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1. Introduction

Abstract

This study was to determine the natural radioactivity levels of 2*°Ra, 23?Th, and *“’K in
cement raw material (limestone, sand, kaolin clay, magnesium oxide, and pozzolana)
samples extracted from Eastern and Southwestern Uganda. The specific activity concen-
tration of each of these radionuclides in each sample was determined using a Sodium
Iodide scintillation detector to assess the radiological hazard associated with them. The
average specific activity concentration values of ?2°Ra, 232Th, and “’K in the samples
from Southwestern Uganda were 94.9 Bgkg ™', 97.1 Bgkg !, and 484.8 Bgkg ! respec-
tively while in samples from Eastern were respectively 30.2 Bgkg ™!, 58.7 Bqkg ™! and
557.5 Bgkg !. The average outdoor absorbed gamma dose rate value for samples from
Southwestern Uganda was two times higher than the world average value of 59 nGyh ™.
The average radium equivalent activity values, the average external and internal hazard
index values, and the average outdoor annual effective dose values obtained for samples
from either region were within the safe recommended limits. Hence, the samples posed
no significant radiological hazard to both miners and the public.

Keywords

Natural radioactivity levels; Cement raw materials; Radiological safety analysis;
Gamma-ray spectrometry

Like other building raw materials extracted from the earth’s crust, cement raw materials such as pozzolana, limestone, and
Kaolin-clay contain varying amounts of terrestrial radionuclides [1]. Terrestrial radionuclides are naturally occurring radioactive
nuclides from the earth’s crust. They are present in every environmental media (air, water, soil, and biota). For this reason, human
beings are always exposed to ionizing radiations such as gamma rays from terrestrial radionuclides [2].

Cement raw materials mainly consist of soil and rock components. Radiation from such sources primarily originates from
naturally occurring radioactive materials (NORMs); the radionuclide “°K, and the radionuclides in the decay series of >**U and
232Th. The decay chain segment beginning with 2?°Ra in the 238U series is radiologically the most significant, leading to frequent
reference to 2*°Ra instead of 238U [3]. The concentration levels of 233U, 2*2Th, and “’K vary in soil and rock structures, depending
on the area’s local geology and geographic conditions [4]. The global average specific activities of ?°Ra, 23?Th, and “’K in the
earth’s crust are estimated at 32 Bgkg ™!, 45 Bgkg ™!, and 412 Bgkg !, respectively [5].

Eastern and Southwestern Uganda areas are graced with many mineral deposits including cement raw materials such as
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limestone, kaolin-clay, and pozzolana [6]. Limestone primarily consists of calcium and magnesium carbonates. It is classified
into various types based on source, composition, structure, and geological formation [7]. Pozzolana is a silica-rich or silica-and-
alumina-rich rock. In the presence of water, pozzolana reacts intensely with limestone to produce a strong, chemical-resistant
cement hence reducing the need for costly limestone. Kaolin-clay is a product of the chemical weathering of feldspar-rich rocks,
including pegmatites, certain siltstones, and schists. Sand is commonly found near clay deposits in wetlands and on lake shores
[8]. Since they are extracted from the earth’s crust, cement raw materials may contain fragments from igneous and metamorphic
rocks. According to studies by Ademola & Ayeni [9], Adewale et al. [10], and Sahin Bal [11] it has been established that soils
and rocks of granite composition contain substantial concentrations of terrestrial radionuclides. As a result, igneous rocks like
granite are linked to elevated levels of radiation [2]. Engaging activities such as raw material mining for cement production
represents a significant source of exposure to radiation from NORM:s [2]. Prolonged exposure to ionizing radiation can result in
radiation-induced health effects such as cancers [12]. Among miners, lung cancer is the most common observed effect and it is
attributed to inhalation of radiation [13].

Kisolo et al. [14], Mugaiga et al. [15], and Silver et al. [16] found high specific activity concentrations of 233U, 2*2Th, and K
in rocks and soils of Eastern and Southwestern Uganda in contrast to values reported in the UNSCEAR [2] publication. However,
there is little to no information available regarding the natural radioactivity concentration levels of these terrestrial radionuclides
in cement raw materials mined from these regions of the country. Therefore, this study aims to determine the radioactivity levels
of 22°Ra, 2?Th, and *“)K in limestone, sand, kaolin clay, magnesium oxide, and pozzolana samples to assess their associated
radiological hazards to miners and workers at crush sites. The results of this study will provide valuable insights to the Atomic
Energy Council (AEC) and policymakers to establish guidelines and protection measures for the utilization of the studied cement
raw materials in the country. Additionally, the research will hold significant importance for the cement manufacturing industries
in Eastern and Southwestern Uganda, enabling them to check on their raw materials where necessary.

2. Materials and Methods
2.1 Sample Collection

All samples were collected from mine contractors who supply cement companies in Eastern and Southwestern Uganda with raw
materials. The map showing the location of the mines where the studied samples are extracted is indicated in Figure 1. A total
of 15 samples weighing from 0.5 to 2 Kg were considered for the study. Of these, eleven (11) samples were collected from
Southwestern and four (4) from Eastern Uganda. No specific criteria were applied during sample collection due to restricted
access to the mines. The samples were carefully packed into polythene bags to prevent any cross-contamination and then labelled
according to guidelines by IAEA [17]. Details about the collected samples are indicated in Table 1.

Table 1. Details about the studied cement raw materials samples

Sample Name Type Source Sample code

Dura Dura (Kamwenge) HD

Moderate Muhokya (Kasese) HM

Limestone South Extreme Hima (Kasese) HSE
Carbonatite Tororo TL 1

Carbonatite Katikekile (Moroto) TL 2

Magnesium oxide Magnesium oxide Hima (Kasese) HHM
Sand Sand Katunguru (Rubirizi) HSS
Sand Katunguru (Rubirizi) HS

Pink Kaolin Mutaka (Bushenyi) HK 1

Clay White Koalin Buhweju HK 2
White Kaolin Mutaka (Bushenyi) HC
White Kaolin Moni (Mbale) TC
Pozzolana Harugongo (Kabalore) HP

Pozzolana Lava Ash Bunyaruguru (Rubirizi) HLA
Pozzolana Chemangala (Kapchorwa) TP
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Figure 1. A Map of Uganda showing the studied limestone, clay, sand, magnesium oxide, and pozzolana mines locations (Arc GIS).
2.2 Sample Preparation

At the laboratory, cement raw material samples were laid out on plastic trays with raised edges and left to dry at room temperature
for 48 hours before being ground into a fine powder. The ground samples were standardized by passing them through a 2mm
fine mesh sieve and then subjected to complete moisture removal by oven-drying at a temperature of 105 °C for 24 hours, in
accordance with the recommendations of IAEA [17]. After moisture removal, samples were cooled in a moisture-free environ-
ment. Each prepared dry sample was carefully weighed using an electronic balance and then placed into a plastic Marinelli
beaker. The beakers were then tightly sealed to prevent any release of radon gas. The sealed samples were stored for more than
30 days before gamma-ray counting to allow 22Ra and >*?Th to attain secular equilibrium with their short-lived daughters, 2*’Rn
and #2°Rn, respectively [18]. After reaching a state of secular equilibrium, each sample was subjected to a gamma ray spectro-
metric analysis using a 2" x 2" Nal (TI) scintillation gamma detector (Model 905-3) provided by ORTEC.

2.3 Gamma Energy Spectral Analysis and Characterization

Prior to measurements, the detector was calibrated for energy and efficiency. Energy calibration was done using the standard
caesium-137 sample, while efficiency calibration was done using caesium-137 and cobalt-60 standard samples. Following the
calibration process, each Marinelli beaker containing a sample was positioned on the detector for counting. The system was left
to operate for a duration of 6000 seconds to allow a clear gamma-ray spectrum of the radionuclides contained in the sample to
build upon the computer screen. Each net sample spectrum after background subtraction was then stored in the computer using
the ORTEC MAESTRO V7 software commands and later analyzed. The spectra were analyzed for detectable gamma energies,
specifically 295.2 keV and 351.9 keV of 2!4Pb for #2°Ra, 510.7 keV of 2°°TI, and 911.2 keV of ?8Ac for 2*2Th, and 1460.8 keV
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for K. To determine the radioactivity levels of 2>°Ra, 232Th, and “°K in the samples, their respective specific activity (A) con-
centrations were calculated.

2.4 Specific Activity Concentration in the Samples

The specific activity concentration (A) in Bgkg ™! of 22°Ra, 2*?Th, and *°K in each sample was calculated using Equation (1) [15].

— NP (1)

tmjbyey

where m is the dry weight of the sample j in kg, N, is the net peak area of the gamma peak of interest, t is the counting time, b

is the emission probability of a particular gamma energy and e is the detector efficiency at a gamma energy Yy emitted by the
standard.

2.5 Assessing the Radiological Safety of the Samples

The radiological safety of the samples was assessed by analyzing the determined radium equivalent activity, the external and
internal hazard indices, the outdoor gamma dose rate, and annual effective dose values.

2.5.1 Radium equivalent activity

The radium equivalent activity (Raeq) index ensures the uniform distribution of **Ra, #*Th, and */K in a sample, effectively
representing the activity concentration of these radionuclides while accounting for their associated radiation hazard. Radium
equivalent activity was calculated using Equation (2) [19].

Rayy = Agq + 1.43A7, + 0.077Ax @

where Ag,, Ay, and Ay are specific activities in Bgkg ™! of 2°Ra, 232Th, and *°K respectively. Equation (2) assumes that 370 of
226Ra, 259 of 2¥2Th, and 4810 of “°K in Bqkg ' all produce the same gamma-ray dose rate [20]. For a building material or its end
products to be considered radiologically safe for use, its maximum Raq value should be less than 370 Bqkg™ [20, 21]. This
ensures that the external gamma dose remains below 1.5 mSvy ! [2, 22].

2.5.2 External and internal exposure hazard indices
The external radiation hazard index (Hey), corresponding to 2°Ra, 232Th and “°K was calculated using Equation (3) [19].
— ARa 4 ATh , Ak
Hex = 370 T 250 t 2810 3)
To mitigate the radiation hazard to respiratory organs such as lungs from radon-222, Krieger [23] proposed halving the ac-
ceptable maximum concentration of radium. This criterion known as the internal hazard index (Hi,) was determined using Equa-
tion (4) [19].

A A A
H;, = ZRa 4 TTh 4, 7K 4)
185 = 259 4810

Each index value should be less than 1 for the radiation hazard to be negligible [3].

2.5.3 Outdoor absorbed gamma dose rate and annual effective dose
Assuming negligible contributions from other terrestrial radionuclides like 233U, the outdoor absorbed dose rate (D) in the air at
one meter above the ground was calculated using Equation (5) [2].

D = 0.462Ag, + 0.604A, + 0.0417Ax (5)

where 0.462 nGyh 'per Bgkg !, 0.604 nGyh 'per Bgkg !, and 0.0417 nGyh 'per Bgkg ! are activity concentration to outdoor
dose rate conversion coefficients corresponding to 22°Ra, 2*2Th and *°K respectively [2]. The population-weighted average out-
door dose rate value due to gamma radiation from natural sources is 59 nGyh™' [2, 5].

To assess the health effects of annual absorbed dose rates, the outdoor annual effective dose was estimated using the conver-
sion coefficient from absorbed dose in the air to effective dose (0.7 SvGy ') and the outdoor occupancy factor (0.2) [2, 5]. The
outdoor annual effective dose (E) in mSvy ! was calculated from Equation (6) [2].

E=Dx1075x8760 % 0.2 x 0.7 (6)

where D is the outdoor absorbed dose rate and 8760 is the total occupancy time in hours for the whole year (assuming 365 days).
The annual effective dose (E) from natural sources of public exposure should not exceed 1 mSv a year [24, 25].
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3. Results and Discussions

The calculated specific activity concentration values of 2?°Ra, 2*?Th, and “’K are indicated in Table 2 and Table 3 for samples
from Eastern and Southwestern Uganda respectively. From Table 2, values ranged from 2.3 = 0.2 to 68.4 + 2.7 Bgkg™' with an
average of 30.2 + 1.5 Bqkg ' for ?°Ra, 26.3+ 0.9 to 117.8 £ 3.0 Bgkg ' with an average of 58.7 = 1.7 Bgkg™! for *Th and 326.5
+5.2t0 1037.1 £ 15.5 Bgkg™! with an average of 557.5 + 9.1 Bqgkg™' for “°K. The highest specific activity concentration of the
three radionuclides was registered from the pozzolana (TP) sample whereas the lowest concentration was obtained from the Clay
(TC) sample. The high specific activity concentration of these radionuclides in the pozzolana sample could be due to their high
granite composition of the pozzolana since the studied pozzolana are volcanic materials.

Table 2. Specific activity concentration of ?2°Ra, 2*?Th, and “’K in cement raw material samples from Eastern Uganda

Specific Activity (Bqkg™)

Sample Name Sample code
26R4 22Th 10’8
TL 1 39.0+£1.2 41.7+£1.0 327.8+5.0
Limestone
TL 2 2.3+£02 489+ 1.1 538.6+6.5
Clay TC 11.2+£0.7 26.3+0.9 326.5+5.2
Pozzolana TP 68.4+2.7 117.8 £3.0 1037.1 +£15.5
Average 30.2+1.5 58.7 1.7 557.5+9.1

Table 3. Specific activity concentration of 22°Ra, 232Th, and ’K in cement raw material samples from Southwestern Uganda

Specific Activity (Bqkg™)
Sample Name Sample Code

26R, 22T 40K
HD 297.8+3.5 202.7+2.3 388.9+5.9
Limestone HM 76.4+£2.2 61.3+1.7 432.7+7.6
HSE 71.4+2.0 76.2+1.6 4723+ 7.4
Magnesium oxide HHM 21.5+£09 86.7+ 1.6 326.5+54
HSS 5.1+£0.5 38.9+1.1 306.0 5.1
Sand

HS 23.4+0.9 438+ 1.1 292.8 +4.8
HK 1 84.2+2.0 62.6 1.5 591.6 7.7
Clay HK 2 72.0+2.0 84.0+ 1.8 779.5+9.7
HC 121.7+3.0 94.0+2.2 955.8+12.4
HP 151.4+£2.5 1709 £2.2 356.5+5.6

Pozzolana
HLA 119.2+£23 146.7+2.0 430.4+£6.3
Average 94.9 £2.2 97.1+1.8 484.8 + 7.4

For samples from Southwestern Uganda (see Table 3) the specific activity values ranged from 5.1 + 0.5 to 297.8 = 3.5 Bgkg™!
with an average of 94.9 = 2.2 Bqgkg™! for ?Ra, 38.9 & 1.1 to 202.7 + 2.3 Bqkg ™' with an average of 97.1 + 1.8 Bgkg™' for *’Th
and 292.8 + 4.8 to 779.5 £ 9.7 Bqkg™! with an average of 484.8 + 7.4 Bqkg™' for K. For 2*Ra and 2*’Th, the highest specific
activity concentrations were obtained from the Dura limestone (HD) sample and the lowest from the sand (HSS) sample. The
high concentration of ??°Ra and 2*?Th in the Dura limestone sample could be due to the above-normal quantities of dissolved
Uranium in Dura [6]. The samples of clay (HC) and sand (HS) had the highest and lowest concentrations of the “°K radionuclide
respectively.

From Table 3, the average specific activity concentration values of 2*°Ra, *?Th and *’K for all clay samples were greater than
the world average values of 50 Bqkg !, 50 Bgkg !, and 500 Bgkg !, respectively for building materials extracted from the earth’s
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crust [22]. Clay is composed of pegmatites, quartz, and feldspar [6]. According to Hurley [26], these clay compositions contain
radioactive elements. Therefore, the high specific activity concentration of these radionuclides in the clay samples could be due
to the high concentration of pegmatites and feldspar.

The results in Table 2 and Table 3 reveal that the specific activity concentration of the 2*°Ra, 232Th, and “°K radionuclides
varied for all the studied limestone, clay, magnesium oxide, sand, and pozzolana samples. For each sample, “°K had the largest
specific activity concentration value whereas for 2*2Th and ??°Ra their values varied. This could be due to the natural abundance
of “K. Potassium-40 is found in most terrestrial materials at 0.012% abundance, while 23Th is about 1.4 times more abundant
than 2¥U [5].

600 1 [ Ra-226

Average Specific Activity (Bakg™)

Southwestern Uganda Eastern Uganda

Samples

Figure 2. Average Specific Activity for samples from both regions.

On average, the specific activity values of 2*°Ra and 2*?Th for raw material samples from Southwestern Uganda (see Figure 2)
where higher than those obtained for samples from Eastern Uganda. This could have been due to the presence of many pegmatites,
and granites, in the soils and rocks of Southwestern Uganda [27]. Also, related studies done in Southwestern Uganda reported a
high concentration of these radionuclides in soils and rocks [14, 16].

To assess the radiological safety of the samples, radiological indices presented in Table 4 and Table 5 were estimated. For
samples from Eastern Uganda (see Table 4), the Raeq value for each sample including their average (157.1 + 4.7 Bgkg™') was
less than the maximum permissible value of 370 Bgkg ™! [19] for building materials. The Pozzolana sample had the largest Racq
value with the lowest obtained for the clay sample. The estimated values of the Hex and Hi, for each sample including their
averages were lower than the permissible value of unity. The average D value (72.3 + 2.1 nGyh™) for all samples was higher
than the world average value of 59 nGyh™' [2]. The E value for each sample including their average (0.09 = 0.003 mSvy ") was
less than the permissible limit of 1 mSv per year for public radiation exposure [24, 25]. Hence the studied limestone, clay, and
pozzolana samples from Eastern Uganda are safe for miners and workers at crush sites.

For samples from Southwestern Uganda (see Table 5), the Raeq values for the Dura limestone (HD) and pozzolana (HP)
samples were greater than the recommended value of 370 Bqkg™!. According to the study, if these samples are to be used as raw
materials or additives in cement production, their specific activity concentration should be monitored. The Raeq values for other
samples including the total average value (271.0 = 5.2 Bqkg ') were each less than the acceptable value of 370 Bqkg ' [19]. The
Hex and Hi, values for each sample except for the Dura limestone (HD) and pozzolana samples were less than the permissible
value of unity. The average D value (122.7 + 2.3 nGyh™!) for all samples was higher than the world average value of 59 nGyh™!
[2]. The E value for each sample including their average (0.15 + 0.003 mSvy ') was less than the permissible limit of 1 mSv per
year for safe use [24, 25].
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Table 4. Calculated radiological hazard indices of the studied raw material samples from Eastern Uganda

Calculated radiological hazard indices

Sample Sample
Name Code Raeq (Bgkg ™) Hex Hin D (nGyh™) E (mSvy ™)
TL 1 123.9+£3.0 0.3+£0.01 0.4 £0.01 56.6 £ 1.4 0.07 £ 0.002

Limestone

TL 2 113.6 £2.3 0.3+0.01 0.3+0.01 52.6+1.1 0.06 £0.001
Clay TC 74.0£2.7 0.2+0.01 0.2+0.01 345+1.0 0.04 +0.001
Pozzolana TP 316.7+ 8.2 0.9+0.02 1.0+ 0.03 1453 £3.7 0.18 £0.005
Average 157.1+4.7 0.4 £0.01 0.5+0.02 723 +£2.1 0.09 = 0.003

Table 5. Calculated radiological hazard indices of the studied raw material samples from Southwestern Uganda

Calculated radiological hazard indices

Sample Sample
Name Code Racq (Bakg™) Hex Hin D (nGyh™) E (mSvy ™)
HD 617.6+7.2 1.7+0.02 2.540.03 276.2+3.2 0.34 % 0.004
Limestone HM 197.3+5.2 0.5+0.01 0.7+ 0.02 90.3+2.3 0.11 % 0.003
HSE 216.7+4.9 0.6+ 0.01 0.8 +0.02 98.7+2.2 0.12 + 0.003
Magnesium Oxide ~ HHM 170.6 +3.7 0.5+0.01 0.5+0.01 759+ 1.6 0.09 + 0.002
HSS 843+2.4 0.2+ 0.01 0.2+0.01 38.6+ 1.1 0.05 % 0.001
Sand HS 108.6 2.8 0.3+ 0.01 0.2+0.01 495+ 13 0.06 % 0.002
HK 1 2192 +4.7 0.6+ 0.01 0.8 +0.02 101.4 +2.1 0.12 % 0.003
Clay HK 2 252.1+5.3 0.7+ 0.01 0.9 +0.02 116.5 +2.4 0.14 % 0.003
HC 329.7+7.2 0.9 +0.02 1.2 +0.03 152.8+3.3 0.19 % 0.004
Pozzolana HP 4233+ 6.0 1.1+£0.02 1.6 +0.02 188.1+2.7 0.23 % 0.003
HLA 362.1+5.6 1.0 +£0.02 1.3+0.02 161.6+2.5 0.20 + 0.003
Average 271.0 £ 5.2 0.7%0.01 1.0 £ 0.02 1227423 0.15  0.003

Table 6. Comparison of results obtained in this study with published results from other countries

Average A (Bgkg™)

-1
Country 2y 2R, — g Raeq (Bgkg™) References
30.2 58.7 557.5 214.6 This study
Uganda
94.9 97.1 484.8 271.0 This study
Egypt 1341 ... 36.0 403.5 239.6 Darwish et al. [28]
Nigeria 3235 L. 95.9 667.7 .. Awodugba et al. [29]
Tanzania ... 28.3 41.5 202.6 103.2 Amasi et al. [1]
Turkey ... 38.1 92.7 636.6 219.7 Sezgin et al. [30]

The average specific activity concentration and radium equivalent activity values obtained in this study were compared with
those obtained by researchers from other countries (see Table 6). From this table, the average specific activity concentration
values of ?*°Ra and ?3*Th obtained in this study were higher than those determined in Tanzania [1] and Turkey [30]. The average
specific activity concentration values of “°K determined in this work were higher than those obtained in Tanzania [1] and Egypt
[28] but lower than those reported by Awodugba et al. [29] and Sezgin et al. [30]. The average Racq values obtained in this study
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were similar to values by Sezgin et al. [30] and Darwish et al. [28] but much higher than the value obtained by Amasi et al. [1]
in Tanzania. Generally, from Table 6, both the average specific activity and radium equivalent values varied for all studies. These
variations may stem from differences in uranium, thorium, and potassium-40 concentrations in soils, influenced by unique geo-
logical formations and geographical conditions across different regions worldwide [4].

4. Conclusions

The study determined the specific activity concentrations of ??°Ra, 2*?Th, and *°K radionuclides in cement raw material samples
from Eastern and Southwestern Uganda. The specific activity concentration of these radionuclides was high for limestone, clay,
and pozzolana samples from Southwestern Uganda compared to similar samples from Eastern Uganda. Generally, the main
contributors to the overall average specific activities in the studied samples were clay (Kaolin) and pozzolana. If these raw
materials are to be used in cement production, their activity concentration should be carefully monitored.

The radiological safety of the studied samples was assessed by estimating the radium equivalent activities, internal and external
hazard indices, and the annual outdoor effective gamma dose values presented in Table 4 and Table 5. The average Ra.q value
of cement raw material samples from Southwestern and Eastern Uganda were 271.0 Bgkg ! and 157.1 Bqgkg !, respectively.
Each of these values was less than the limit of 370 Bqkg™' for building materials. The average He, and H;, values were 0.7 and
1.0 respectively for samples from Southwestern Uganda while for samples from Eastern Uganda, these values were 0.4 and 0.5,
respectively. The average E value for samples from Southwestern Uganda was 0.15 mSvy ! whereas that for samples extracted
from Eastern Uganda was 0.09 mSvy ™. Each of these average annual effective dose values was less than the limit of 1 mSvy™!
as per ICRP [24]. Since the average values for radium equivalent activity, external and internal hazard indices, and annual
effective doses for the studied limestone, clay, sand, magnesium-oxide, and pozzolana were within the safe recommended limits,
we were led to conclude that these samples posed no significant radiological hazard to both miners and the public.
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