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Niger's uranium deposits are located in the north, bordering the southern Sahara.
Mining activities led to the creation of the town of Arlit in 1969. Uranium mining
and uranate production generate large volumes of radioactive solid and liquid
tailings, as well as radioactive gases. Through dispersion and transport, these
radioactive discharges become a source of contamination to the environment and
food chain. The aim of our work is to assess the additional ambient exposure to
radioactivity of surrounding populations as a result of mining activities.
We assessed the risk of exposure to radionuclides from the uranium-238 decay
chain through soil and certain building materials. The methodology used is based
on collection of soil, sand, gravel and mud samples, which are analyzed using
gamma spectrometry technique. Nine (9) public sites and five (5) building
materials quarries were sampled for the work. The radiological parameters
calculated are radium equivalent activity (Raeg), absorbed dose rate (D), internal
and external risk indices (H;, and H,,) and gamma index (1,). For the whole study
area, the calculated Rag, values range from 78.67 Bqg/kg to 199.32 Ba/kg.
These values are below the guideline value of 370 Bg/kg. In terms of air dose rate,
however, the average value found was 0.32 mSv/year for the nine public sites
considered. This exceeds the threshold value of 0.29 mSv/year corresponding to
the selected exposure scenarios. In addition, in the mud (Quarry 5) and the second
gravel quarry (Quarry 4), I, values greater than unity were found. A comparison is
made with the results of similar studies around the world. Interpretation of the data
obtained concludes that there is a risk of radiological overexposure at six (6) sites
and two (2) quarries. This work is independent research which sheds new light on
the issue of uranium mining activities impact on the environment in Arlit.

© 2024 Atom Indonesia. All rights reserved

INTRODUCTION

The uranium zone in Niger was discovered

environment and food chain. This pollution results
in additional radioactivity exposure to the

in the late 1950s by research team from the French
Commissariat a I'Energie Atomique (CEA). It is
located in the Agadez region, in the Saharan part of
Niger (Fig. 1). Uranium mining led to the creation of
the town Arlit, located within the boundary of the
mines. Nearly fifty years of mining operations have
generated large volumes of radioactive tailings.
Through their dispersion, these residues pose a
major problem of radiological pollution to the
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surrounding population. Indeed, the population can
be exposed through contaminated soils and building
materials used for farming and building. When the
activity of the radioactive substances contained in
the soil or in these materials is known, it is possible
to deduce or predict the dose rate emitted using
specific conversion factors, assuming that uranium is
in equilibrium with its daughter products. It has been
observed that 98.5 % of the radiological effects of
uranium-238 (U-238) series elements are due to
radium-226 (Ra-226) and its progeny [1]. For this
reason, the contribution of precursors between
U-238 and Ra-226 can be neglected.
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Fig. 1. Location of Arlit on the map of Niger.

The aim of our study is to assess the risk
of exposure due to specific radionuclides, such as
Ra-226, thorium-232 (Th-232) and potassium-40
(K-40), in soils and building materials through the
determination of various indices: equivalent radium
activity Raeq, absorbed gamma dose rate in air (D),
external and internal contamination indices Hey and
Hi, and the 1, index, which is used to estimate
the risk level of gamma radiation. The concentration
of natural radioactivity in the samples considered
was determined using the gamma spectrometry
technique. Similar studies have been published
[2-10]. There are very few independent studies
assessing the impact of uranium mining activities in
Niger. Our work, thus, makes a major contribution
to this field. It is also the first time that the
methodology of determining radiological parameters
of building materials has been used to assess the
level of exposure to radioactivity in the context
of the town of Arlit. The results are discussed
and compared with those reported in similar
studies and with international guideline value [6-10].
In our case, the results of this study provide baseline
data on the natural radioactive isotopes present
in the building materials used in the region
where large uranium deposits exist. The results will
serve as reference data for improving radiation
protection measures.
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MATERIALS AND METHOD
Study area

The uranium deposits are located in the northern
territory of Niger, in the region of Agadez, which is
around 850 km as a straight line from Niamey.
Uranium mineralization is contained in the
carboniferous series of the Tim Mersoi Basin [11].
The sedimentary cover is subdivided into several
sandstone-clay sequences, and the Arlit unit is located
on the Namurian Tarat formation [12, 13]. This unit is
characterized by the presence of eolian quartz grains.
In addition, according to the World Harmonized
Soil Database [14], the dominant soil groups for
northern Niger are leptosols and arenosols. The soils
are composed of 80 % dunes and 20 % of moderate
clayey hydromorphic soils [15].

We collected soil, sand, gravel and mud
samples, at a depth of 30 cm to take account of
variations in the degree of contamination, in order to
characterize the levels of radioactivity, whether present
naturally or enhanced as a result of mining activities,
in nine (9) public sites of interest (schools, land for
modern market and bus station construction projects),
as shown in Fig. 2, and five (5) quarry sites (see Fig. 3).
Each area was sampled at three (3) different points,
sufficiently distanced apart to have representative
samples of the concerned sites (42 samples).
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Fig. 2. Location of the 9 public sites.
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Fig. 3. Geographical location of quarries.

Sample preparation

The samples taken are first reduced to a
considerably fine fraction. Then, they are air-dried at
105 °C for 24 hours, if necessary. After this stage, the
samples are placed in 360 ml cylindrical polyethylene
capsules to reach secular equilibrium between radon-
222 (Rn-222) and its progeny, at the end of 32 days.
A radioactive decay chain leaning towards an
equilibrium  state, called secular equilibrium,
characterized by the equality of the activities of all the
isotopes in the chain, i.e., a state where, for each
intermediate isotope in the chain, the quantity of
isotope generated is equal to the quantity of isotope
that disappears through decay. This equilibrium state
is reached after a time t equivalent to 6T, where T
represents the longest half-life of the intermediate
isotopes. In gamma spectrometry, this is taken into
account in sample preparation.

Gamma spectrometry system

To determine the concentration of natural
radioactivity in the samples, a gamma spectrometry
system consisting of n-type coaxial High Purity
Germanium detector and operated by Genie 2000
software was used. The resolution (FWHM) of this
system is 1.96 keV of Co-60 (1332 keV) with a
relative efficiency of 42.6 %. The system has been
calibrated for a range of geometries using a mixed
standard radionuclide source manufactured by Czech
Metrology Institute (reference source). The operating
range of the detector is set to 40 keV to 3000 keV.

Sample analysis
Background spectrum acquisition

The background spectrum is obtained by
acquiring a no-load system. Acquisition can be
carried out wusing a container of identical

composition to those used for sample measurement,
and an inactive matrix. For our work, we used
spectra available in the laboratory and suitable for
our study.

Measurement chain calibration

The detection chain used consists of a coaxial
HPGe detector polarized at +2500 volts and housed
in a shielded enclosure (the lead castle). The detector
is cooled with liquid nitrogen in a 25-liter dewar.
To identify the radioelements present in the sample,
it is necessary to perform an energy calibration of
the measurement chain and an efficiency calibration.

Energy calibration

An energy window is represented by a
channel in which pulses of the same size are stored.
Energy calibration of the detection chain therefore
consists in translating the correspondence between
channels and their energies (E = f(N° channel)).
This correspondence will enable to assign the
corresponding energy to each peak. We perform
this operation using three standard sources (Am-241,
Cs-137, and Co0-60).

Efficiency calibration

In practice, it is not possible to calculate
efficiency values for different energy (¢ = f(E)) and
for all the geometries (in terms of sample holders)
used in the laboratory. Standard samples are
prepared to empirically determine the efficiency of
the measurement chain. For our work, we used a
ready-to-use filter standard. The multi-gamma
source used is europium-152. The spectrum of this
source has a number of well-defined peaks in energy
and intensity. What is needed is to re-acquire its
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spectrum for a counting time t = 86400 seconds.
Then, we calculated the efficiency for all energies
using Eq. (1) [16, 17].

N Nnet - Nbf

CT N, Axl=AtxM

)

The energy value of radionuclides of interest

Under the assumption that secular equilibrium
was reached between U-238, Th-232, and their
respective decay daughter products, the following
relatively intense gamma-ray transitions were used
to measure the activity concentrations for the
aforementioned radionuclides.

U-235 and Ra-226 emit gamma-rays with
energies of 185.7 keV (I = 57.2 %) and 186.2 keV
(I = 3.6 %), respectively. It is not easy to separate
these peaks. Therefore, the concentration of Ra-226
was calculated as a weighted mean of the
activity concentrations of the gamma rays of Pb-214
(295.1 keV, 351.9 keV), Bi-214 (609.3 keV and
1120.29 keV). The gamma-ray photopeaks used
for the determination of the Th-232 contents were
338.4 keV, 911.2 keV, and 969.11 keV of Ac-228
and 238.6 keV of Pb-212; K-40 was directly
determined (1460.83 keV).

Acquisition of the spectrum of the sample

The conditioned sample is placed on the
detector cover, and the acquisition software is
used to set a counting time (86400 s or 24 hours).
After counting, the spectrum obtained is loaded,
and the radionuclides of interest are identified.

The use of a nuclide library is essential in this
process. Knowing, through the radionuclide library,
the intensity | of gamma emission, the energy E of the
identified radionuclide and the mass m of the sample,
then its activity is evaluated by using Eq. (2).

N-B
eltm

A(Bq/kg) = )
where:
A is the specific activity
N is the net area of the peak at the energy E of the
radionuclides with the presence of the samples.
B: The net area of the peak at the energy E of the
radionuclides in the absence of the samples
(background).
e is the efficiency of the detector evaluated as a
function of the transition energy.
I is the intensity of radiation, the number of gammas
per disintegration of the nuclide at energy E
t is the counting time of the sample.
m is the mass of the sample.
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Consideration of uncertainties

The radionuclides emitted several gamma
energy lines. Individual activity values were derived
using Eq. (2) above with associated combined
uncertainties given in Eq. (3).

2 2 2 £ 2 m 2
o= () () )G @
where AN, Al, Ae and Am are the uncertainties of
the count rate, efficiency, gamma-ray emission
probability and sample weight, respectively (with

assumption that the uncertainty of the counting time
can be neglected).

Calculation of the Minimum Detectable
Activity (MDA)

The MDA is the minimum detectable activity
(in Bg/kg), It is the activity below which a
radionuclide is not detected. It can be calculated for
the radionuclides present in the recorded spectrum,
but also for all other isotopes not detected, part of
the library used. To find an MDA value, two other
values are used: the decision threshold (SD) and the
detection limit (DL). Below the decision threshold,
it is estimated that a signal N is not significant, and
the detection limit corresponds to the value of
the smallest signal that can be reliably quantified.
The calculation of the SD is done by taking into
account the background noise (Np), and in a
simplified manner, by using Eq. (4).

SD ~ 2,/2N,, 4)

From the SD, we calculate the DL: DL = 2 SD. If
the signal N is less than the DL, we then calculate
the MDA from the DL, as expressed in Eq. (5).

DL
Atl.em.

MDA = ()

The radium equivalent activity

The distribution of natural radionuclides in the
building material samples studied is not uniform.
This is why a common radiological index has been
introduced to represent the specific radioactivity
level of Ra-226, Th-232, and K-40. This common
index takes into account the associated radiological
risks. This is known as the Beretka formula
(see Eq. 6) [6], the activities of Ra-226 (370 Bg/kg),
Th-232 (259 Bg/kg) and K-40 (4810 Bg/kg)
represent the same effective dose of y radiation.

Raéq = ARa + 1,4314'”1 + 0;077AK (6)
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where Agr,, A, and Ag are the specific activity
concentrations of ?*Ra, #*Th, and “°K in Bg/kg
respectively.

Absorbed dose rate in air (D)

The absorbed gamma dose rate in air 1 m
above the ground surface for the uniform
distribution of radionuclides (Ra-226, Th-232,
and K-40) was calculated using Eqg. (7) [18].

D(nGy.h™1) = 0.462A4p, + 0.604A ), +
0.0417Ax )

where Ag., Am, and Ay represent the specific
activities of Ra-226, Th-232 and K-40, respectively.
The population-weighted values give an
absorbed dose rate in air outdoor from terrestrial
gamma radiation of 59 nGy/h [18]. The
corresponding effective dose is calculated from the
absorbed dose by applying the factor 0.7 Sv/Gy [19].
The target group considered in this study
is made up of sedentary people from schools,
the market, and the bus station as well as the general
population, merchants, and transporters. With 8760
hours of presence per year, which counts for outdoor
and indoor space occupations (external occupancy
factor of 0.8 and internal occupancy factor of 0.2).

Radiological hazard index

The external contamination index (He) is
determined for all the quarry samples analyzed
according to Eq. (8) [6].

A A
( Ra  ATh |
370 259

The risk of internal exposure to radon and its
descendants is quantified by the (Hj,) index. It is
given by Eq. (9) [6].

Hoy = 20) <1 ®)

4810

ARa ATh
(185 t 259 t

The values of He, and H;, must be less than
unity in order to consider the risks to be negligible.
Another parameter used is the index (I,) proposed by
NEA-OECD [20] and given by Eq. (10). Its value
must also be less than unity. It is used to estimate the
level of gamma radiation risk associated with
naturally occurring radionuclides present in the
materials of interest.

= Ax_
Hin = 4810) =1 ©)

_ (Ar Arp
Iy - (_‘1+_

A
+ —K) <1
150 100

1500 (10)

RESULTS AND DISCUSSION
The radium equivalent activity

Figures 4 and 5 show the specific activities of
the three radionuclides of interest (**Ra, “*Th, and
“K). These values represent the average of the
analysis results of the three (3) samples taken per site.
The world average concentrations of Th-232, K-40
and Ra-226 are 45, 412 and 32 Bg/kg, respectively, as
published by UNSCEAR (2010) [19].

The radium equivalent activity corresponding
to the world average of Ra-226, Th-232, and K-40
is 129 Bg/kg. Regarding the sites, the calculated
Rae, values vary from 78.67 Bg/kg (site 5) to
199.32 Bg/kg (site 9), with an average of
143.10 Bo/kg. Ragg of sites 4, 5, and 6 is lower than
the world average value, while it is the opposite
for sites 1, 2, 3, 7, 8, and 9 (Fig. 4). In the case of
the quarries, the minimum value of Ra., is obtained
for sand (Quarry 1) at 41.57 Bqg/kg, while the
highest value of Rae is found for gravel (Quarry 4)
at 164.54 Bqg/kg for an average of 115.25 Bqg/kg.
Rae, of quarries 1 and 2 is lower than the world
average value. But for quarries 3,4 and 5, the value
exceeds the world average Fig. 5.
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Fig. 4. Th-232, K-40, and Ra-226 activity concentration.
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Fig. 5. Th-232, K-40, and Ra-226 activity concentration.
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Absorbed dose rate in air (D)

The population-weighted values give an
absorbed dose rate in air outdoor from terrestrial
gamma radiation a value of 59 nGy/h [18].
If adapted to exposure scenarios in this study,
this gives a value of 0.29 mSv/year [59 nGy/h x
0.7 SV/Gy x 8720 x 0.8 x 10°]. We take this value as
a guide.

Figure 6 shows the largest value of the
effective dose rate at site 9 (0.45 mSv/year),
while the minimum value is recorded at site 5
(0.20 mSv/year). We can see values exceeding the
limit for sites 1, 2, 3, 7, 8, and 9 (Fig. 6). However,
in the case of site 9, this would be a natural marking
given that this site is located outside the zones of
influence of mining activities (Fig. 2). It would not
be suitable for public use.

mmmm Exposure level (mSvlyear) === Guideline value (mSv/year)

0.45

0.39

0.39 0.38
0.33 0.34
0.25
= 0.29
020 0.20 I

Site1 Site2 Site3 Site4 Site5 Site6 Site7 Site8 Site 9
Site

Annual dose rate per site (mSv/year)

Fig. 6. Annual dose rate.

Radiological hazard index

The results of the estimation of the
radiological contamination indices of building
materials (sand, gravel, and mud) are given in
Table 1 below. The He, Hin, and I, indices are all
less than unity for all quarries except mud quarry
and gravel (quarries 4 and 5), where I, is found to be
greater than one.

Thus, the two sand quarries and the gravel
quarry (Quarry 3) do not present any hazard. On the
other side, the gravel quarry (Quarry 4) as well as
the mud quarry (Quarry 5) present risks of over
exposure to ionizing radiation. The use of these two
quarries would therefore be contraindicated for
building purposes.

Comparison of the results obtained in this
study with the values reported in other
countries worldwide

Tables 2 and 3 present the results obtained in
this study and similar studies from different
environments. The activity concentrations of
Ra-226, Th-232, and K-40 obtained in this study is
greater than the one obtained in Cameroon [7],
United Kingdom [6], Hong Kong [27], and Nigeria
[29]. In the case of the Rag values, the result
obtained in this study are higher than those of the
other countries listed in Table 2, with the exception
of Brazil [26] and Malaysia [28].

On the other hand, the D and He values found
in this study (Table 3) are lower than those obtained
in Egypt [9], Pakistan [10], and Vietnam [35].
However, the 1, value found in our case is much
higher than those found in Egypt [9] and Pakistan
[10], the two countries listed in Table 3 for which
this parameter was determined.

Table 2. Comparison of the Ra-226, Th-232, K-40
and Raeq values with the values reported in other
countries worldwide.

Country Ra-226  Th-232 K-40 Raeq References
(Barkg)

Cameroon 2744 15+1 277£16 70 [7]

Egypt 36.6+4.4 43.242.2 82+4.1 103 [21]

China 331 218 833.3 - [22]

Zambia 23+2 3243 134413 7911 [23]

India 37 241 432.2 104.7 [24]

Sweden 55 47 241 - [20]

Italy 38+14 22+14 218+2 92+60 [25]

Pakistan 51 70 532 - [36]

Brazil 61.7 58.5 564 188.8 [26]

United 22 18 155 - [6]

Kingdom

Hong Kong  19.2 18.9 127 - [27]

Malaysia 51+1.0 23+1.0 823+69  188+27  [28]

Nigeria 2.16 7.82 114.3 19.7 [29]

Turkey 11.4 18.3 510.2 - [30]

Bangladesh 57.5 254 255 - [31]

Niger 29.41 49.27 380.61 129.18 Present

Study
World 32 45 412 129 UNSCEAR
average (2010) [20]

Table 3. Comparison of the D, Hex and Iy values with the
values reported in other countries worldwide.

Location D(mSvly) Hex ly Reference
Table 1. Hazard indices of quarries samples. Egy_pt 145,16 04 0.2 (9]
India 0.12 - - [32]
Sample code Hex Hin I Jordan 0.06 0.28 - [33]
Quarry-1 0.11 0.15 0.29 Malaysia 0.169 0.859 - [4]
Quarry-2 0.22 0.25 0.61 Pakistan 0.34 0.39 0.14 [10]
Quarry-3 0.36 0.46 0.95 Saudi Arabia 0.14 0.13 - [34]
Quarry-4 0.44 0.55 1.20 Vietnam 0.54 0.43 - [35]
Quarry-5 0.42 0.50 1.15 Niger 0.32 0.31 0.84 Present Study
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CONCLUSION

The study concerned demonstration of the
presence of natural radionuclides and the level of
their original or enhanced activity concentration
due to mining activities in the city of Arlit.
The environmental matrices considered are
essentially the soil and the building materials
quarries used by the population (sand, gravel, and
mud). Interpretation of the results of the analyzes
show that six sites (1, 2, 3, 7, 8, and 9) exhibit a
relatively high level of radioactivity. Indeed, the
values (in nGy/h) are, respectively, 78.62, 67.06,
76.94, 78.98, 68.74, and 91.95, while the population-
weighted values give an absorbed dose rate in air
outdoor from terrestrial gamma radiation a value
of 59 nGy/h. Likewise, the results showed
that two (2) quarries are radiologically marked.
These are the mud quarry (l,= 1.15) and the gravel
quarry (l,= 1.20). In both cases, I, exceeds unity,
which is the threshold value. However, the study
does not attribute this marking exclusively to
mining activities.

Indeed, for some sites, the anomaly observed
could be linked to the geological nature of the area,
as it is the case for site 9 which is far from
the area of influence of the activities. On the
other hand, the determination of the annual dose rate
(D) and the hazards indices (Hex, Hin and 1,), are not
required according to national radiation protection
regulations. This study, therefore, encourages
the reviewing and the updating of the existing
legal framework in order to take into account
the major concerns of overexposure to radioactivity
of the populations.
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