Ademola et al., 2014).
When radon is inhaled, the alpha particle dose is delivered directly to bronchial tissue, creating
the potential for radiogenic lung cancer. Due to the health risks associated with exposure to
naturally occurring radioactive materials and inhalation of radon's short-lived decay products,
international bodies and governmental organizations such as the International Commission on
Radiological Protection (ICRP, 1991) and the Environmental Protection Agency (EPA, 2007)
have adopted optimization measures to minimize this exposure.

In order to find exhaustive and quality information on this high level of uranium, thorium, and
potassium concentration in soils and on the environmental pollution resulting from uranium
prospecting activities in the Zabili and Madajang localities, a more thorough investigation was
carried out. The study focused on the determination and distribution of natural radionuclides
of the 2*8U/*?Th decay series and “°K in soil samples from these localities. For this purpose,
soil samples were collected from randomly selected points, followed by laboratory analysis
using the HPGe gamma detector. This detection method based on gamma spectrometry allows
a qualitative and quantitative investigation of the different radionuclides present in the soil.
With the aim of describing the statistical characteristics of primordial radionuclides
concentrations and the associated health risk parameters, statistical studies (skewness, kurtosis
and correlations) were performed. At the end of this study, the data on the levels of natural
radioactivity and radiological exposure in the study area will be communicated to the
competent authorities and subsequently, an awareness on the issue of NORM in the study area.

2. Materials and methods
2.1 Study area

The area under investigation is located in Léré (9°43'0" N, 14°6'0" E), one of the three regions
the western Mayo-Kebbi region of Chad. The western Mayo-Kebbi region is rich in the
diversity of its natural environments, where lakes, parks, forests and massifs alternate.
Agriculture, livestock, fishing and handicrafts are the dominant livelihood strategies in the
region. A more detailed description of the study areas was presented by (Oyamta, 2013;
Penabei et al., 2018, Ajani et al., 2020). The first exploratory research on uranium was
undertaken in 1977 by the UNDP in the Madajang and Léré regions (Claudia Frank & Lena
Guesnet). In 2007, research by aerial photographs was undertaken by the South African
company Global Blue Marine, first in the Léré region, more precisely in Madajang - Zabili



over an area of 193 km?, then in Gamboké in the Pala region over an area of 333 km? (Claudia
Frank & Lena Guesnet). More than 86 drillings with depths ranging from 36 to 130 m have
been carried out in these areas. This research was continued in 2008 in the same areas and over
a larger area (841 km?) by Signet Mining Services Ltd (SMS), a European-based mining
company known in Chad as Chad Mining Services. Its exploration activities included airborne
geophysical surveys, geological surveys, surface radiometric surveys, and most importantly, it
completed over 170 vertical (18,541 m) and core (2,676 m) percussion drill holes, 22 trenches,
and a dozen inclined drill holes (Oyamta, 2013; Claudia Frank & Lena Guesnet). Mining
activity was again observed in Madajang and Zabili (Léré) recently in 2021 by our research
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Figure: Geological map of Zabili (extracted from Olivier et al., 2021)

2.2 Sampling and preparation

To assess natural radioactivity levels, nineteen soil samples were randomly collected from the
Zabili uranium exploration area to a depth of 2-10 cm from the top surface layer using a steel
shovel. Each composite sample consisted of a mixture of five samples taken from a 5 m? area
and separated from each other. Four samples were collected at the edges and one in the center.
The spacing between composite samples was randomized to cover the study site and to observe
significant local spatial variation in terrestrial radioactivity. Samples were packaged on-site in
polyethylene bags and properly cataloged, labeled, and coded according to sample type and
sample site location and transferred to the laboratory for preparation and analysis. In the
laboratory, prior to analysis, the samples were ground to a powder, with a particle size of less



than 1 mm. Once this step was completed, the samples were oven dried at a temperature of
105°C for 48 hours to ensure that all significant moisture was removed from the samples. This
step is necessary to accurately analyze the samples qualitatively and quantitatively. Dried
samples were then packaged and hermetically sealed in 100 ml polyethylene plastic cylindrical
containers to prevent the escape of 2?Rn gas and *>°Rn. All samples were weighed and stored
for at least 4 weeks to reach secular equilibrium between the 2*U and 2*2Th series and their

progeny.

2.3 Radiometric analysis

Gamma-ray spectrometry technique was applied for the measurement of the radioactivity
concentration of the samples under investigation. The spectrometry system consists of a high
purity germanium (HPGe) detector (Canberra GC4520 coaxial p-type, 45% relative efficiency
at 1332 keV, energy resolution of 2.2 keV FWHM at 1332 keV). The detector is maintained at
liquid nitrogen temperature and surrounded by a 10 cm thick lead castle to reduce the
background due to ambient natural radioactivity. Internal interface of the main lead shield is
covered with 2 mm thick Cu plates to absorb X-rays coming from the main shield. The pulses
delivered by the detector are amplified, adjusted and processed by a Digital Spectrum Analyzer
(DSA) of Canberra brand. Data acquisition was performed on a PC equipped with GENIE 2000
software covering the energy range of gamma rays emitted between 50 and 3000 keV. Energy
calibration was performed using a standard IAEA/RGTh reference source (3252 Bq for 2**Th)
prepared in a 1-liter filled Marinelli beaker. Three reference materials IAEA/RGU-1 (4938 Bq
for 2%U), IAEA/RGTh (3252 Bq for 2*Th), and KCI (13910 Bq for *°K), were used for relative
efficiency calibration of the spectrometer. Reference materials and samples were prepared in
100 ml pill bottles to maintain a similar counting geometry. Background count was determined
by counting an empty Marinelli beaker for the same samples counting time and subtracting
from the gross count. Each sample was counted for 43200 s (12 hours) to reduce statistical
uncertainty.

2.3 Calculation of Activities

2.3.1 Activity concentrations of soil samples
Activity concentration (Bq.kg™!) of the investigated radionuclides were calculated using the
following equation (Penabei et al., 2018):

N;

A= ovem @

Where, N; is the net gamma count in a photo-peak (background corrected), &(E) the detector
efficiency as function of gamma-ray energy,  the number of gammas per disintegration of the
given nuclide at energy E (the absolute transition probability of gamma-decay), m the sample
mass (kg) and ¢ the counting time (s).

2.3.2 Radiation hazards Indices and Dose Parameters



Consideration of the distribution of naturally occurring radionuclides provides an
understanding of the radiological implications of these elements on the exposure of the human
body to gamma radiation and the irradiation of lung tissues by inhalation of radon and its
progeny. In an effort to estimate the radiological impact of the studied soil radiation, several
parameters were calculated in this work. Potential radiological hazards associated with soil
samples were evaluated by calculating radium equivalent activity (Raeq ), indoor absorbed
dose rates (Din) and outdoor absorbed dose rates (Dout), external hazard index (Hex ), internal
hazard index (Hin ), annual effective dose equivalent (E), effective dose rate to different body
organs and tissues, and excess lifetime cancer risk (ELCR). This method has been used in
radiation studies to reach a better and safer conclusion for the environment and health status of
an exposed individual.

2.3.2.1 Radium Equivalent Activity

Natural radionuclides in the investigated soil samples are not uniformly distributed. Therefore,
a common radiological index has been introduced to assess the actual activity level of ?*°Ra,
238Th and *°K in the samples and the radiation hazards associated with these radionuclides. This
index is generally known as the radium equivalent activity, and has been calculated by the
following equation (Beretka et al., 1985; Belivermis et al., 2010).

Racq = ATgq + (1.43 X ATpp) + (0.077 x ATy) (2)

where ATRra , AT and AT are the specific activities of **Ra, **Th and “°K, respectively.
The permissible maximum value of the radium equivalent activity is 370 Bq/kg (Krisiuk et al.,
1971) which corresponds to an effective dose of 1 mSv for the general public (Ndour et al.,
2020).

2.3.2.2 External and Internal Hazard Index (Hex and Hin)

Internal and external hazard indexes were calculated according to (Ajayi et al., 2009; Zubair et
al., 2020):

ATga . ATTn . ATk

H,, = <1
ex 370 259 4810 — 3)
ATRa . ATTn . ATk
P = <1 4
mn 185 + 259 + 4810 — “4)

where ATra, ATth and ATk are the activities of 2*Ra, *>Th and “°K in Bq.kg!, respectively.
Internal and external hazard index value must be less than unity in order to keep the radiation
hazard to be insignificant.

2.3.2.3 Absorbed Dose Rates



In order to measure any radiological hazard, radiation exposure from radionuclides in the soil
can be determined based on many parameters. A connection between radioactivity
concentrations of natural radionuclides and its exposure is known as the absorbed dose rate in
the air at 1 metre above the ground surface. Average activity concentrations of 2*Ra (U), 2**Th,
and *°K (Bq.kg-1) in soil samples are used to calculate absorbed dose rate according to the
following formula (Beck et al., 1972, Belivermis et al., 2010):

Dy (NGy.h™Y) = 0.043A4p, + 0.666 Ary, + 0.047 Ag (5)

Where, Dou is the absorbed dose rate in the air and A values are the measured activity
concentrations (Bg/kg) of 226 Ra, 2’Th, and *K, respectively. According to

we calculate the Indoor absorbed dose rate based on the worldwide
average gamma dose rate indoors of 1.4 times higher than outdoors:

Dip (nGy.h™Y) = 1.4 D¢ 6)

2.3.2.4 Annual Effective Dose rates

Absorbed dose rate in air at 1 meter above the ground surface does not directly provide the
radiological risk to which an individual is exposed (Jibiri et al., 2027). Absorbed dose can be
considered in terms of an annual effective dose rate of terrestrial outdoor gamma radiation that
is converted from absorbed dose by taking into account two factors, namely the coefficient for
converting absorbed dose in air to effective dose and the outdoor occupancy factor. Annual
effective dose equivalent can be estimated using the following formula (UNSCEAR, 2000,
Turhan et al., 2008; Al-Kharouf et al., 2008, Nada et al., 2009;):

Ep(nSv.y™1) = (Dyye X OF,ys + Din X OF) X 8760 h x 0.7 Sv/Gy x 1076 (7)

According to report given by UNSCEAR 2000 report (UNSCEAR, 2000), conversion
coefficient from absorbed dose in air to effective dose received by adults is 0.7 Sv/Gy and the
occupancy factor for indoor and outdoor is 0.8 and 0.2, respectively, i.e. the fraction of time
spent indoors and outdoors 1s 0.8 and 0.2, respectively.

2.3.2.5 Excess Lifetime Cancer Risk (ELCR)

It is known that low doses of ionizing radiation can increase the risk of cancer. This risk
becomes evident at doses above 100 mSv, but to a very small amount. Risk of cancer increases
as the radiation dose increases. Excess lifetime cancer risk was calculated using the following
equation (Ajani et al., 2020; Penabei et al., 2018):

ELCR = E, X DL X RF (8)
where, Ep, DL, and RF are annual effective dose rate, duration of life (70 years) and risk factor

(0.05 Sv'!), respectively. For stochastic effects, ICRP 60 uses values of 0.05 for the public
(Taskin et al., 2009).



2.3.2.6 Effective dose rate to different organs and tissues

Effective dose rate to different organs and tissues (E,,4) was estimated using the following

formula (Darwish et al., 2015; Ndour et al., 2020):

Table 1: Conversion coefficient CF for different organs or tissues (Ndour et al., 2020)

Eprg(mSv.y™') = E x CF

Tissue or organ

Averages values of CF

Bone marrow 0.69
Whole-body 0.68
Lung 0.64
Ovaries 0.58
Teste 0.82

3. Results and Discussion

3.1 Activity concentrations

Activity concentration results of natural radionuclides measured in the studied soil samples are
presented in Figure 1. Radionuclides found in soil samples are radioisotopes from the *%U,
2%2Th decay chains and a non-series radionuclide, “°K. Activity concentration results are
determined using the gamma-ray line of *°Ra, >!*Pb and ?'*Bi for >**U, while transitions from
212pp, 212Bj, 228 Ac and 2Tl are used for 2*?Th. Activity values of >*U, 2*?Th, and *°K range
from 16.5 to 1110.9 Bq.kg'!, 19.45 to 76.97 Bq.kg™!, and 3.28 to 839.5Bq.kg™!, with their mean
values of 478.0, 58.9, and 562.5, respectively.
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Figure 1: Activity concentrations of 28U, 22Th and “’K in soil samples.



Figure 1 shows that 38U, 2*™ and “°K concentration values vary from one sampling point to
another, but the highest activities of the radionuclides 2381, 232Th were found in the Z1 sample
while that of “°K was found in the Z14 sample. It can also be seen that the 2*®U concentrations
in all samples are higher than the **Th concentrations, except for samples Z12 and Z13. This
variation can be explained as being due to the different behavior of these radionuclides in soils.
One can also observe that the activities of “°K are higher in most cases than those of 233U and
232Th in the sampling sites. This is due to the presence of clay, which contains a relatively high
concentration of potassium. In Figure 2 are shown the average activity concentration of *8U,
232Th and “°K in the studied soil samples. From these results, it can be seen that the
concentrations of 38U, 2*Th and “°K are very high with a negative trend of the sampling sites.
When comparing our values to the world values, it is clear that the average activity
concentration of 2*¥U, 2*2Th, and *°K in the analyzed soils is significantly higher than the world
allowable values of 33, 30, and 400 Bq.kg"!, respectively (UNSCEAR, 2000). These high
values of radionuclide concentration reflect some influence of intensive exploration or mining
activities in this area, confirming the work conducted by Penabei et al., 2018. This distribution
indicates that the study sites are affected by releases to soil from exploration and mining
activities and therefore could pose a significant risk to people living near the sites, farming in
the area, or using the soils for construction materials.

478

562,5

58,9

Figure 2: Average activity concentrations of U, »**Th and *°K in soil samples

3.2 Comparison of the average concentration of 233U, 222Th and “’K measured in the
samples with those obtained from other countries around the world

Tables 2, compares the reported values of the activity concentrations of radionuclides in this
study with those obtained in other countries. As shown from this table, the measured average
of 38U in this work is well above the highest values reported in other countries. The **Th and
40K values are comparable to these values. Observed discrepancies could be attributed to the
difference in radionuclide distribution, probably related to the content of radioactive minerals
and the geological, geochemical, and geographical origins of the raw materials, among other
factors.



Table 2: Comparison of the average concentration of 238, 232Th and *°K measured in the
samples with those obtained from other countries around the world

Country Activity concentrations (Bq.kg~ References

1

226Ra 232Th 40K
Chad 47799 58,93 562,46  This work
Kenya 33 45 420 (Osoro et al., 2011)
Nigeria 55,3 26,4 505,1 (Ademola et al., 2014)
Thailand 105,25 37,38 532,39  (Kessaratikoon et al., 2014)
India 48,07 230,77 807,08 (Raghavendra et al., 2019)
Sudan 7,54 20,74 111,87  (Idriss et al., 2016)
Iraq 77,33 9,36 426,31 (Al-Gazaly et al.,2014)

35 30 400 (UNSCEAR, 2000)

Worldwide values

3.3 Radiological hazard assessment

The calculated values of radium equivalent activity (Raeq), indoor absorbed dose rates (Din) and
outdoor absorbed dose rates (Dout) of all analyzed samples are given in Figure 3, and their
average values are presented in columns 1- 3 of Table 3.
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Figure 3: Concentration of radium equivalent activity (Rac,), absorbed dose rate outside (Dout)
and inside (Din) of the soil samples.
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Radium equivalent concentration ranges from 111.16 to 1257.09 Bq.kg™!, with mean value of
605.6 Bq kg'!'. From Figure 3, it can be seen that all soil samples except Z10 - Z13 and Z18 -
719 have Raeq values above the maximum allowable value of 370 Bq.kg! (UNSCEAR 2000),
which is equivalent to an annual external effective dose of 1 mSv.year! (OECD, 1979; EC,
1999). Comparatively to all investigated samples, Z1 sample has a highest Raeq value, yielding
3.4 times the world average value. Figure 3's black curve shows that the outdoor absorbed dose
rates range from 54.05 nGy.h! in the Z13 sample to 551.00 nGy.h™! in the Z1 sample from
Zabili, with a mean value of 271.2 nGy.h'l. The world average value is 60 nGy.h'l, which
means that the average outdoor absorbed dose rates in the samples is 4.5 times the world
average value. The purple curve in Figure 3 illustrates that the indoor absorbed dose rates
range from 75.68 nGy.h'1 in Z13 soil, to 771.40 nGy.h'1 in Z1 soil, with the average value of
379.7 nGy.h'!. The population-weighted global average is 84 nGy.h"' (UNSCEAR, 2000),
implying that the average indoor absorbed dose rates in the Zabili soil samples is 4.5 times the
world average value.

Figure 4 presents the calculated external hazard index (Hex), internal hazard index (Hin), annual
effective dose (E) and the excess lifetime cancer risk (ELCR) to the residents of the study area
due to the specific activities of *°Ra, 2**Th and “°K, and their average are presented in column
4 -7 of Table 3.
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Figure 4: External hazard index (Hex), internal hazard index (Hin), Annual effective dose equivalent
(E) and Excess Lifetime Cancer Risk (ELCR) of the soil samples.

As results show, the external hazard index (Hex) and internal hazard index (Hin) range from
0.30 to 3.40 and 0.34 to 6.40, with average values of 1.64 and 2.93, respectively. These average

11



values are higher than the world average value, indicating that the hazardous effects of radiation
are not neglectful. From Figure 4 and Table 3, the annual effective dose (E) ranges from 0.44
to 4.46 mSv y’!, with an average value of 2.20 mSv y!, which is higher than the maximum
value of 1 mSv y-1 recommended by (EC, 1999 and ICRP, 1990). The estimated excess
lifetime cancer risk (ELCR) values range from 1.5 x10-3 to 15.6 x10-3 mSv y!, with a mean
value of 7.7x10-3, which is approximately 27 times greater than the recommended value of
0.29% 107 (Ndour et al., 2020; Daulta et al., 2019). With such elevated ELCR values, there is
a potential for radiation hazards, and the risk of developing cancer in people living in this
environment is very high, so they should not be used in housing construction. Consequently,
further studies are required to mitigate the exposure and, subsequently, the risk of developing
cancer. Furthermore, attention should be paid by the government, the regulator, the mining
companies in the study area and other stakeholders in order to provide a safe and radiologically
clean environment for the population.

Shown in Figure 5 are the annual effective dose rate results for different organs and tissues
such as bone marrow, whole-body, lung, and reproductive organs such as ovaries and teste of
the study area residents due to the specific activities of 28U, ?**Th, and “’K, and their average
are presented in Table 4.

05 JEPI TSN TR NP SEPRN U PR SRPU SRPIN TP TP TS SO U S SO PR P P |
i~ Bone marrow

1 = Whole-body |
35~ . Lung A
» Ovaries
— Teste
- \ B
304 © Vah | -
> SRy w
) e 2\ "
g— 254 "‘-_'f. '..A> R =
- \ e
E o | “» —a
g - o -g -
Q 4
©
g 1.5 - B
s
3]
=
i 1.0 4 -
0.5 4 I
0.0

 BXG1 e [P PO ENG] B Phas S Rn Son Py Tach R J3-R SaoF DM PRt Eived Fowsd |
2V 72 23 24 I5 78 Z7 I8 IO Z10 211 212293 214 215 296 217 218 219

Location

Figure 5: Effective dose rate to different organs and tissues

As illustrated in Figure 5 and Table 4, the Eo values in bone marrow, whole-body, lung,
ovaries, and testes ranged from 0.30 to 3.07, 0.29 to 3.03, 0.28 to 2.85, 0.26 to 2.59, and 0.36
to 3.66 mSV.y‘l, with mean values of 1.52, 1.50, 1.41, 1.28 and 1.80 mSV.y'l, respectively. The
estimated average Eorg values in different types of organs and tissues were all more than twice
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the set limit. The calculated average Eor; values revealed that the testes were more sensitive to
radiation compared with the ovaries.

Table 3: Average values of the calculated radiological parameters.

Raeq Dout Din E ELCR (mSv.y'!)
Location (Bq.kg™h) (nGyh™) (nGyh) Hex Hin (mSv.y!)
AVR = STD 605.6 £360.5 271.2 £155.7 379.7 £218.0 1.64 £0.97 293 +191 220+1.26 0.0077 £ 0.0044
Worldwide values 370 60 84 1 1 1 0.00029

(UNSCEAR, 2000)

Table 4: Average effective dose rate to different organs and tissues

Effective dose rate (mSv.y™)

Bone marrow  Whole-body Lung Ovaries Teste
Average 1.52 1.50 1.41 1.28 1.80
Worldwide values 0.69 0.68 0.64 0.58 0.82

3.4 Statistical analysis

Statistical studies were performed to describe and also to have a comprehensive understanding
of the statistical characteristic of the detected primordial radionuclides concentrations levels
and the associated health risk parameters. For these purposes, skewness, kurtosis and
correlations coefficients was used in this study.
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Figure 6: 2D frequency distribution of 33U, ?*’Th and *°K and Radium equivalent activity
concentrations.

The concept of skewness was related to the symmetrical distribution of radioactivity in soil
samples. Once the skewness value is null, data related to activity concentrations can be
assumed to be perfectly symmetrical. Skewness values varied from -0.85 to 0.29 (Table 5),
which means that data are closed to be assumed as closely symmetrical distributed. Uranium
and all health risk parameters depicted positive value of skewness. This means that uranium
and health risk parameters are right skewed. Therefore, the right tail of the distribution is longer
than the left one. Thorium and potassium activity concentrations display negative values of
skewness, meaning that they are skewed left and the left tail is longer. These observations could
be associated to sampling and samples preparation uncertainties (Glavi¢c-Cindro et al., 2020).
Despite the non-zero values of skewness, it can be assumed that data follows normal univariate
distribution because they do not exceed the confidence normal distribution interval which
varied from -2 to +2 (Westfall, 2014; Hazou et al., 2021).

Kurtosis in statistics is a measure of the combined weight of a particular distribution’s tails
regarding the center of the distribution. All data have a positive value of kurtosis which was
higher than the unity. This observation indicates that radioactivity levels and health risk
parameters distributions are too peaked. Health risk parameters measure the same value of
kurtosis like that of activity concentration of uranium. Therefore, level of radiological exposure
could be strongly correlated to that of uranium. Regarding kurtosis values which varied from
1.79 to 3.56, we can assume that all data displays normal distribution which was known in
terms of interval to be -7 up to +7 (Westfall, 2014; Hazou et al., 2021).
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Table 5: Skewness and Kurtosis of natural radionuclides and health risk parameters of soil
samples from Zabili, Chad.

Natural radionuclides and health risk parameters

238U

232Th 4K Raeq Dout Din Hex Hin E

ELCR

S K

S | K| S| K|S K|S |K|S|K|S|]K|S |K|]S |K

0.29]1.79(-0.12] 2.15{-0.85| 3.56| 0.25] 1.81 | 0.23|1.8| 0.23| 1.8 0.26| 1.81 | 0.27| 1.8 0.23 | 1.8

0.23|1.8

S denote skewness and K denote kurtosis.

The strength between variables is known as correlation coefficients and was used to describe
the degree of dependence among studied parameters. Combining results observed for skewness
and kurtosis values, data was considered to be normal distributed in all soil samples. Once all
assessed radioactivity parameters follow normal distribution, the most dedicate type of
correlation which could described well enough link between data is Pearson’s correlation
(Westfall, 2014). Therefore, linear correlation coefficients obtained and presented in matrix
view in Table 6 was Pearson’s type. All coefficients were assessed with their associate p-
values. Health risk parameters correlate positively and strongly with activity concentrations of
uranium in soil samples. The radiological exposition in Zabili area was mainly due to the level
of radioactivity of uranium 238 and its decay products. Table 6 denote a poor correlation
between thorium, potassium and dedicated heath risk parameters. The only one moderate
negative correlation value (-0.620) between activity concentrations of potassium and thorium
could be explained by the fact that these two radionuclides have different chemical processes
(Hazou et al., 2019). The probability to develop cancer after amount period spend in this area
was strongly related to the uranium level, poorly due to thorium level and extremely poorly
due to the level of potassium (Hazou & Patchali, 2021). Despite the potassium level being
above the recommended limit of 400 Bq kg' (UNSCEAR, 2000), it doesn’t contribute
significantly to radiological exposure in human life. The level of potassium can’t be a problem
for population from this area because potassium is homeostatically regulated in human body
(Hazou et al., 2019, 2021).

Table 6: Correlation matrix between activity concentrations of natural radionuclides and
health risk parameters.

2380 232Th K Raeq Dout Din Hex Hin E ELCR

2381
232Th
40K
Raeq
Dout
Din
Hex
Hin
E

1.000  0.400° 0.089" 0.998* 0.998* 0.998* 0.998* 0.999* 0.998*  0.998"
1 -0.620°  0.442°  0.436° 0.436° 0.442° 0.421° 0436° 0.437°

1 0.076°  0.090° 0.090° 0.076° 0.083" 0.089°  0.090°

1 0.999*  0.999* 1.000* 0.999* 0.999* 0.999*

1 1.000*  0.999*  0.999* 1.000*  1.000

1 0.999* 0.999* 1.000* 1.000*

1 0.999*  0.999*  0.999°

1 0.999*  0.999*
1 1.000*

15




ELCR 1

Correlation is significant at the 0.01 level (2-tailed) and ® Correlation is significant at the level
higher than 0.05.

4. Conclusion

The 238U, 232Th, and *°K activity concentrations were assessed in soil samples from the Zabili
uranium exploration area by a high-purity y-ray spectrometry system. Average activity
concentrations of 28U, 2*?Th, and *°K in samples from the mine sites were estimated to be
478.0, 58.9, and 562.5, respectively, and were all above worldwide average values. Average
values of the estimated radiological parameters in the soil samples were also found greater than
the worldwide value. Average annual effective dose (E) was 2.2 times higher than the
recommended worldwide average value. The calculated average ELCR was 27 times higher
than its worldwide average value of 0.29x 1073, which could serve as an alert to the radiation
protection authority. Special attention should be paid by the government, regulator, mining
companies in the study area and other stakeholders to provide a safe and radiologically clean
environment for the population. Baseline statistics on the investigated soil samples from Zabili,
such as skewness and kurtosis, showed that the radioactivity generated by the primordial
gamma-ray emitting radionuclides could be considered a normal distribution. Pearson’s
correlation applied to all investigated parameters display strong positive coefficients between
uranium activity concentrations and health risk parameters. The high level of associated
radiological exposure was primarily related to uranium and its decay products, and this
observation allows us to focus on the regulation of the level of uranium 238. The high level of
uranium-238 calls for further investigation of radon in this area, as radon-222 represents a
potential risk parameter and is a decay product of uranium-238.
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