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This study evaluated the activity concentrations of natural radionuclides in soil, waste rocks and tailings from the
Geita gold mining site in Tanzania using high-resolution gamma spectroscopy. A total of 41 samples: 31 soil, 5
waste rock, and 5 tailing samples were collected around the mine to assess their radiological hazards. The
average activity concentrations in soil were 54, 45 and 279 Bq kg™! for 22°Ra, 232Th and “°K. In contrast, tailings
exhibited higher activity concentrations of 70, 36 Bq kg™ for 22°Ra and 2%2Th, and significantly elevated levels of
877 Bq kg'1 for 4OK, while waste rocks showed intermediate values, with 66, 73 and 660 Bq kg'1 for 226Ra, 232Th
and “°K respectively. Radiological hazard indices were calculated to quantify potential risks. In soil, the radium
equivalent activity (Raeq) averaged 139 Bq kg™, the annual effective dose equivalent (AEDE) was 78 pSv y}, the
annual gonadal dose equivalent (AGDE) reached 430 pSv y!, and the excess lifetime cancer risk (ELCR) was 0.27
x 107 Tailings showed a Raeq of 189 Bq kg™, AEDE of 111 pSv y™!, AGDE of 678 pSv y’!, and ELCR of 0.39 x 10"
!, while waste rocks exhibited a Raeq of 200 Bq kg'!, AEDE of 108 pSv y', AGDE of 642 pSv y!, and ELCR of 0.37
x 1073, Notably, the ELCR values for tailings and waste rocks exceeded the global average of 0.29 x 107,
rendering them unsuitable for use as building materials. The absorbed dose rates were 69 nGy h™! for soil, 91 nGy
h! for tailings, and 88 nGy h™! for waste rocks. One-way ANOVA revealed significant differences (p < 0.05)
among the matrices. These findings underscore the need for targeted waste management and remediation
strategies to mitigate radiological health risks in the investigated mining area as well as other areas with similar
characteristics.

1. Introduction

Naturally occurring radioactive material (NORM) is found
throughout the Earth’s crust with concentrations that vary depending on
the local geology and geographical location (Michalik, Dvorzhak, &
Pereira, 2023; Sumary et al., 2024). The International Atomic Energy
Agency (IAEA) defines NORM in its glossary as “radioactive materials

containing no significant amounts of radionuclides other than naturally
occurring radionuclides” (Alharbi, 2024; IAEA, 2014, 2022). NORM
primarily consist of uranium (238U), thorium (232Th), and potassium
(40K), along with their decay products including radium (226Ra) (Kovler
et al., 2017) and radon gas (Sawe, 2023). NORM is typically present in
low levels in soil, water, plants, and air, posing minimal risk under
natural conditions.
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Anthropogenic activities, particularly those involving the extraction
and processing of large quantities of minerals, as is the case in gold
mining, are potential sources of NORM exposure. Despite the known
risks, there is presently insufficient data on the radiological impact of
large-scale gold mining in Tanzania, particularly concerning public
exposure and environmental contamination. This lack of data hinders
the development of an effective regulatory framework for radiation
protection in mining communities. Long-term exposure to NORM may
result in delayed health effects such as the development of certain forms
of cancer such as leukemia (Doyi et al., 2016; Focus et al., 2021; ICRP,
2019).

Research across Africa, including Cameroon, Egypt, Ethiopia, Ghana,
Kenya, Nigeria, and Tanzania, has shown that NORM activity concen-
trations vary widely. For instance, a study by Silver et al. (2016) in
Southwestern Uganda identified elevated levels of NORM in mine tail-
ings at the Mashonga Gold Mine. The absorbed dose rates were found to
be three times higher than global averages, leading to recommendations
against using these tailings as building materials. A similar study in
South Africa reported high activity concentration of NORM in gold
mines which exceeded the annual effective dose of 1 mSv per year limit
set by the International Commission on Radiological Protection (ICRP,
2007). However, differences in methodologies and sample collection
approaches make direct comparisons challenging. Previous studies in
South Africa have investigated radiological hazards in mining environ-
ments (Kamunda et al.,, 2016; Moshupya et al., 2022). Faanu et al.
(2011) and reported elevated NORM levels in soil, water, and vegetation
were also reported at the Tarkwa gold mine in Ghana. These results are
consistent with previous studies conducted in Ghana, Nigeria, and
Uganda (Faanu et al., 2012; Odelami et al., 2024; Silver et al., 2016).
However, unlike earlier studies, this research integrates geospatial
mapping and statistical correlation analysis to offer a more compre-
hensive assessment of radiological risks in a large-scale mining envi-
ronment (Rabuku & Malik, 2020; Tunde Ogundele et al., 2021).

Several studies have examined natural radioactivity in Tanzania
(Banzi et al., 2017; Haneklaus, 2024; Kazoka, Mwalilino, & Mtoni, 2023;
Lolila & Mazunga, 2023). However, most have focused on uranium
mining areas, phosphates and small-scale gold mining. Limited research
exists on radiation exposure from large-scale mining operations. This
study addresses this gap in the literature by utilizing spatial mapping
and statistical analysis to identify areas with elevated radiation levels,
providing a more detailed assessment of potential risks to the public.
Understanding the radiological risks associated with mining activities is
essential for improving safety measures and environmental management
practices. The results of this study will support the development of
evidence-based radiation protection policies and help regulatory bodies
determine the suitability of mine waste materials for various applica-
tions. Besides, this work will contribute to safeguarding public health
and ensuring sustainable mining practices in Tanzania and other coun-
tries, particularly in Africa. A comprehensive assessment of these factors
is essential to guide policy formulation, improve radiation protection
measures, and mitigate potential environmental and health hazards.
Specifically, this study evaluated the activity concentration of NORM in
soil, waste rocks and tailings at the Geita gold mine (GGM) in Tanzania.

2. Materials and methods
2.1. Description of the study area

This study was conducted at the GGM in the Geita District of the
Geita Region in Northwestern Tanzania. The GGM is one of the four
largest operational mines in Tanzania, contributing substantially to both
local and national economic development. The mine started operations
in 1936 and remained active until 1966 when it ceased operations due to
a financial crisis (Henckel et al., 2016). Following Tanzania’s economic
reforms the GGM resumed its operations in 2000 (Henckel et al., 2016).
The mine employs open-pit and underground mining methods to
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optimize gold extraction based on the geological characteristics of the
deposits (AngloGold, 2021). The mine is positioned at the headwaters of
the Mtakuja River, which flows into Lake Victoria (Emel et al., 2014).
The main economic activities around the mine include farming,
livestock keeping, and fishing. These activities are deeply intertwined
with the mining operations, as the communities rely on both land use for
agriculture and water from nearby sources, such as the Mtakuja River
and Lake Victoria. Surrounding the mining site are six villages:
Machinjioni, Mgusu, and Nyakabale in the Mgusu ward, and Mpomvu,
Nyamalembo, and Samina situated in the Mtakuja ward, as shown in
Fig. 1. These villages are directly influenced by the mining activities.
The socio-economic impacts of mining extend beyond job opportunities
and include significant concerns about environmental contamination,
particularly regarding land use and access to clean water resources.

2.2. Geology of the study area

The GGM deposit is situated within Archean-age rock formations,
which consist of banded iron formations (BIFs), felsic volcanic, and
andesite/diorite lithology (Kwelwa et al., 2018). Certain rocks, partic-
ularly BIFs and some volcanic and intrusive rocks, contain NORM such
as uraninite and thorite, which harbor uranium, thorium, and their
decay products (El Aref et al., 2020). Intermediate rocks like andesite
and diorite are also radioactive due to minerals such as amphibole and
biotite, which contribute to radiological risks in the mining area
(Kwelwa et al., 2018).

2.3. Sampling area

To determine the sampling locations, the AERMOD View Version
21112 dispersion model (Lu et al., 2024), which simulated the spread
and concentration of radionuclides based on the local meteorological
and environmental conditions (Cimorelli et al., 2004) was used. This
version of the AERMOD model was selected due to its advanced capa-
bilities in handling complex dispersion scenarios, including the ability to
incorporate detailed local meteorological data and topographical fea-
tures which are essential for accurate prediction in the mining envi-
ronment. The AERMOD View Version is widely used in environmental
science studies for modelling air quality, ensuring that the simulation
results reflect real-world conditions more reliably than other models.
The Visual Sampling Plan (VSP) tool was utilized to design a systematic
sampling approach, ensuring that the sample collection was statistically
representative and unbiased (Bhave & Sadhwani, 2022). This tool was
selected for its efficiency in optimizing sampling design, making it
suitable for complex environmental assessments and radiological hazard
studies (Lolila et al., 2022). The process involved the exportation of
annual ground-level concentration isopleths from the AERMOD View
program in shape file format to the VSP Tool Version 7.18, following the
guidelines provided by the U.S. EPA’s Data Quality Objectives (DQO)
process. Accordingly, a total of 31 sampling points were systematically
plotted and employed for sample collection in the study, as shown in
Fig. 2. In addition, judgmental sampling was used to collect five (5)
tailings and five (5) waste rock samples at designated locations.

2.4. Sample collection and analysis

A total of thirty-one (31) soil samples were collected at a depth of
0-30 cm using an open-end stainless-steel hand-held Auger corer with a
70 mm diameter from various predetermined locations around the mine,
as shown in Fig. 2. Similarly, five (5) tailing samples were collected from
a designated location at the tailing storage facility using the same
method. Additionally, five (5) waste rock samples were collected using a
shovel from designated waste rock dumpsites.

The collected samples were carefully packed and sent to the
Tanzania Atomic Energy Commission’s laboratory in Arusha for anal-
ysis. Upon arrival at the laboratory, the samples were oven-dried at
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Fig. 1. Shows (a) the location of the Geita Region within Tanzania, (b) the Geita Region, and (c) the villages surrounding the Geita Gold Mine (GGM).

80 °C until they reached a constant weight. The dried samples were then
ground and sieved using a 200 pm mesh screen to obtain a fine powder.
The sieved samples were then sealed in stainless steel canisters for 4
weeks to allow for the establishment of secular equilibrium between
226Ra, 22*Ra, and the short-lived daughters of 222pn and #*°Rn.

2.5. Analysis of radionuclides using gamma spectrometry

The samples’ radioactivity concentrations of 226Ra, 232Th, and “°K
were measured using a p-type coaxial high-purity germanium detector
(ORTEC® GEM40-83-SMP) inside lead shielding and connected to a
multichannel analyzer. The detector, with 40 % relative efficiency and
specific energy resolutions, was calibrated with a CBSS2 multi-nuclide
standard source. The data acquisition and analysis were performed
using an ORTEC® DSPEC-LF digital signal processor. The Gamma
Vision® software was used in spectrum analysis (ORTEC, 2020). The
specific activity concentration of 25Ra in the sample was determined
from the gamma-ray peaks at 609.3 keV (from 2'*Bi) and 351.9 keV
(from 2'“Pb). The concentration of 2*>Th was measured using the peaks
at 583.1 keV (from 2°TI) and 911.2 keV (from 228Ac). The activity
concentration of “°K was determined using the 1460.8 keV peak. The
activity concentration for each radionuclide of interest was calculated
using Eq. (1) (Kovler et al., 2017):

N,

A=———° 1
‘TP Fe*T*W M

where: A stands for the activity concentrations in the samples in Bq
kg~!, N, are the net counts per second (cps), P, are the gamma-line

emissions probabilities for particular radionuclides, ¢ are the gamma
line emission intensities (%), T are the counting times in seconds (s) of
the samples and W are the weights in kilogram (kg) of a specific sample.

2.6. Radiological hazard indices
(a) Radium equivalent activity (Raeq)

The radium equivalent activity (Raeq) is a calculated sum of the
hazards associated with 22°Ra, 232Th and “°K in a sample. It is crucial for
evaluating the overall radiation hazards posed by various radionuclides
present in the sample. It was calculated using Eq. (2) (Tufail, 2012):

Ra,y =Agrq +1.43Am, + 0.077Ak 2)

where Ag,, A, and Ag are the activity concentrations in Bq kg’1 of
226Ra, 232Th and 4OK, respectively. The accepted safety threshold of Raeq
is 370 Bq kg~! (UNSCEAR, 2020).

(b) External and internal hazard indexes (Hey and H;,)

The external and internal hazard indices (Hex and Hj,) were used to
assess the hazards imposed by gamma radiation from 22°Ra, 232Th, and
40K that are found naturally in soil. The external exposure is caused by
direct gamma radiation whereas the internal exposure is due to inha-
lation of radon and its short-lived decay products. The Hex and Hjj, values
were quantified using Egs. (3) and (4) (Akpanowo et al., 2020):

_Ara | Am Ag

ex Sl
370 259 4810

3)
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Fig. 2. A map showing the distribution of sampling points with labels.
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where Ag,, At and Ag assume their respective definitions as earlier
stated. The maximum allowed value for Hey and Hj, is 1, which corre-
sponds to the upper limit of Raeq (370 Bq kg h.

(c) Representative gamma index

The representative gamma index (Iy) is used to evaluate the con-
formity of soil to dose standards set for building materials (Ayeni &
Adebiyi, 2022). The gamma index (Iy) was computed using Eq. (5)
(Darwish et al., 2015; El-Gamal et al., 2007):

Are  Am | Ak

=300 " 200 * 3000

(5)

where Ag,, Ath and Ak assume their respective definitions as earlier
stated. Radiation safety is considered acceptable if I, < 1.

(d) Absorbed gamma dose rate (Dg)
The absorbed gamma dose rate (Dg) at 1 m above the ground surface

from the concentration of radionuclides in samples was computed using
Eq. (6) (UNSCEAR, 2020)

Dg (nGyh™') =0.462 Ag, +0.604Ar, + 0.0417A¢ ®)
where Ag,, Ath and Ag are defined as stated earlier.
(e) Annual effective dose equivalent (AEDE)

The annual effective dose equivalent (AEDE) was calculated using

Eq. (7) (Akpanowo et al., 2020; Taskin et al., 2009):
AEDE(pSvy ') =D(nGy h )*8760 hy '*0.2%0.7(Sv Gy ') x 10° (7)

An AEDE, limit of 1 mSv y ! is considered acceptable for the general
public (UNSCEAR, 2020).

(f) Annual gonadal dose equivalent (AGDE)

The annual gonadal dose equivalent (AGDE) is a measure of the dose
received by the gonads (organs responsible for gamete production) of an
exposed population over a year (Yachiso et al., 2023). This parameter is
important for assessing the potential hereditary effects of radiation
exposure to future generations. AGDE was calculated using Eq. (8)
(Adebiyi et al., 2021; Yachiso et al., 2023):

AGDE((pSvy™") = 3.09Ag, +4.18Ap, + 0.314A¢ ®)
where Ag,, Ath and Ak are defined as stated earlier.

(g) Activity utilization index

The activity utilization index (AUI) was calculated from the specific

activities of 2?°Ra, 2*2Th and “°K in the samples using Eq. (9)
(Chandrasekaran et al., 2014):

 Aw Am Ax
AUL= <so Bgkg ! )fR“ * (50 Bq kg1>f mt (500 Bq kg1>fK ©)

where fr,, f1h and fg with numerical values of 0.462, 0.604 and 0.041,
respectively, represent entire gamma dose fragmentary supplements for
226Ra, 232Th and K.
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(h) Excess lifetime cancer risk (ELCR)

The excess lifetime cancer risk (ELCR) is a measure of the probability
that a certain stochastic effect will occur in an individual exposed to low
doses of ionizing radiation over a given period (UNSCEAR, 2020). As
such, the ELCR was calculated by using Eq. (10) (Taskin et al., 2009):

ELCR = AEDE*DL*F (10)

where DL is the average life expectancy (70 years) and RF is the risk
factor (0.05 Sv 1) for the general public (UNSCEAR, 2020).

2.7. Statistical and spatial mapping method

IBM SPSS Statistics Version 25 and MS Excel 2016 software for
Windows were used for statistical analysis. Whereas the geological and
spatial maps were created using QGIS Version 3.16. In addition, the
Kriging interpolation technique, a geostatistical method, was applied to
create spatial distribution maps for radionuclide concentrations and
radiological indices. This method provided a reliable estimation of
values in unmeasured locations by considering both the distance and the
degree of variation between measured data points, enhancing the ac-
curacy of spatial analysis.

3. Results and discussion
3.1. Activity concentrations of *?°Ra, 2*2Th, and *°K for soil at GGM

The activity concentrations of 226Ra, 232Th, and “°K in soil samples
collected from various locations surrounding the GGM are shown in
Table 1. The activity concentration of ??°Ra ranged from 13 + 9 to 99 +
4 Bq kg, with an average of 54 & 3 Bq kg!. The activity of concen-
tration of 22Th ranged from 12 + 10to 74 + 2 Bq kg’l, with an average
of 45 + 1 Bq kg . For *°K the activity concentration ranged from 70 + 6
to 745 + 2 Bq kg~ !, with an average of 279 + 1 Bq kg™!. Compared to
the global average values reported by UNSCEAR, 2020 of 35 Bq kg ™! for
226Ra, 45 Bq kg ! for 222Th and 420 Bq kg ! for *°K, the average activity
concentration of 2*2Th and *’K in this study area are lower. The elevated
levels of 2°Ra exceed the global average values (UNSCEAR, 2020). The
elevated levels of 22°Ra may be attributed to variations in physical and
chemical properties of the soil along with solubility of radionuclides in
similar environmental condition (Pappa et al., 2016).

The elevated activity concentration of 22°Ra could also be associated
with the geological characteristics of the study area, which is composed
of intrusive rocks like andesite and diorite (Kileo et al., 2025). These
rocks are known to contain minerals such as amphibole and biotite, and
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(Kwelwa et al., 2018).

Table 2 provides a comparative summary of activity concentration
obtained in this study and those reported in literature from other gold
mining regions across Africa, as well a global reference values. The
average 22°Ra concentration of 54 Bq kg™! in this study exceeds the
global average but is lower than the values found at other locations.

The average activity concentration value of 22°Ra in this study (54 Bq
kg™ 1) exceeds the global average value but is still lower than 60 Bq kg ™!
that was for instance reported in Ghana (Faanu et al., 2012), 60 and 62
Bq kg ! reported in Nigeria by Amodu et al. (2024) and Odelami et al.
(2024) (See Table 2). Meanwhile, except for the values in Chad that were
reported by Samafou et al. (2023), studies from other regions (Faanu
et al., 2012; Odelami et al., 2024; Reddy et al., 2017; Yachiso et al.,
2023) report elevated activity concentrations for 2>2Th and *’K.

These discrepancies in concentrations across various studies suggest
that local geological settings and mining activities may significantly
influence the radionuclide content in soils. While the results from this
study indicate a moderate enhancement of 2?°Ra above the global
average, elevated concentration in other mining sites reflect diverse
geological and operational contexts. This observation underscores the
importance of conducting localized radiological assessments rather than
relying solely on global averages.

3.2. Radiological hazard indices of soil samples around the GGM

Table 3 presents a summary of the statistical results for the radio-
logical hazard indices of soil around the GGM site using different activity
indices calculated from the activity concentrations of 226Ra, 232Th, and
40K measured in soil samples collected around the mine area.

The Raeq varied from 50 + 4 to 227 + 5 Bq kg ! with an average of
139 =+ 5 Bq kg, indicating a considerable variability across the sam-
ples. Despite this variability, the results showed that the obtained Raeq
values were below the acceptable value of 370 Bq kg™!, which corre-
sponds to an annual dose of 1 mSv y ! to members of the public as re-
ported by UNSCEAR, 2020. As such, the Raeq value in soil samples from
the study area could be within safe limits, thus minimizing concerns
about potential exposure to harmful radiation levels in the studied area.

Table 3 also presents the external (Hex) and internal (Hj,) hazard
indices for the analyzed soil samples. The Hey ranged from 0.08 + 0.01
t0 0.62 =+ 0.02 Bq kg ! with an average of 0.35 & 0.5 Bq kg !, while the
Hj, ranged from 0.17 + 0.02 to 0.86 + 0.02 with an average of 0.53 +

Table 2
Comparative analysis of activity concentration of soil (Bq kg ') around the Geita
Gold Mine (GGM) with other mines, including global average values.

uranium-bearing minerals that contribute to higher 2?°Ra levels Country Activity concentration (Bq kg ) References
(Kwelwa et al., 2018; Saleh et al., 2021). Additionally, land reclamation #%y/*°Ra *’Th 4K
processes at the mine often involve waste rocks derived from excavation Tanzania 54+ 3 45+2 279+1  This study
activities, which may further increase the 226Ra activity concentration Ethiopia 4 53 392 Yachiso et al. (2023)
due to uranium-bearing rocks. Notably, most sampling points situated in Chad 30 12 234 Samafou et al. (2023)
the Nyakanga underground mine recorded activity concentrations that Ghana o4 68 1244 Faanu et al. (2012)
1 1 296 India 27 63 818 Reddy et al. (2017)
exceeded the global averages of 32 Bq kg™ " and 45 Bq kg™~ for ““°’Ra and Nigeria 60 161 665 Odelami et al. (2024)
32T, respectively. This trend reflects the influence of mining activities Nigeria 62 73 1135 Amodu et al. (2024)
and geological formations such as BIFs, which are rich in NORM Global mean value 35 45 420 UNSCEAR, 2020
Table 1
Comparison of the activity concentration of 2°Ra, 2*?Th, and “°K of soil with the global average values.
Range (Bq kg 1) Min. (Bq kg ") Max. (Bq kg™ 1) Mean + SD? Global mean (UNSCEAR, 2020) (Bq kg™)
(Bakg ")

226Ra 86 13+9 99 + 4 54 + 3 35

Z32Th 62 12+10 74 +2 45 +2 45

40K 675 70+ 6 745 £ 2 279 +£1 420
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Table 3
Comparative analysis of radiological indices of soil around Geita Gold Mine
(GGM) with global average values.

Range Minimum  Maximum  Mean + SD®  Global mean (
UNSCEAR,
2020)

Radiation indices
Raeq (Bq 178 50 227 139 +£5 370

kg™H
Hex 0.54 0.08 0.62 0.35 + 0.50 <1
Hin 0.69 0.17 0.86 0.53 + 0.01 <1
Dr (nGy 97 24 121 69 + 1.85 59

h™h
AEDE 100 30 130 78 +3 70

(nGy

h™h
AGDE 573 172 745 430 + 13 300

(mSv)
AUI 1.46 0.30 1.76 1+0.30 <2
Gamma 0.64 0.19 0.83 0.49 + 0.01 <1

I
ELCRout 0.36 0.1 0.46 0.27 £ 0.10 0.29

x 1073

0.01 It is noteworthy that all the obtained Hx and Hj, values reported in
this work were below the value of 1, thus minimizing the potential
external and internal hazards due to harmful radiation in the studied
areas especially when the soil from a certain area is going to be used as a
building material. The average Hex value in this study area is lower than
values reported in other countries, such as 0.61 in Kano, Nigeria (Bello,
Nasiru, Garba, & Adeyemo, 2019), 2.4 in Gauteng South Africa
(Kamunda et al., 2016) and 0.84 in China (Zhang, Huang, Yang, Tu, &
Jin, 2020). Similarly, the average Hj, value of the current study is lower
if compared to the 0.70 reported for the Rosterman Gold Mine in Kenya
(Khisa Wanyama et al., 2020).

The representative gamma index (I,) values ranged from 0.19 + 0.02
to 0.83 & 0.02 with an average of 0.49 + 0.01, as shown in Table 3. This
value was 51 % lower than the recommended threshold of 1, as stipu-
lated by UNSCEAR, 2020. Additionally, the activity utilization index
(AUI) ranged from 0.50 £ 0.09 to 1.83 + 0.07 with an average of 0.98
+ 0.07. Although the average AUI value was approximately equal to 1, it
remains below the recommended threshold of 2, which corresponds to
an annual effective dose of less than 0.3 mSv y’1 (UNSCEAR, 2020).
Similar studies, conducted in Gauteng, South Africa (Kamunda et al.,
2016), and Nigeria (Osimobi, Avwiri, & Agbalagba, 2018), reported
higher values exceeding the average representative gamma index (I,)
and AUI values obtained in this study, indicating potential radiological
risks. In contrast, the current study remains well below the threshold,
suggesting a comparatively safer condition. These findings indicate that
radiation exposure levels in the study area are within acceptable public
health limits and suggest that the soil is safe for unrestricted use in
construction without posing significant radiological risks. It is important
to note that these indices do not account for the potential concentration
of NORM through weathering or processing.

3.2.1. Absorbed dose rate (Dg) and annual effective dose equivalent
(AEDE)

The gamma absorbed dose rate Dy ranged from 24 + 2 to 121 + 2
nGy h™!, averaging 68 + 2 nGy h™!, while the annual effective dose
equivalent (AEDE) ranged from 30 =+ 2 to 130 + 3 pSv y !, with an
average of 78 + 25 pSv y*1 (Table 3). Both the average Dg and AEDE
values were slightly above the global averages of 59 nGy h~! and 70 pSv
y~1, respectively, as reported by UNSCEAR, 2020. This elevation may be
attributed to geological factors such as the mineral composition of the
soils or the presence of specific rock types in the study area (Kileo et al.,
2025). Nonetheless, the AEDE remains below the recommended limit of
1 mSv y ! for the public as stipulated by UNSCEAR, 2020 and ICRP
(2019). Although the radiation levels are elevated compared to
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worldwide background levels, they do not pose an immediate health risk
under current international guidelines. However, it is important to
consider that chronic exposure, even at lower levels, could result in
cumulative effects over time, especially for populations residing near
areas with ongoing mining activities. As such, future studies could
investigate the sources of variability in radionuclide concentrations and
explore potential correlations with other environmental parameters,
such as soil type, land use, and weathering processes.

3.2.2. Annual gonadal equivalent dose (AGED) and excess life cancer rate
(ELCR)

The annual gonadal dose equivalent (AGDE) values computed in this
work ranged from 172 + 13 to 745 - 17 pSv y*, with an average of 430
+ 13 pSv y !, exceeding the global average value of 300 pSv y ! by
approximately 42 %. While this indicates a higher radiation burden on
sensitive reproductive tissues, it is still slightly lower than AGDE values
reported in other African mining regions, where values were reported to
be as high as 439.73 pSv y~! (Ademola, Bello, & Adejumobi, 2014) for
Ghana and even 2083 pSv y~! (Aborisade et al., 2018) for Nigeria.
Additionally, the AGDE in this study is comparable to findings in
southeastern Nigeria, where the average value were reported to be
around 414 pSv (Tunde Ogundele et al., 2021). The relatively high
AGDE values observed in this study are likely influenced by the elevated
concentrations of 2?Ra and 2?Th, which contribute significantly to
gonadal radiation exposure. Although the average AGDE indicates
somewhat higher radiation exposure than the global average for soil, it
remains below the threshold of 1 mS y ™! for significant radiological
health hazards.

The excess life cancer risk (ELCR) quantifies the probability of
developing cancer over a lifetime at a given exposure rate (Atipo et al.,
2020). In this study, the average ELCR ranged from 0.10 x 107> to 0.46
x 1072 with an average of (0.27 4 0.01) x 1073, These findings indicate
that the ELCR from external exposure in the study area can be consid-
ered low. Importantly, the observed ELCR was below the global
threshold of 0.29 x 1072 as specified by UNSCEAR, 2020, suggesting
that, under current conditions, the radiological exposure from the
measured radionuclides poses a minimal radiological health risk to the
local population. Nevertheless, it is important to consider that envi-
ronmental conditions and exposure scenarios may change over time. As
such, ongoing monitoring is essential, particularly in regions impacted
by mining activities, to detect any shifts in radionuclide concentrations
or exposure pathways.

3.3. Activity concentrations of ??°Ra, 2*?Th, and *°K in tailings

The activity concentrations of 2?Ra, 2*?Th, and “°K in tailings
ranged from 66 + 1.2 to 73 + 3 Bq kg~ ! with an average activity con-
centration of 70 + 2 Bq kg*l for 226Ra, while that of 232Th ranged from
32 + 1.5 to 39 + 1.6 Bq kg~ ! with an average activity concentration of
36 + 2 Bq kg~ L. For *K the activity concentration ranged from 820 + 74
to 964 + 89 Bq kg~ ! with an average activity concentration of 878 + 80
Bq kg ™! as shown in Table 4. The activity concentrations of 22°Ra and

Table 4
Comparison of the activity concentration of 22°Ra, 232Th, and “°K of tailings with
the global average values.

Sample ID Specific Activity Concentration (Bq kg™!)
226p, 232 40

TS1 72 36 881

TS2 66 32 820

TS3 73 36 964

TS4 69 38 858

TS5 69 39 867

Range 66-73 32-39 820-964

Average + SD* 70+2 36+2 878+80

Global mean values (UNSCEAR, 2020) 35 45 420
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Table 5
Comparative analysis of activity concentration of tailings (Bq kg 1) around Geita
Gold Mine (GGM) with other mines, including global average values.
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Table 8
Calculated activity concentrations of radionuclides in waste rocks, compared to
global average values.

Country Activity concentration (Bq kg™) References Sample ID Specific Activity Concentration (Bq kg™ ")
226p4 2327, o 226p, 232 4oy
Tanzania 70 36 878 This study WR1 70 + 2.3 49+ 1.6 672 +£13
South Africa 485.3 43.9 422.6 Kamunda et al. (2016) WR2 73 +29 95 + 2.1 707 + 14
Uganda 58.7 193.5 892.9 Silver et al. (2016) WR3 62+ 1.8 77 £1.1 729 + 19
Nigeria 14.5 10.45 332.7 Bamidele and Edun (2024) WR4 59+ 1.6 66 £ 1.9 628 + 16
Fiji 19.5 129.06 86 Rabuku and Malik (2020) WR5 69 £+ 2.1 79 + 2.7 567 + 14
Global mean 35 45 420 UNSCEAR, 2020 Range 59 £1.6-73 49 £+ 2-95 567 + 14-729 +
+3 +2 19
Average + SD? 67 £1 73 +1 661 + 7
40K in the tailings were approximately twice the global average values of Global mean (UNSCEAR, 35 45 420

35 Bq kg~ ! and 420 Bq kg%, respectively (UNSCEAR, 2020). These
elevated levels suggest a significant accumulation of radionuclides in the
waste materials generated during gold extraction. Comparable studies
conducted in South Africa and Uganda have also reported elevated
radionuclide concentrations in gold mine tailings, further emphasizing
the need for stringent monitoring and mitigation strategies (Kamunda
et al., 2016; Silvester, Lowndes, & Hargreaves, 2009). Such accumula-
tions pose potential environmental and public health risks, especially
when tailings are inadequately managed or used in construction or
agriculture.

The exceedance of the activity concentration of “°K could be attrib-
uted to the geological characteristics of the Archean green belt geology,
with gold mineralization hosted in mafic volcanic rocks and sedimentary
units with shear zones and faults (Kileo et al., 2025; Kwelwa et al.,
2018). To further contextualize the data, the summarized findings were
compared with other literature data from different gold mines in
Table 5. Radiological hazard indices of the tailings were further
compared to global averages in Table 6.

While the average activity concentration of 22Ra, 2%2Th, and “°K in
this study exceeded the global average values reported by UNSCEAR,
2020, they also surpassed the value of 14.5 Bq kg ™!, 10.45 Bq kg ™! and
332.7 Bq kg ™! reported by Bamidele and Edun (2024) for a gold mine in
Nigeria. In contrast, the activity concentration values of 2*2Th, and “°K
reported in this study were lower than 193 Bq kg ! and 892.9 Bq kg ! as
reported by Silver et al. (2016) for tailings of the Mashonga gold mine in
Uganda. Furthermore, the activity concentration of 225Ra in the current
study is approximately 86 % lower than the 485 Bq kg™ ! reported by
Kamunda et al. (2016) for tailings at a gold mine in Gauteng, South

2020)

Africa. These differences reflect the variations in radionuclide concen-
trations that are influenced by geological formation. Geological forma-
tions such as BIFs, felsic volcanic rocks, and intrusive rocks like andesite
and diorite, common in the Geita region, are often enriched with ura-
nium and thorium-bearing minerals so that they can show elevated
NORM concentrations (Kileo et al., 2025).

3.4. Radiological hazard indices (Raeq, Hin, Hex, I, and AUI) of tailings

Table 7 shows the summary of calculated radiological hazard indices
of the analyzed tailings. The Raq values ranged from 176 & 7 to 199 +
Bq kg~! with an average of 189 + 8 Bq kg™ showing moderate vari-
ability across the samples. The obtained average Raeq value in the tailing
samples was found to be approximately 49 % lower than the Raeq value
of 370 Bq kg~ !, which corresponds to an annual effective dose of 1 mSv
y~! (UNSCEAR, 2020) (see Table 8).

Furthermore, the average Raeq value obtained in the study area was
approximately 57 % lower than the Raeq value of 439.2 Bq kg~ ! reported
by Silver et al. (2016) for tailings at the Mashonga gold Mine in Uganda.
This difference could likely be attributed to variations in the local ge-
ology and mining practices, since the Mashonga mine site may have
more uranium-rich deposits or more intensive mining operations that
could liberate more radionuclides.

The calculated average Hey values from the mine tailings ranged
from 0.47 + 0.02 to 0.54 + 0.02, with an overall average of 0.51 + 0.02.

Table 6
Radiological hazard indices (Racq, Hex, Hin, I, and AUI) of tailings, compared to global average values.
Sample ID Raeq (Bq kg ™) Hex Hin I AUI
TS1 191 0.52 0.71 0.71 1.17
TS2 176 0.47 0.65 0.66 1.07
TS3 199 0.54 0.73 0.74 1.19
TS4 188 0.51 0.69 0.70 1.16
TS5 192 0.52 0.70 0.71 1.18
Range 176-199 0.47-0.54 0.65-0.73 0.66-0.71 1.07-1.19
Average + SD? 189+ 8 0.51 £+ 0.02 0.69 £ 0.02 0.71 £ 0.02 1.15+ 0.03
Global mean (UNSCEAR, 2020) 370 <1 <1 <1 <2
Table 7
Radiological hazard indices (Dg, AEDE, AGDE, and ELCR) of tailings, compared to global average values.
Sample ID Dg (nGy h™1) AEDE (pSvy 1) AGDE (uSv) ELCR x 1073
TS1 92 112 597 0.36
TS2 84 103 678 0.34
TS3 96 117 638 0.38
TS4 90 111 648 0.36
TS5 92 112 377 0.37
Range 84-96 103-117 597-678 0.36-0.41
Average + SD* 91 +4 111 +6 642 + 12 0.39 &+ 0.003
Global mean (UNSCEAR, 2020) 59 70 <1000 0.29
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Similarly, the H;j, values ranged from 0.65 + 0.02 to 0.73 + 0.03, with
an average value of 0.70 £+ 0.02 (Table 7). These averages are approx-
imately 49 % and 30 % lower than the threshold value of 1, as recom-
mended by UNSCEAR, 2020, indicating that the radiological hazards
from the tailings are within acceptable safety limits for public exposure.

When compared with findings from other mining regions, the hazard
indices in the present study are comparatively low. For example,
Kamunda et al. (2016) reported significantly elevated Hey and Hj, values
at 2.4 and 4.5, respectively, in gold mining areas of Gauteng, South
Africa. Similarly, Olayemi et al. (2024) observed hazard indices of 2.39
and 4.15 in pegmatite mines at Komu in southwestern Nigeria, implying
substantially higher risks in those regions compared to the tailings of the
GGM.

The lower hazard indices in the present study can be attributed to
moderate activity concentrations of radionuclides, particularly 2?°Ra
and 2*%Th, in the tailings. This suggests that although mining processes
at the GGM lead to a redistribution of NORM, the degree of enrichment
is less severe than in other regions with similar activities. Nevertheless,
continuous monitoring is essential to ensure that future changes in
radionuclide leaching or environmental conditions are promptly iden-
tified, particularly in areas near residential or agricultural zones that are
adjacent to the tailings storage facility.

The calculated gamma index (Iy) values for tailings ranged from 0.66
+ 0.03 to 0.71 + 0.03, with an average of 0.71 + 0.03. This value is
below the threshold limit of 1, as recommended by (UNSCEAR, 2020).

The calculated activity utilization index (AUI) values for tailings
ranged from 1.07 + 0.16 to 1.19 + 0.19, with an average of 1.15 +
0.017. This average AUI value is below the safety threshold of 2, which
corresponds to an annual effective dose of less than 0.3 mSv y !
(El-Gamal et al., 2007). These findings indicate that the tailings at the
GGM site may exhibit relatively low radionuclide enrichment in terms of
their contribution to radiological exposure. An AUI value below the
threshold suggests that the tailings do not contribute significantly to the
external dose, thereby reducing the likelihood of adverse health effects
in the surrounding population.

3.5. Radiological hazard indices (Dgr, AEDE, AGDE and ELCR) of tailings

The average Dy values for tailings ranged from 84 + 4 to 96 + 4 nGy
h~!, with a mean of 91 + 4 nGy h~! (See Table 7). The mean Dg value is
approximately 35 % higher than the global outdoor mean value of Dg of
59 nGy h™! reported by UNSCEAR, 2020. The elevated Dy in tailings
indicates a slightly enhanced concentration of radionuclides, particu-
larly 22°Ra and 232Th, which can be directly linked to the geological
characteristics of the mined ore and the methods used for mineral
extraction and processing. Compared to other regional studies, the Dg
value in this study was about 78 % lower than the values of 407 and
413.5 nGy h™! reported for tailings in South Africa by Moshupya et al.
(2022) and Kamunda et al. (2016), respectively. Furthermore, the
average Dy value is about 50 % lower than the 191.2 nGy h™! reported
for tailings at the Mashonga Gold Mine in Uganda (Silver et al., 2016).
The disparities in these dose rates likely reflect differences in the
geological formation of the respective mine sites as well as differences in
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the processing methods. The observed Dy value at the GGM is unlikely to
cause adverse radiological effects. However, localized variations and
prolonged exposures warrant further investigation to fully ascertain any
long-term radiological implications.

On the other hand, the calculated AEDE values from tailings ranged
from 103 & 6 to 117 + 6 pSv y !, with an average of 111 + 2 pSv y ..
This average value was approximately 37 % higher than the global
average AEDE value of 70 pSv y~! for outdoor terrestrial radiation, as
reported by UNSCEAR, 2020. The elevated AEDE value can primarily be
attributed to the increased absorbed dose rate (Dg) observed in the
tailings. Since the AEDE is derived from the Dg, the enhanced presence
of natural radionuclides, particularly 2*°Ra and 232Th, directly con-
tributes to the higher effective dose received by individuals living or
working in the proximity to the mine. When compared with findings
from other mines, the observed AEDE values in this study aligned with
the results reported by Kamunda et al. (2016), who found slightly higher
AEDE values of 120 pSv y ! in South African mine tailings, likely due to
elevated concentrations of thorium and radium. Similarly, the present
AEDE is significantly lower (71 % lower) than the higher value of 390
uSv y ! reported by Silver et al. (2016) for the Mashonga Gold Mine in
Uganda. While the AEDE values in this study remain below the recom-
mended public exposure limit of 1000 pSv y~ ICRP (2007), the cumu-
lative exposure over time, particularly for workers and local populations
still warrants continuous monitoring.

The AGDE values for the tailings ranged from 597 + 27 to 678 + 27
pSv y~ !, with an average of 678 + 12 uSv y 1. This average AGDE value
exceeds the global average of 300 pSv y ! reported by UNSCEAR, 2020
by approximately 53 %, indicating an increased radiological burden on
the gonadal tissues of individuals exposed to the tailings. The elevated
AGDE values could be attributed to the enhanced concentrations of ra-
dionuclides, particularly 226Ra, 232Th, and “°K, present in the tailings.
Given that gonadal tissues are among the most radiosensitive organs
(UNSCEAR, 2020), prolonged exposure even at these levels could in-
crease the risks of heritable genetic mutation and reproducibility health
effects. Comparative studies in other mining environments also report
elevated AGDE values. For example, Aborisade et al. (2018) reported
values exceeding 2000 pSv y~! in Nigerian gold mining sites, while
Tunde Ogundele et al. (2021) observed average values around 414 pSv
y~!in southeastern Nigeria. Although the AGDE values at the GGM site
are lower than some high-risk sites, the present levels still warrant
caution and continued monitoring, especially in communities near
tailings storage facilities or where tailings are repurposed for agriculture
or construction.

The estimated ELCR values for the tailings ranged from (0.36 +
0.02) x 103 to (0.41 £ 0.02) x 1073 with an average of (0.39 £ 0.004)
x 1073, This average exceeds the global average threshold of 0.29 x
1073 reported by UNSCEAR, 2020, representing an approximate 20 %
increase above the global average. However, the ELCR values observed
in this study are significantly lower by 74 % than the value of 1.3 x 107>
reported by Silver et al. (2016) for tailings from the Mashonga gold mine
in Uganda. These comparative results suggest that while the ELCR in the
present study is elevated relative to the global average, it is still signif-
icantly lower than values observed in other gold mining regions.

Table 9

Radiological hazard indices (Racq, Hex, Hin, I, and AUI) of waste rocks, compared to global average values.
Sample ID Raeq (Bq kg ™) Hex Hin Iy AUI
WR1 193 +£3 0.52 + 0.01 0.71 £ 0.01 0.71 £ 0.01 1.30 £ 0.1
WR2 264 + 4 0.71 £ 0.01 0.91 £ 0.02 0.96 £ 0.02 1.89 £ 0.1
WR3 120 + 3 0.32 £ 0.01 0.49 + 0.01 0.41 £+ 0.01 1.04 + 0.1
WR4 200 + 3 0.54 + 0.01 0.70 £ 0.01 0.73 £ 0.01 1.38 £ 0.1
WR5 226 £5 0.61 £ 0.01 0.80 £+ 0.02 0.81 £ 0.02 1.64+0.1
Range 193-226 0.32-0.71 0.49-0.91 0.41-0.96 1.04-1.89
Average + SD? 200 £ 2 0.54 £ 0.01 0.72 £+ 0.04 0.72 £ 0.01 1.45 + 0.03
Global mean (UNSCEAR, 2020) 370 <1 <1 <1 <2
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Table 10

Radiological hazard indices (Dg, AEDE, AGDE and ELCR) of waste rocks, compared to global average values.
Sample ID Dr (nGy h™1) AEDE (pSv h™) AGDE (pSv) ELCR x 1072
WR1 71+ 2 87 +11 648 £ 6 0.31 £+ 0.02
WR2 121 £ 2 149 +£ 13 597 £ 6 0.52 £+ 0.02
WR3 53+1 65+9 698 + 5 0.23 £+ 0.02
WR4 93+2 114 +£ 10 638 +3 0.40 £+ 0.02
WRS 103 + 2 127 £ 14 648 £ 6 0.44 £+ 0.02
Range 53-121 65-149 597-698 0.23-0.52
Average + SD* 88 +1 108 £5 642 + 2 0.38 £ 0.01
Global mean (UNSCEAR, 2020) 59 70 300 0.29

However, there are concerns regarding potential health risks associated
with the use of these tailings for construction purposes, as the estimated
radiological parameters exceed the recommended safety limits.

3.6. Activity concentrations of ?°Ra, 2*?Th, and *°K in waste rocks

The activity concentrations of 226Ra, 232Th, and “°K in waste rocks
ranged from 59 + 1.6 to 73 + 3 Bq kg~! with an average activity con-
centration of 67 = 1 Bq kg~! for 22°Ra, while that of 232Th ranged from
49 + 2 to 95 + 2 Bq kg~ ! with an average activity concentration of 73 +
1 Bq kg~ . For *’K, the activity concentration ranged from 567 = 14 to
729 + 19 Bq kg~ ! with an average activity concentration of 661 & 7 Bq
kg! for “°K as shown in Table 9. The obtained activity concentration
values of 2?°Ra, 2%2Th, and “°K are 47 %, 38 % and 36 % higher than the
global average values of 35 Bq kg~ for 22°Ra, 45 Bq kg~! for 232Th, and
420 Bq kg! for “°K, respectively as reported by UNSCEAR, 2020
(Table 10). These elevated activity concentrations suggest that the waste
rocks contain higher levels of NORM compared to the global averages,
which may pose radiological concerns if the waste rocks are not properly
managed. The higher concentration of 2?°Ra in particular is noteworthy,
as radium isotopes are known to be more radiotoxic and can pose
long-term health risks. The presence of “°K at relatively high levels,
while not as radiotoxic as radium or thorium, can still contribute to
overall radiological exposure, particularly when the waste rocks are
close to human habitation or utilized as construction materials.

The high activity concentration of 2?Ra, 232Th and “’K in the waste
rocks could be attributed to the presence of intrusive igneous rocks,
which are linked to the BIFs, which are known to have uranium and
thorium (Kileo et al., 2025).

3.7. Radiological hazard indices (Raeq, Hin, Hex, I, and AUI) of waste
rocks

The Ragq values in waste rocks ranged from 120 + 3 to 264 + 4 Bq
kg1, with an average of 200 + 2 Bq kg™! (See Table 9). The measured
average Raeq value is 46 % lower than the global threshold of 370 Bq
kg1, which corresponds to an annual effective dose of 1 mSv y ! for
members of the public. Since the average Raeq in this study is signifi-
cantly below the threshold value, it suggests that the radiological hazard
from these waste rocks is likely to be minimal under typical exposure
scenarios.

The calculated Hex and Hj, values ranged from 0.32 + 0.01 to 0.71 +
0.01 and 0.49 + 0.01 to 0.96 + 0.02 with average values of 0.72 + 0.04
for Hexy and 0.54 + 0.01 for Hj,. Both indices are below the safety
threshold of 1 recommended by UNSCEAR, 2020, indicating minimal
radiological health risks to the local population from the waste rocks.
Compared to similar studies, Silver et al. (2016) reported average Hex
and Hj;, values of 1.1 and 1.3 at the Mashonga gold mine in Uganda.

The gamma index (I,) ranged from 0.41 + 0.01 to 0.96 + 0.02 with
an average of 0.72 + 0.01. The average value of I, did not exceed the
threshold value of 1 reported by UNSCEAR, 2020, indicating that the
radiological risks associated with the measured waste rocks are within
acceptable limits. However, the potential long-term exposure risks

suggest that the waste rocks may not be entirely safe for use as con-
struction materials. It is noteworthy that other studies reported higher I,
values. At the Mashonga mine in Southwestern Uganda, Silver et al.
(2016) reported for instance an average I, value of 1.5, which is 33 %
higher than the value in this study. These comparisons highlight how
important the local geology is for determining the gamma indices. Areas
rich in uranium-containing minerals often show higher gamma index
values. Studies done in uranium-rich mining locations in South Africa
(Kamunda et al., 2016) for example, have shown higher gamma index
values, which closely correspond with the presence of uranium-bearing
materials. Comparably, studies conducted in gold mining areas in Ghana
(Faanu et al., 2016) show that greater gamma index values are corre-
lated with heightened radioactive concentrations. These results are in
line with international studies (UNSCEAR, 2019) stressing how the
ambient radiological dangers depend on the mineralogical makeup of a
given location.

The activity utilization index (AUI) obtained for the waste rocks
ranged from 1.04 + 0.01 to 1.89 + 0.1 with an average value of 1.45 +
0.03. These values are below the threshold of 2, corresponding to an
AEDE value below 1 mSv y !

3.8. Radiological hazard indices (Dr, AEDE, AGDE and ELCR) of waste
rocks

The gamma absorbed dose rate (Dg) from the investigated waste
rocks ranged from 53 + 1 to 121 + 2 nGy h™!, with an average value of
88 + 1 nGy h™!. This average D is about 32 % higher than the world-
wide average value of 59 nGy h™! reported by UNSCEAR, 2020.
Compared to similar studies, the Dy is about half as low as the value of
181.2 nGy h™! reported by Silver et al. (2016) at the Mashonga gold
mine in Uganda.

Despite the higher values compared to the global average, the Dg in
this study is still within the range observed in other mining environ-
ments, suggesting manageable radiological risks. However, the AEDE
from the waste rocks ranged from 65 + 13 to 149 + 13 pSv y ! with an
average of 108 + 5 uSv y 1. The average AEDE value was approximately
35 % higher than the global average of 70 pSv y ! reported by
UNSCEAR, 2020. In comparison with other studies, the AEDE in this
study is 70 % lower than the reported AEDE of 370 pSv y ., at the
Mashonga gold mine Silver et al. (2016) and about 14 % higher than the
value of 93 pSv y ! recorded at the Perseus Mine in Ghana (Faanu et al.,
2016).

The AGDE ranged from 597 + 6 to 648 + 6 pSv y ' with an average
of 642 + 2 uSv y~ L. This value is approximately 2 times higher than the
global average value of 300 pS y! as reported by UNSCEAR, 2020,
which indicates significant radiological risks to sensitive tissues,
particularly the reproductive organs, from prolonged exposure. The
close similarity suggests comparable radionuclide distributions and
geochemical compositions in the waste rocks of both study areas. The
elevated AGDE levels are likely attributed to thorium-rich minerals in
the study area.

The estimated early lifetime cancer risk (ELCR) values obtained from
the waste rocks ranged from (0.23 + 0.02) x 1073 to (0.52 £+ 0.02) x
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Fig. 3. Spatial distribution of the specific activity of (a) 226Ra, (b) 232Th, and (c) *°K, and the radiation hazard indices (d) Ra.q, () Hey, and (f) Hy,, around the Geita

mining area.

10_3, with an average of (0.38 + 0.01) x 1073, The average ELCR ob-
tained in this study is approximately 24 % higher than the global
threshold of 0.29 x 1073, indicating elevated potential cancer risk from
long-term exposure. The ECLR is about 75 % lower than the value of 1.5
x 1072 reported at the Mashonga gold mine in Uganda (Silver et al.,
2016). These findings reflect variability in radionuclide concentrations
influenced by the local geological formations. They underscore the need
to restrict the use of waste rocks as a construction material to mitigate
potential long-term health risks.

10

3.9. Spatial distributions of the NORM across the mining area

The activity concentrations of 226Ra, 2%2Th, and “°K exhibited
notable spatial variability across the study area, reflecting the interplay
of geological, environmental, and potentially anthropogenic factors. The
highest activity concentrations of 22°Ra were observed in areas with
specific activity concentrations of 82-102 Bq kg~! displayed in darker
red patches (Fig. 3(a)). These elevated levels may be linked to radium-
enriched geological formations in this region, potentially influenced
by uranium-bearing minerals that decay to produce radium (Kwelwa
et al., 2018). The activity levels of 2>2Th showed significant spatial
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Table 11
Pearson correlation analysis between the calculated radiation hazard indices.
232Ra 232Th 40K Raeq Hiy Hex L AUI Dy AEDE AGDE
232Ra 1
2321h 0.554" 1
40K 0.427° 0.282 1
Ragq 0.838" 0.762% 0.690" 1
Hi, 0.795" 0.578" 0.663" 0.862" 1
Hext 0.882° 0.589" 0.608" 0.884" 0.986" 1
I, 0.772% 0.554" 0.701" 0.855" 0.997¢ 0.977¢ 1
AUI 0.445" 0.414" 0.359* 0.480" 0.417° 0.433" 0.411° 1
Dr 0.002 —0.094 0.124 —0.033 0.135 0.107 0.136 0.292 1
AEDE 0.650" 0.396* 0.850" 0.755" 0.875" 0.844" 0.891° 0.400" 0.306 1
AGDE 0.818" 0.695" 0.687 0.945" 0.794" 0.825" 0.791° 0.491° —0.059 0.712% 1

# Correlation is significant at the 0.01 level (2-tailed). *Correlation is significant at the 0.05 level (2-tailed).

variation, with the activity level 62-77 Bq kg~! displaying the highest
concentrations, as highlighted by the darker green patches (Fig. 3(b)).
The localized enrichment in thorium could also result from geological
factors, such as the presence of igneous rocks. For “°K, the highest
concentrations of 489-745 Bq kg~! were observed in the dark light
green patches (Fig. 3(c)). A distinct west-to-east concentration gradient
was noted, likely reflecting the influence of potassium-rich feldspar
minerals in the bedrock. The distribution of *°K suggests a direct link to
the region’s geological characteristics, making it a valuable marker for
underlying lithology.

The levels of Raeq exhibited wide spatial variability, with the highest
values ranging from 168 to 227 as indicated by the darker purple shades
(Fig. 3(d)). This pattern aligns with the elevated levels of 226Ra and
232Th in these regions. Conversely, lower Raeq values were observed in
the western parts, characterized by lighter purple shades (Fig. 3(d)).
This uneven distribution, with clusters of higher and lower values, in-
dicates localized sources of radionuclides rather than a uniform
gradient. The levels of Hex and Hj,, which represent the external and
internal radiation hazards, respectively, varied spatially. The lowest
values were found in the western and central part of the study area
(Fig. 3(e) and (f)), correlating with the elevated levels of 226Ra and
2327,

The spatial variability in radionuclide activity concentrations and
associated indices emphasizes the influence of underlying geology, such
as potassium-rich bedrock and thorium-bearing formations, as well as
potential anthropogenic contributions. The clustering of high and low
values underscores the need for localized environmental monitoring and
radiological risk assessments. These findings are critical for guiding land
use, public health measures, and sustainable resource management in
the region.

3.10. Pearson correlation coefficient results

The correlation analysis was carried out as a bivariate statistic to
determine the mutual relationships and strength of association between
pairs of variables through the linear correlation coefficients. The results
of the Pearson coefficients are shown in Table 11.

In this study, the terms ‘strong’, ‘moderate’, and ‘weak’ as applied to
correlation coefficients refer to absolute coefficient values of >0.75,
0.75-0.50 and 0.50-0.36, respectively (Tanaskovic, Golobocanin, &
Miljevi¢, 2012). A moderate positive correlation is observed between
226Ra and 2%2Th (r = 0.554) because the uranium and thorium decay
series exist together (Chandrasekaran et al., 2014; Tanaskovi¢, Golo-
bocanin, & Miljevi¢, 2012) and while a weak correlation was observed
between 232Th and “°K (r = 0.427). A positive correction was observed
for the Raeq, with *32Ra, 232Th, Hey, Hin, I;, AGDE and AEDE (r = 0.833,
0.762, 0.884, 0.862, 0.855, 0.945 and 0.755), respectively. Hey has a
strong positive correlation with Hj, (r = 0.986) and I, (r = 0.977),
indicating their close association as radiological hazard indices. A weak
correlation was observed between AUI with 226Ra, 232Th, 40K, Raeq, Hex
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and Hj,, AEDE, and AGDE (r = 0.445, 0.414, 0.359, 0.480, 0.417, 0.411,
0.400 and 0.491), respectively. A weak correlation was observed be-
tween Dy with all the radionuclides and radiological hazard indices.

3.11. One-way ANOVA test results

The one-way ANOVA results revealed statistically significant differ-
ences (p < 0.05) in radiological hazard indices among soil, tailings and
waste rock samples, with tailings and waste rocks displaying notably
higher values. Post-hoc analysis using the Games-Howell test further
confirmed that tailings exhibited the highest radionuclide concentra-
tions and radiation exposure risks, significantly differing from soil
samples (p < 0.001). However, no significant difference was found in
the Dy values (p = 0.210), suggesting that gamma radiation exposure
risks remain relatively similar across the three sample types. This
highlights the need for targeted risk mitigation strategies for tailings and
waste rock disposal, considering their elevated radiological indices.

The post-hoc (Games-Howell) test was also applied to calculate the
source of significant differences. The outcome of the test revealed that
there was a statistically significant mean difference between soil and
tailings of —50.04 (p < 0.001) and between soil and waste rocks of
—59.65 (p = 0.025). This suggests that the measured tailings and waste
rocks are significantly more radioactive than the soil. Importantly, there
was no significant difference between the Raeq values of the tailings and
those of the waste rocks (p = 0.814).

The Hj, values were significantly lower in soil compared to tailings
(mean difference = —0.137, p < 0.001). However, no significant dif-
ferences were found between values for the soil and those of the waste
rocks (p = 0.126) or between tailings and waste rocks (p = 0.906). This
suggests that the mining process, particularly in tailings, leads to a
higher concentration of 23Th compared to soil, but waste rocks do not
significantly contribute to this increase in activity.

The Hey values were significantly lower in soil compared to tailings,
with a mean difference of —0.175 (p < 0.001), indicating that tailings
pose a higher external radiation hazard than soil. No significant differ-
ence was observed between soil and waste rocks (p = 0.087) or between
tailings and waste rocks (p = 0.929).

Significant differences were found between soil and tailings (mean
difference = —0.209, p < 0.001), with soil exhibiting lower represen-
tative gamma index values. This result suggests that tailings show higher
levels of gamma radiation, indicating a higher potential radiological
risk. Again, there were no significant differences observed between soil
and waste rocks (p = 0.129), or between tailings and waste rocks (p =
0.974).

A significant difference was observed between soil and tailings, with
tailings having an AUI (mean difference = —0.170, p = 0.036). How-
ever, no significant difference was found between soil and waste rocks
(p = 0.078) or between tailings and waste rocks (p = 0.453). This sug-
gests that the mining process increases the alpha uncertainty index,
particularly in tailings, compared to soil. Tailings showed a significantly
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higher gamma dose rate than soil (mean difference = —21.71, p <
0.001), while waste rocks did not show a significant difference from
either soil or tailings (p = 0.210 and p = 0.987, respectively). This in-
dicates that tailings are a major source of radiation exposure compared
to soil, while waste rocks do not significantly contribute to radiation
dose rates.

The comparison revealed that both tailings and waste rocks had
significantly higher AEDE values compared to soil. Specifically, the
mean difference between soil and tailings was —98.10 (p < 0.001), and
between soil and waste rocks was —99.52 (p = 0.017). These findings
suggest that tailings and waste rocks pose a greater radiological risk in
terms of annual effective dose compared to soil. No significant difference
was found between tailings and waste rocks (p = 0.998), indicating that
both sources have similar radiological risks in terms of AEDE.

The AGDE was significantly higher in tailings compared to soil (mean
difference = —33.44, p < 0.001). No significant differences were found
between soil and waste rocks (p = 0.195) or between tailings and waste
rocks (p = 0.987). This reinforces the conclusion that tailings pose a
significantly higher gamma radiation risk compared to soil.

The radiological hazard indices measured in this study, including
Raeq, Hex, Hin, I, Dr, AEDE and AGDE, consistently exhibited higher
values in tailings compared to soil (Faanu et al., 2014). This indicates
that gold mining tailings contain a significantly higher concentration of
radionuclides, which may pose long-term risks to both human health
and the environment if not properly managed. To mitigate these risks,
mining companies and regulatory authorities should consider imple-
menting stricter containment measures for tailings, including lined
storage facilities and controlled disposal protocols (Dixon-Hardy &
Matthew, 2007). Additionally, continuous environmental monitoring
should be conducted to assess changes in radiation levels over time and
initiate interventions if necessary (Tripathi, Sahoo, Jha, Khan, & Pur-
anik, 2008). Furthermore, local communities should be educated on
potential exposure risks and provided with guidelines on safe land use
practices near mining areas.

4. Conclusions

Activity concentrations of 22Ra, 2?Th and *°K of soil, tailings and
waste rock samples around the Geita Gold Mine (GGM) in Tanzania was
determined using the gamma spectrometry. The average activity con-
centrations of 22°Ra in soil (54 + 3 Bq kg™1), tailings (70 + 2 Bq kg™1)
and waste rocks (67 + 1 Bq kg™1), 2?Th in soil (45 + 1), tailings (36 + 2
Bq kg™1), and waste rocks (73 + 1 Bq kg~ !) were compared to the global
averages of 45 Bq kg ™!, and *°K soil (279 + 1 Bq kg™ 1), tailings (878 +
80 Bq kg™!) and waste rocks (661 + 7 Bq kg™1) compared to the global
average value of 35 420 Bq kg™!. The activity concentrations of >2°Ra
and *’K followed the trend: tailings > waste rocks > soil sample, while
for 232Th, the trend was waste rocks > soil > tailings. The study also
revealed significant spatial variability in the activity concentrations of
226Ra, 232Th, and 40K, as well as their associated radiological hazard
indices across the study area. The highest activity levels of 22°Ra were
observed in the northeastern part of the GGM, while the 232Th concen-
trations were most elevated in the central and southeastern regions. For
40K, the northeastern area displayed the highest concentrations, with a
general gradient of increasing levels from west to east, most probably
linked to potassium-rich feldspar bedrock.

The spatial distribution of the radium equivalent activity (Raeq)
mirrored the variability in the radionuclide concentrations, with the
highest values concentrated in the central and southeastern regions and
lower values in the west and northeast. Similarly, the radiation hazard
indices (Hex and Hj,) exhibited localized peaks in the northeastern
corner, indicating potential zones of slightly increased radiological risk.

The uneven distribution patterns observed for radionuclides and
their hazard indices emphasize the influence of underlying geology,
with contributions from potassium-rich and thorium-bearing rocks. A
strong correlation is observed between ?2°Ra and 2*2Th, while a weak
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correlation is observed between “°K and 22°Ra as well as 232Th. It is also
found that a positive correlation exists between Raeq with all the ra-
dionuclides and the rest of the radiation hazard indices.

The findings indicate that while the radiological indices for soil
samples remain below the average global values stipulated by
UNSCEAR, waste rock samples exhibit elevated levels that slightly
exceeded average global values. This suggests a potential long-term
radiological health risk, particularly if these materials are used in con-
struction or other human activities. To mitigate these risks, strict regu-
latory measures should be enforced to ensure proper disposal and
containment of mining waste and tailings. Additionally, further envi-
ronmental health impact assessments are recommended to evaluate
long-term exposure risk for communities residing near the GGM.
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