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Abstract

This study investigates the natural radioactivity and associated radiological hazards of felsic rocks in the
Archaean Granite Greenstone Terrane of Bulawayo (AGGTB), Zimbabwe Craton. Firstly, the activity
concentrations of the 2*®U decay series, 2*?Th decay series, and “°K non series radionuclides in twenty four (24)
representative felsic rock samples collected from the three main exposed felsic rock units in the AGGTB,
namely younger porphyritic granites, fenitised granites and older gneissic granites were determined using a High
Purity Germanium (HPGe) gamma-ray spectrometry detector system. Subsequently, the radiological hazard
parameters quantifying the associated radiation exposure of its inhabitants to the 23U decay series, 2*>Th decay
series and “°K non series radionuclides within the exposed felsic rock units in the AGGTB were computed. The
mean activity concentrations for the 2*%U decay series, 2*?Th decay series and “°K non series radionuclides for
the younger porphyritic granites were found to be 177.885 + 0.009 Bq/kg, 252.261 + 0.021 Bg/kg and 1422.178
+ 0.071 Bg/kg, respectively. The mean activity concentrations for the 238U decay series, 2*?Th decay series and
40K non series radionuclides for the fenitised granites were found to be 137.788 + 0.007 Bg/kg, 253.724 + 0.021
Bq/kg and 1799.935 + 0.087 B/kg, respectively. The mean activity concentrations for the 28U decay series,
232Th decay series and “°K non series radionuclides for the older gneissic granites were found to be 40.889 +
0.003 Bg/kg, 102.698 £+ 0.009 Bg/kg and 1175.093 + 0.063 Bg/kg, respectively. These results show that the
natural radioactivity in the AGGTB, particularly in areas underlain by both the younger porphyritic granites and

the fenitised granites may pose some radiological health risks to its inhabitants.

Key Words: Natural radioactivity; Zimbabwe Craton, Archaean Granite Greenstone Terrane of

Bulawayo, Gamma spectrometry.

Introduction

On Earth human beings are continuously exposed to ionising radiation from both natural and anthropogenic

sources. However, natural sources of radiation are widely recognised as the most significant means by which



human beings are exposed to ionising radiation sources (Zubair & Shafiqullah, 2020). The United Nations
Scientific Committee on the Effects of Atomic Radiation (UNSCEAR) estimates that the world population’s
average annual effective dose from natural radiation sources is about 2.8 mSv (UNSCEAR, 2000). With the
natural radiation exposures in human beings arising from both internal and external exposure pathways (Abdel
Gawad et al., 2022). Internal exposures are due to inhalation of radionuclides which emit alpha, beta and gamma
radiation inside the human body whereas external exposures are essentially due to the radioactive decay of
radionuclides present in the environment (Salupeto-Dembo, 2020). Among the natural radiation sources
contributing to external exposures, cosmic rays (i.e. cosmic radiation) and terrestrial radionuclides and their
decay products (i.e. terrestrial radiation) are the largest contributors (Dina et al., 2022). The primary sources of
cosmic radiation in the environment being the galaxies in outer space as well as the Sun. The interaction of these
cosmic rays with atmospheric atoms results in the generation of secondary sources of extra-terrestrial radiation,
i.e. cosmogenic radionuclides. Common cosmogenic radionuclides in our environment include: tritium (°H),
beryllium-7 ("Be) and carbon-14 (*C) (Laubenstein & Lawson, 2020). However, of these three commonly
occurring cosmogenic radionuclides, only *H and '“C contribute significantly to radiation exposure in human
beings (Bajoga, 2016; Xhixha, 2013). However, only a minor component (about 0.4 mSv) of the world
population’s average annual effective dose from natural radiation sources at the Earth’s surface is attributed to
cosmic radiation sources (IAEA, 2004; UNSCEAR, 2000).

Thus the major contribution to natural background radiation at the Earth’s surface is attributed
terrestrial radiation, i.e. the radioactive of naturally occurring radionuclides present in the Earth. UNSCEAR
estimates that the world population’s average annual effective dose from terrestrial radiation is about 2.4 mSv
(UNSCEAR, 2000). The terrestrial radiation contribution is mainly due to the radioactive decay of the uranium-
238 (**®U) and thorium-232 (**2Th) decay series as well as the non-series potassium-40 (“°K) (Isinkaye &
Emelue, 2015; Sharma, 2025). Since, “)K is the only radioactive isotope of potassium, the gamma rays emitted
from its radioactive decay can be used to estimate the concentrations of potassium present in the natural
environment. However, the radioactive decay of the **U and 2**Th series towards stable end members, 2°Pb and
208pb, respectively are accompanied by the emission of alpha, beta and gamma radiation (Cinelli et al., 2019).
Both the 2*8U and #*’Th decay series are typically long and complex, for example, the 28U decay series which is
the longest natural decay chain, decays into stable 2°Pb via fourteen decays (eight alpha decays and six beta
decays) (Eikenberg, 2002). However, both the ?*®U and 2*’Th naturally occurring radionuclides are not primary
gamma emitters, being themselves alpha emitters. As a result the terrestrial gamma radiation contribution
attributed to these two primordial radionuclides is based on gamma-rays emitted by their daughter products, not
from the 238U and ?*?Th radionuclides themselves (alpha emitters). Therefore, the concentrations of the 2**U and
22Th radionuclides in the environment can be measured using gamma-ray spectrometry related to their
respective gamma-emitting progeny. Such measurements are accurate, provided the 2*¥U and 2**Th radionuclides
are in secular equilibrium with their respective gamma-emitting daughter products (Alharbi, 2016; Cinelli et al.,
2019; TAEA, 2003; Khan et al., 2023). Because these major contributors to terrestrial gamma radiation
exposures in human beings, i.e. 28U, 2*2Th and *K radionuclides are characterised by relatively long half-lives
that are comparable to the age of the Earth, they are often present in measurable concentrations in the
environment (Plant et al., 1999). However, these dominant terrestrial gamma radionuclides are present in

variable amounts in our environment, i.e. their concentrations vary from place to place, mainly according to



geology (Bezuidenhout, 2019; Kerur et al., 2010; UNSCEAR, 2000). Generally, for rocks, an increase in silica
(Si0,) content results in an increase in the concentrations of these dominant terrestrial radionuclides in the
environment as well (Mason & Moore, 1982). Therefore, areas that are predominantly underlain by granitic or
felsic rich rocks generally contain higher natural background radiation levels compared to areas predominantly
underlain by mafic or sedimentary rocks (Akingboye & Ademila, 2019).

Since granitic rocks are the most abundant rocks of mountain belts and continental shield regions
(Kerur et al., 2010), around the world there are several regions characterised by high concentrations of terrestrial
radionuclides. Still, there are very few regions in the world which have anomalously high levels of natural
background radiation; such regions are commonly referred to as high background radiation areas (HBRAs).
Notable HBRAs in the world include: Yangjiang in China, Guarapari in Brazil, Karunagappally in India as well
as Ramsar and Mahallat in Iran (Sreedharan & Geetha, 2016). The HBRAs in Brazil, China and India are all
attributed to the presence of monazite, i.e. a reddish-brown phosphate mineral which is a significant source of
rare earth elements, whilst the HBRAs at both Ramsar and Mahallat in Iran are attributed to the presence of
anomalously high concentrations of radium-226 (**Ra) and its daughter products, which are brought to the
Earth’s surface by hot sulphurous springs (Sohrabi, 2013; UNSCEAR, 2018). Therefore, inhabitants of some of
these HBRAs can receive annual effective doses due to natural background radiation that are above the safety
limit of 1 mSv recommended for the public by the International Centre for Radiological Protection (ICRP)
(ICRP, 1991). Owing to the health risks associated with the exposure to natural background radiation, most
countries across the world are now routinely monitoring the natural background radiation levels in their
environment, especially radon (Aghdam et al., 2021).

However, in the Southern African nation of Zimbabwe very little is known concerning the occurrences
and distributions of naturally occurring radionuclides across the country. This is despite the fact that the country
is predominantly underlain by an exposed basement complex known as the Zimbabwe Craton, which is
characterised by a high proportion of granites relative to greenstones of ~ 5:1 (Jelsma & Dirks, 2000). Thus the
Zimbabwe Craton, like other Archaean cratons elsewhere in the world is characterised by a preponderance of
outcropping granitic rock units of various ages and compositions which are typically enriched in uranium,
thorium and potassium radioelements, suggesting that its inhabitants may be exposed to high natural
background radiation. Thus radionuclides activity concentrations and distributions measurements across the
Zimbabwe Craton are particularly important in terms of determining the natural background radiation exposure
to the inhabitants. The present study investigates the natural radioactivity and associated radiological hazards of
the main exposed felsic rocks in one of Zimbabwe’s numerous Archaean Granitic Greenstone Terranes, in this

case the Archaean Granite Greenstone Terrane of Bulawayo (AGGTB).
Regional Geological Setting of the Archaean Granite-Greenstone Terrane of Bulawayo

The Bulawayo Greenstone Belt (BGB) is situated in the south-central portion of the Zimbabwe Craton.
Lithologically, typically of greenstone belts elsewhere in the world, the BGB consists of a supracrustal
succession of volcanic and sedimentary rocks, i.e. volcano-sedimentary sequences, overlying the granitic-
gneissic basement complex of the Zimbabwe Craton. In addition these volcano-sedimentary sequences in the
BGB are marked by a low grade metamorphism, i.e. alteration of the basic volcanic rock mineral assemblages to

green coloured chlorite-epidote-actinolite mineral assemblages (Hofmann et al., 2023). Structurally however,



the BGB forms a large tricuspate synclinorium of volcano-sedimentary successions which are both surrounded
and locally intruded by older granitic-gneissic basement rocks and younger granitoid batholiths respectively
(Hofmann et al., 2023). These intrusive younger granitoids batholiths, which are of varying compositions and
ages, are believed to have been emplaced episodically within the BGB during a time span of at least 200 Ma, i.e.
from ~ 2.7 Ga to 2.5 Ga. However, three distinct episodes of granitoid batholith emplacements can be
recognised within the BGB (Garson, 1995). With the first recognised episode of granitoid emplacement in the
BGB occurring at ~ 2.7 Ga, which resulted in the formation of massive granitic batholiths ranging in
composition from plagioclase-rich trondhjemite and hornblende-bearing tonalite gneisses, and granodiorites, i.e.
Tonalite-Trondhjemite-Granodiorite (TTG) batholiths. These sodium-rich TTG batholiths which are to be found
widely scattered across the BGB are correlatives of the ~ 2.7 Ga Sesombi Suite of Granitoids of the Zimbabwe
Craton (Wilson et al., 1995). In the BGB, these sodium-rich TTG batholiths are represented by the Esigodini
(Essexvale) and Heany (Ncema) Tonalites (Garson, 1995). The second recognised episode of granitoid
emplacement in the BGB is believed to have occurred at ~ 2.6 Ga, resulting in the formation of large potassium-
rich porphyritic monzogranites batholiths. These potassium-rich porphyritic granitoids are correlatives of the ~
2.6 Ga Chilimanzi Suite of Granitoids of the Zimbabwe Craton (Hofmann et al., 2023). In the BGB, these
potassium-rich, i.e. potassic-rich granites porphyritic monzogranites are represented by the Matopo Adamellite
and the Falls Road Porphyritic Granite (Garson, 1995). The last recognised episode of granitoid emplacement in
the BGB is generally correlated with the period of widespread emplacement of discrete granitoid batholiths into
an already consolidated, tectonically stable Zimbabwe Craton, which is believed to have occurred ~ 2.5 Ga. In
the BGB, these relatively late-stage granitoid intrusions are represented by the Hillside Syenite Intrusion (HSI)
(Garson, 1995). Thus, the BGB and its surrounding gneissic terrane and intruding Late Archaean granitoid

batholiths together constitute the so called ‘Archaean Granite-Greenstone Terrane of Bulawayo (AGGTB) °.
Local Geological Setting of the Study Area

The study area comprises a significant portion of the Bulawayo City Council’s Municipal Areas, i.e. the City of
Bulawayo’s built up areas or town-lands, and is situated between latitudes 20°.02° and 20°.14> South of the
Equator and longitudes 28°.30” and 28°.40° East of the Greenwich Meridian. It covers an area that extends for
approximately 140 km?, with the Central Business District of Bulawayo (CBDB), situated approximately at its
centre (Figure 2.1).
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Figure 2. 1: Local Geological Map of the Study Area, showing a central greenstone zone separating two distinct

granitic regions modified after (Garson, 1995; Turner, 1991).



Figure 2.1 shows that the study area can be broadly divided into three distinct geological regions, namely (i) the
Northwestern Granitoid Zone (NGZ), (ii) the Southeastern Granitoid Zone (SGZ) and (iii) a Central Greenstone
Zone (CGZ). With the areas predominantly underlain by granitic and syenitic rocks occupying the northwestern
and southeastern regions of the study area, respectively and are separated from each other by a broad belt of
greenstones (the predominant basalts and the volumetrically minor andesites) i.e. the Central Greenstone Zone
(CGZ). In addition both the central greenstone belt and the granitic and syenitic rocks of the AGGTB are
intruded by numerous Early Proterozoic mafic (dolerite) dykes and sills, belonging to the Umkondo Group
(Garson, 1995).

Materials, Equipment and Methods

Rock Sample Collection and Preparation Procedures

Three principal felsic lithotypes are recognised in the study area, namely: (i) the younger porphyritic granites in
the NGZ, (ii) the older gneissic granites in the NGZ and (iii) the syenites (fenitised granites) in the SGZ (Figure
3.1 to Figure 3.3).

Figure 3.1: Representative coarse grained younger porphyritic granite hand specimen from the NGZ.



Figure 3.2: Representative purplish-brown, fine to medium grained gneissic granite hand specimen from the
NGZ. NB: Faint foliation displayed by a preferred orientation of elongate quartz and trails of pale green
acicular hornblende and pale brown, partly chloritized biotite (i.e. the gneissic granites are also spotted with

green chlorite.)

Figure 3.3: Representative porphyritic syenite hand specimen from the SGZ. NB: Visualize the medium to
coarse grained reddish (pinkish) feldspar-rich rock with, a porphyritic texture.

A total of twenty four (24) representative felsic rock samples were collected from different representative
granitic and syenitic outcrops throughout the AGGTB, namely: fifteen (15) younger porphyritic granites rock
samples and four (4) older gneissic granites rock samples from the NGZ and five (5) porphyritic quartz syenites,
i.e. fenitised granites rock samples from the SGZ. In addition an extra (1) tonalitic granitic sample was collected
from the ruins of the collapsed old Riverside/Buena Vista Dam embankment, i.e. felsic rock sample which is

foreign to both the granitic rock units of the NGZ and SGZ, to be used as the control sample (Figure 3.1). The



collected 25 felsic rock samples were thoroughly cleaned with distilled water to remove any potential sources of
contamination brought from the field. The felsic rock samples were then later left to dry overnight in a
laboratory oven at 110 ° C to remove any moisture from the felsic rock samples (Omonya, 2021). These

representative felsic rock samples were then later milled to yield fine grain powdered felsic rock samples using a

laboratory ball mill.
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Figure 3.1: Study area terrain base map showing the representative felsic rock sample locations in the AGGTB.
Gamma Spectrometric Measurements

Prior to gamma-ray spectrometry analyses, the powdered felsic rock samples were kept for a period of at least
30 days in hermetically sealed Marinelli beakers to ensure that secular radioactive equilibrium conditions were
established between 2?°Ra, ??Rn and its progeny before counting (Isinkaye & Emelue, 2015; Khan et al.,
2023). After achieving secular radioactive equilibrium conditions, the gamma-ray spectrometry analyses were
carried out at the Radiation Protection Authority of Zimbabwe (RPAZ) - Radiochemistry Laboratory, Harare
using a cylindrical co-axial High Purity Germanium (HPGe) gamma-ray spectrometry detector system from
Mirion Technologies (Canberra) Model GX4020. The electrically cooled GX4020 HPGe detector has an
energy resolution, i.e. full width at half maximum (FWHM) of 2.0 keV at 1.33 MeV and 1.10 keV at 122 keV,
respectively for cobalt-60, with relative efficiency of 40 %. The GX4020 HPGe detector has a 10 cm lead
shielding on all sides with inner copper and tin lining to achieve the lowest possible background level. The
HPGe detector’s efficiency calibration was carried out using the Laboratory Sourceless Calibration Software
(LabSOCS), run through Canberra’s Genie 2000 Software, and cross-checked against measured efficiencies
from certified point sources at four reference energies (122, 662, 1173, and 1332 keV). A simplified cylindrical
Marinelli beaker geometry configuration with a sample filling height (FH) of 35 mm was selected for the



HPGe detector’s efficiency calibration process. The gamma-ray spectra were acquired and analysed using the
Canberra Genie 2000 Software (Canberra, 2006). The gamma-ray spectra of each sample were measured for a
period of 172800 s. However prior to the samples measurements the environmental gamma background
radiation at the laboratory was determined using a Marinelli beaker filled with non-radioactive deionised water
under identical measurement conditions and later subtracted from the measured gamma ray spectra of each
sample. The following gamma-ray photo peaks were utilised for the activity concentrations analyses of the 28U

decay series, 2*’Th decay series and *°K non series radionuclides:

(i) Uranium (**®U): Assuming secular equilibrium conditions between the 2¥U-parent and progeny nuclides,
i.e. 22 Ra and decay products 2'“Pb and 2'*Bi. The activity concentration of the 2*U was then determined
indirectly from the specific gamma-ray emission lines of the 22°Ra progeny: 2“Pb at 295.21 keV (19.20 %) and
351.92 keV (37.20 %) and 2'“Bi at 609.31 keV (46.30 %) and 1120.29 keV (15.10 %), respectively.

(ii) Thorium (*?Th): Assuming secular equilibrium conditions between the 2*2Th-parent and progeny nuclides,
i.e. 212Pb and 228 Ac-progeny, the activity concentration of 2*?Th was then determined indirectly from the specific
gamma-ray emission lines of its progeny: 2!2Pb at 238.63 keV (44.60 %) and *?Ac at 338.32 keV (11.40 %),
911.60 keV (27.70 %) and 969.11 keV (16.60 %), respectively.

(iii) Potassium (*°K): This was measured directly from the analysis of its specific gamma-ray emission line at

1460.81 keV (10.67 %).

As a result the activity concentrations of the 28U decay series radionuclides were calculated as the weighted
arithmetic mean of the activity concentrations of the gamma-emitting 2'“Pb and 2'“Bi radionuclides calculated
using the Genie 2000 Software. Accordingly, the 28U decay series radionuclides activity concentrations

uncertainties in the analysed granitic rock samples were calculated as:
AZ8U decay series = ((A 2'“Bi)> + (A2'“Pb)?)12 3.1

where A?'*Bi and A 2'*Pb are the uncertainties associated with the activity concentrations of the ?'*Bi and 2'“Pb

radionuclides, respectively calculated using the Genie 2000 Software.

Similarly, the activity concentrations of the 2*’Th decay series radionuclides were derived based on the
assumptions of secular radioactive equilibrium conditions in the 2**Th radionuclide and its progeny, in this case
212pb and *2Ac radionuclides. Thus, in this study the activity concentrations of the 2?Th decay series
radionuclides were calculated as the weighted arithmetic mean of the activity concentrations of the gamma-
emitting 2'?Pb and 2?8Ac radionuclides calculated using the Genie 2000 Software. Accordingly, the 23>Th decay
series radionuclides activity concentrations uncertainties in the analysed granitic rock samples were calculated

as:
ATh decay series = ((A*?8Ac)? + (A 2'2Pb) 2) 1”2 3.2)

where A??Ac and A 2'?Pb are the uncertainties associated with the activity concentrations of the ?28Ac and ?'?Pb

radionuclides, respectively calculated using the Genie 2000 Software.



Computation of Radiological Hazard Parameters

The following radiological parameters were determined for this study using the activity concentrations data
obtained from the gamma spectrometry analyses of the representative granitic rock samples from the AGGTB:
(i) the absorbed gamma dose rate in air (D), (ii) the annual effective dose equivalent (AEDE), (iii) the radium
equivalent activity concentration index (Rae), (iv) the external hazard index (Hex), (v) the excess lifetime

cancer risk (ELCR).
The absorbed gamma dose rate in air (D)

The absorbed gamma dose rate (nGy/h) in air from exposure to the three dominant naturally occurring
radionuclides at 1 m above the ground in the AGGTB were determined from the activity concentrations of >*°Ra,

232Th and “)K, using (Equation 3.3).

nG
D (Ty) =0. 4'62ARa—226 + 0. 604’A1h_232 + 0. O4'17AK_4,0 (3 3)
where Ara226, Athos2 and Ag. are the activity concentrations of 2?Ra (**®U) assuming secular equilibrium
conditions in the 28U decay series, 2*?Th decay series and “°K, respectively (expressed in Bg/kg) and 0.462,
0.604 and 0.0417 are their respective dose conversion factors. These radionuclide dose conversion factors are

expressed in units of nGy/h per Bg/kg (UNSCEAR, 2000).
The annual effective dose equivalent (AEDE)

The annual effective dose equivalent (AEDE) provides a means to express the irradiated dose of the human
body from the naturally occurring radionuclides. The outdoor annual effective dose equivalent rates were

calculated using (Equation 3.4) (UNSCEAR, 2000).

0.7x107°Sv

& (3.4)

mSv 107Gy
AEDE <T) = Absorbed dose —h x8760(h)x0.2 x

where 0.7 Sv/Gy is the factor which is used to convert absorbed dose rate in nGy/h to equivalent effective dose
rate in mSv/y, and 0.2 is occupancy factor, i.e. the proportion of the average time spent outdoors by an

individual (UNSCEAR, 2000).
Radium Equivalent Activity Concentration Index (Rac,)

Since the distribution of the three dominant naturally occurring radionuclides, i.e. 23U decay series, 232Th decay
series and *°K, is not uniform in the Earth’s crust, the effects of these radionuclides on human beings also vary
from one radionuclide to another. Therefore in order to assess the combined radiological risk posed by these
naturally occurring radionuclides, the radium equivalent activity index (Racq) was determined using Equation
3.5:

Bq

Raeq (E) = AU—238 +1.43 ATh—232 + 0. O77AK_40 ( 3. 5)



where Auyoss, Amoas and Ak are the activity concentrations of the 23%U, 2*?Th and “°K radionuclides,
respectively (expressed in Bg/kg). The maximum allowed value of Raq is 370 Bq/kg, which is the equivalence

of an annual gamma radiation dose of 1.5 mSv/y (Baz et al., 2015).

External hazard index (H o

In order to ensure that the external radiation exposure due to the 238U decay series, **™ decay series and “°K non
series radionuclides in the analysed granitic rock samples from the AGGTB is within the recommended annual
dose equivalent of 1 mSv/y, the external hazard index, Hex was determined using (Equation 3.6):

H _Ay_233  Arp-232 | Ak-10
ex —

<1 3.6

370 259 4810 — (3.6)
where Ay.ss, ATh3 and Ak 49 are the mean activity concentrations of the 23%U decay series, 2*2Th decay series
and “°K non series radionuclides, respectively. The radiation hazard is generally considered insignificant when

the value of Hex is lower than unity, i.e. the equivalence of the maximum allowable radium equivalent activity of

370 Bg/kg (OECD, 1979).
The Excess Lifetime Cancer Risk (ELCR)

The probability of inhabitants of the AGGTB developing cancer as a result of lifetime exposure to ionizing
radiation from the naturally occurring radionuclides in their environment, i.e. the excess lifetime cancer risk
(ELCR) was determined using (Equation 3.7) (UNSCEAR, 2000):

ELCR = AEDE xDL x RF 3.7
where AEDE is the annual effective dose equivalent, DL, is the average lifespan of human beings, typically 70
years and RF is the risk factor of fatal cancer per Sievert which is 0.05 Sv*! for stochastic effects based on the

recommendations of the ICRP60 for the general public (ICRP, 1991).

Results and Discussion

Gamma-ray spectrometric characteristics of the felsic rock units in the Archaean Granite-Greenstone

Terrane of Bulawayo

The gamma-ray spectrometric characteristics of the three dominant felsic rock units in the AGGTB are

presented separately in the following sections.
Activity concentrations of naturally occurring radionuclides in the Northwestern Granitic Zone

The activity concentrations of the naturally occurring radioactive radionuclides, namely the 233U decay series,
22Th decay series and “°K non series radionuclides, in four selected representative older gneissic granitic rock
samples from the AGGTB, which were measured using the GX4020 HPGe detector, are presented in Table 4.1.
The activity concentrations of the 23U decay series radionuclides in the gneissic granites, varied from 34.428 +
0.003 Bg/kg, obtained for the flat gneissic granitic rock pavements at High Mount to 51.631 + 0.003 Bg/kg,

obtained for the exposed gneissic granitic rock outcrops, a few metres from the confluence of the



Matsheumhlope stream and the Bulawayo Spruit at Sauerstown, with an average value of 40.889 + 0.003 Bq/kg
for the entire region. The activity concentrations of the >*Th decay series radionuclides for the gneissic granites
rock varied from 74.725 + 0.007 Bg/kg, obtained at High Mount to 113.970 £ 0.010 Bq/kg, obtained for the
weathered gneissic granitic pavements next to the Breedon Everad, with an average value of 102.698 + 0.009
Bg/kg for the entire region. Lastly, the “°K non series radionuclides activity concentrations in the gneissic
granites varied from 1126.872 + 0.062 Bqg/kg obtained at Highmount to 1225.579 + 0.066 Bg/kg recorded at
Sauerstown, with a mean value of 1175.093 £ 0.063 Bq/kg for the entire region.

Table 4. 1: Activity concentrations of the 233U series, 232Th series and “’K non series radionuclides in areas

underlain by the older gneissic granites in the NGZ.

Sample Sample Locality Mean activity Mean activity Mean activity
Name

28U decay series 232Th decay series 40K non series (Bg/kg)

(Ba/kg) (Ba/kg)

AGGTBI High Mount 34.428 +0.003 74.725 £ 0.007 1126.872 + 0.062
AGGTB2 Sauerstown 39.909 + 0.003 111.301 £ 0.009 1225.579 £ 0.066
AGGTB3 Breedon Everard 37.587 +0.003 113.970 £ 0.010 1219.295 £ 0.065
AGGTB4 Sauerstown 51.631 £ 0.003 110.794 +0.009 1128.624 + 0.059
Average= Standard Error 40.889 = 0.003 102.698 +0.009 1175.093 + 0.063

The activity concentrations of the 28U decay series, *Th decay series and *°K non series radionuclides obtained
from the GX4020 HPGe detector analyses of fifteen (15) selected representative younger porphyritic granitic
rock samples from the NGZ are given in Table 4.2. The activity concentrations of the 23U decay series
radionuclides in the younger porphyritic granites, varied from 77.778 + 0.005 Bqg/kg obtained at Princess
Margaret Outcrops, Richmond to 304.644 + 0.015 Bg/kg obtained at Richmond, with an average value of
177.885 + 0.009 Bg/kg. The 2**Th decay series radionuclides activity concentrations in the younger porphyritic
granites varied from 207.545 + 0.017 Bg/kg obtained at Cowdray Park to 313.198 + 0.025 Bq/kg obtained at the
younger porphyritic granite outcrops exposed along the Old Victoria Falls Road, with an average value of
252.261 +0.021 Bg/kg for the entire region. Lastly the *“°K non series radionuclides activity concentrations in the
younger porphyritic granites varied from 1065.958 + 0.057 Bqg/kg obtained at Emakhandeni to 1819.024 + 0.092
Bq/kg obtained at Mzilikazi, with a mean value of 1422.178 + 0.071 Bq/kg for the entire region.

Table 4.2: Activity concentrations of 28U decay series, 2**Th decay series and *“°K non series radionuclides in

areas underlain by the younger porphyritic granites in the NGZ.



Sample Locality Mean activity Mean activity Mean activity
238U decay series 232Th decay series 4K non series (Bq/kg)
(Bq/kg) (Ba/kg)
AGGTBS Old Falls Road 243.790 £ 0.011 313.198 + 0.025 1393.338 £ 0.058
AGGTB6 Mzilikazi 241.822 £0.012 248.330 = 0.021 1819.024 + 0.092
AGGTB7 Richmond 304.644 £ 0.015 304.359 + 0.025 1792.206 + 0.092
AGGTBS Mpopoma 171.195 + 0.009 274.937 £ 0.023 1181.416 + 0.061
AGGTB9 Entumbane 118.855 +0.007 247.339 +0.020 1451.328 £ 0.076
AGGTB10  |Richmond 204.272 £ 0.011 281.272 £ 0.023 1556.740 + 0.080
AGGTBI15 Barbourfields 253.932 +0.013 249.533 +0.021 1447.154 +0.079
AGGTBI16 Cowdray Park 123.220 + 0.007 207.545 +0.017 1426.892 £ 0.073
AGGTB17 Cowdray Park 93.649 + 0.006 210.108 £ 0.017 1512.771 £ 0.078
AGGTBIS Emakhandeni 158.405 + 0.007 225.212+0.018 1505.532 +0.063
AGGTBI19 Emakhandeni 285.825+0.014 216.551 +0.018 1065.958 £ 0.057
AGGTB21 Manyewu 98.316 + 0.006 234.953 £ 0.020 1644.635 + 0.085
AGGTB22 Richmond 136.478 + 0.006 229.363 +0.018 1139.660 + 0.048
AGGTB23 Glenville 156.092 + 0.008 291.948 + 0.024 1210.417 £ 0.064
AGGTB24  |Richmond 77.778 + 0.005 249.272 + 0.021 1185.604 + 0.063
Average + Standard Error 177.885+0.009 252.261 = 0.021 1422.178 +0.071
Range 77.778 = 0.005 207.545 £ 0.017 1065.958 + 0.057
304.644 + 0.015 313.198 £ 0.025 1819.024 + 0.092

The activity concentrations of the 233U decay series, 23°Th decay series and “°K non series radionuclides obtained

from the GX4020 HPGe gamma-ray spectrometry analyses of five (5) selected representative fenitised granitic

rock samples, i.e. porphyritic quartz syenite rock samples are presented in Table 4.3. The activity




concentrations of the 233U decay series radionuclides in the fenitised granites, varied from 63.305 + 0.004 Bg/kg
at Hillside to 215.825 + 0.011 Bq/kg at Mqabukho Heights, with an average value of 137.788 + 0.007 Bg/kg.
The 2?Th decay series radionuclides activity concentrations in the fenitised granites, varied from 132.746 =
0.011 Bg/kg at Hillside to 427.746 + 0.035 Bq/kg at Hillside, with a mean value of 253.724 + 0.021 Bg/kg.
Lastly the “°K non series activity concentrations varied from 1555.469 + 0.079 Bg/kg at Fortunes Gate to
1980.095 + 0.083 Bqg/kg at an abandoned quarry mine at Burnside, with a mean value of 1799.935 + 0.087
Bg/kg. With these distinctive high “°K non series activity concentrations, reflecting basically the feldspathic
nature of the fenitised granites in the SGZ, i.e. the presence of major potassium silicate minerals in the syenites
found in the SGZ, which consists of  microcline-microperthite (75-90%) with subordinate finer grained

microcline and albite-oligoclase (GSZ, 2024).

Table 4. 3: Activity concentrations of the 28U decay series, 2*?Th decay series and *°K non series radionuclides

in areas underlain by the fenitised granites, i.e. porphyritic quartz syenites in the SGZ.

Sample ID Locality Mean activity Mean activity Mean activity
381 decay series Z2Th decay series q/kg) | *K (Bq/kg)
(Bq/kg)
AGGTBI11 Hillside 206.475 +0.011 427.746 + 0.035 1822.034 £ 0.090
AGGTBI2 Hillside 63.305 + 0.004 132.746 + 0.011 1778.095 £ 0.088
AGGTBI3 Burnside 106.538 + 0.005 195.924 +0.016 1980.095 + 0.083
AGGTB14 Fortunes Gate 96.798 + 0.006 241.205 + 0.020 1555.469 £ 0.079
AGGTB20 Mgabukho Heights 215.825+0.011 271.001 £ 0.022 1863.981 + 0.094
Average + Standard Error 137.788 £ 0.007 253.724 £ 0.021 1799.935 + 0.087
Range 63.305+0.004 - 132.746 + 0.011 - 1555.469 + 0.079 -
215.825 £ 0.011 427.746 £ 0.035 1980.095 + 0.083

Summary of activity concentrations of naturally occurring radionuclides in the felsic rock units of the

Archaean Granite-Greenstone Terrane of Bulawayo

The study results show that both the younger porphyritic granites and the fenitised granites in the AGGTB
contain enhanced concentrations of naturally occurring radionuclides. However, the fenitised granites generally

have slightly higher concentrations of potassium (1799.935 + 0.087 Bq/kg) compared to the younger porphyritic




granites (1422.178 + 0.071 Bqg/kg). This can be attributed to the presence of more potassium feldspars in the
primary rock forming minerals of syenites compared to the porphyritic granites. For example, the porphyritic
quartz syenites at Hillside have the potassium-rich alkali feldspar, microcline (KAISi3;Os) as the dominant
feldspar in their groundmass (Garson, 1995). The activity concentrations of the three dominant radionuclides in
all the three main exposed felsic rock units of the AGGTB are significantly higher than the worldwide average
activity concentrations of 33 Bqg/kg, 45 Bg/kg and 420 Bq/kg for the 2*8U decay series, **Th decay series and
40K non series radionuclides , respectively (UNSCEAR, 2000). The results presented in Table 4.2 and Table
4.3 show that both the younger porphyritic granites and the fenitised granites have mean activity concentrations
of both 2¥U decay series and the 2> Th decay series radionuclides that are considerably higher than the world
average values for granites of 42 Bq/kg and 73 Bg/kg, for 228U and 32Th decay series, respectively (Chen & Lin,
1996). This can be attributed to the presence of accessory minerals such as zircon, monazite, thorite and sphene
in both the younger porphyritic and fenitised granites of the AGGTB. Such accessory minerals (i.e. zircon,
monazite, thorite and sphene) are favourable hosts for both uranium and thorium in igneous rocks (Plant et al.,
1999). In addition, the activity concentrations for the *°K non series radionuclides obtained for both the younger
porphyritic granites and the fenitised granites in this study of ~ 1422 Bg/kg and 1800 Bq/kg, respectively are
considerably higher than the world average value for granites of 1055 Bq/kg (Chen & Lin, 1996). This can be
attributed to the fact that potassium is a major element in the major rock forming minerals, e.g. potassium
feldspars and micas that are dominant in Late Archaean granitoids from all over the world, which is also the
case with both the younger porphyritic granites and the fenitised granites (syenites) in the AGGTB. For
example, petrographically, the biotite bearing granites of the Matopos Granite Intrusion which are representative
of the younger porphyritic granites in the AGGTB are principally comprised of microcline (KAISi;Os) at ~
(34%), oligoclase (Na,Ca)(Si,Al)4Os at ~ 33%, quartz (SiO,) at ~ 27% and biotite K(Mg,Fe)s AlSiz0,0(F,OH),
at ~ 14% (Dumisa et al., 2024). Thus, potassium is a major element in both microcline and biotite, which are
among the dominant rock forming minerals in the younger porphyritic granites in the AGGTB. In fact, the
younger porphyritic granites in the AGGTB have microcline as the dominant feldspar in their groundmass, i.e.
they are essentially potassic-rich porphyritic granites (Garson, 1995). Hence the regions underlain by the Late
Archaean granitoid rocks in the AGGTB can largely be considered to be high natural background radiation
regions. This is also in accordance with the published results from isotopic studies of selected granitoid rocks in
Zimbabwe, which found evidence that the Zimbabwe Craton has a relatively higher-level radiogenic signature
compared with other Archaean continental crustal regions (Taylor et al., 1984). Furthermore, the study results
show that the activity concentration values of the 2**Th decay series radionuclides are consistently higher than
those of the 2*8U decay series radionuclides, over the entire study region i.e. across all the three dominant felsic
lithotypes in the AGGTB. This is consistent with the distribution of these radioelements in the Earth’s crust,
where in general the relative abundance of uranium is considerably lower than that of thorium (Rikhvanov,
2019). The highest average activity concentration value of *°K non series radionuclide of 1800 Bg/kg were
obtained for the regions predominantly underlain by the fenitised granites in the SGZ, which is expected as the
syenites are generally richer in potassium minerals, particularly potassium feldspars than the more mafic,
plagioclase-rich younger porphyritic and gneissic granites in the NGZ. Conversely, the highest average activity
concentration value of the 2*®U decay series of 179 Bq/kg were obtained for the regions predominantly underlain

by the younger porphyritic granites in the NGZ, which can be attributed to the fact that the younger porphyritic



granites contain more mafic minerals, such as biotite and amphiboles than both the fenitised and gneissic
granites. In general these mafic minerals are known to contain some of the highest uranium contents in granites,
for example the average uranium contents in both biotite and amphibole are known to be approximately, 36 ppm

and 21 ppm, respectively (IAEA, 1989).

Variations of thorium and uranium elemental concentrations in the felsic rock units of the Archaean

Granite-Greenstone Terrane of Bulawayo

The measured activity concentrations of the 28U decay series in Bg/kg and the 2*’Th decay series in Bg/kg in the
analysed felsic rock samples in the AGGTB were converted to their respective (equivalent) elemental
concentrations in parts per million, i.e. ppm. The elemental concentrations of uranium and thorium were
ascertained using the IAEA recommended conversion factors, namely; 1 ppm U = 12.35 Bq/kg of »%U, and 1
ppm Th = 4.06 Bg/kg of >Th (Christodoulides et al., 2003; IAEA, 2003). These estimates of the uranium and
thorium elemental concentrations, derived on the assumption of equilibrium concentrations are henceforth
reported as equivalent uranium (eU) and equivalent thorium (eTh) concentrations, respectively. The equivalent
uranium and thorium elemental concentrations for the three dominant felsic lithotypes in the AGGTB are
presented in Table 4.4 to Table 4.6. Table 4.4 shows that for the gneissic granites in the NGZ, the equivalent
uranium concentrations varied from 2.79 to 4.18 ppm, with a mean value of 3.31 + 0.53 ppm, whilst the
equivalent thorium concentrations for these gneissic granites varied from 18.41 to 28.07 ppm, with a mean value
of 25.30 + 3.99 ppm. The variations of the equivalent uranium concentrations observed in the gneissic granites
in the NGZ, i.e. ranging between 2.79 to 4.18 ppm are comparable with the reported global ranges of uranium
abundance in granites and rhyolites, which range between 2 to 50 ppm (Tye et al., 2017). However, the average
uranium abundance of 3.31 £ 0.53 ppm obtained for the gneissic granites in this study is slightly higher than the
average uranium abundances in the Earth’s crust of between 1 to 3 ppm (Cumberland et al., 2016). The
variations of equivalent thorium concentrations observed in the gneissic granites in the NGZ, i.e. ranging
between 18.41 to 28.07 ppm are within range of the reported global ranges of thorium abundance in granites and
rhyolites, which ranges between 8 to 56 ppm (Tye et al., 2017). The average equivalent thorium abundance in
the gneissic granites of 25.30 + 3.99 ppm obtained in this study is slightly higher than the reported global
average thorium abundance in the granites and rhyolites, which is typically around 10 ppm (Tye et al., 2017).
Table 4.4 also shows that the resultant eU/eTh ratios for the gneissic granites in the NGZ varied from 0.11 to
0.15, with a mean value of 0.13 £+ 0.02, which is much lower than the average upper continental crust (UCC)

eU/eTh ratio of 0.26 (Xhixha, 2013).

Table 4.4: Equivalent elemental concentrations of uranium, thorium (ppm) and elemental ratio of eTh/eU in

areas underlain by the gneissic granites in the NGZ.

Sample ID Sample Locality eU (ppm) eTh (ppm) eU/eTh

AGGTBI High Mount 2.79 18.41 0.15




AGGTB2 Sauerstown 3.23 27.41 0.12
AGGTB3 Breedon Everard 3.04 28.07 0.11
AGGTB4 Sauerstown 4.18 27.29 0.15
Average + Standard Deviation 3.31+0.53 25.30 +3.99 0.13 £ 0.02
Range 2.79 to 4.18 18.41 to 28.07 0.11 to 0.15

Table 4.5: Equivalent elemental concentrations of uranium, thorium (ppm) and elemental ratio of eTh/eU in

areas underlain by the younger porphyritic granites in the NGZ.

Sample ID Locality eU (ppm) eTh (ppm) eU/eTh
AGGTBS Old Falls Road 19.74 77.14 0.26
AGGTB6 Mzilikazi 19.58 61.17 0.32
AGGTB7 Richmond 24.67 74.97 0.33
AGGTBS Mpopoma 13.86 67.72 0.21
AGGTB9 Entumbane 9.62 60.92 0.16
AGGTBI10 Richmond 16.54 69.23 0.24
AGGTBIS Barbourfields 20.56 61.46 0.34
AGGTBI16 Cowdray Park 9.98 51.12 0.20
AGGTBL17 Cowdray Park 7.58 51.75 0.15
AGGTBIS8 Emakhandeni 12.83 55.47 0.23
AGGTBI19 Emakhandeni 23.14 53.34 0.43
AGGTB21 Manyewu 7.96 57.87 0.14
AGGTB22 Richmond 11.05 56.49 0.20
AGGTB23 Glenville 12.64 71.91 0.18
AGGTB24 Richmond 6.30 61.40 0.10




Average + Standard Deviation 14.40 £5.74 62.13 + 8.05 0.23 £0.09

Range 6.30 to 24.67 51.12 to 77.14 0.10 to 0.43

Table 4.5 shows that for the younger porphyritic granites in the NGZ, the equivalent uranium concentrations
varied from 6.30 to 24.67 ppm, with an average value of 14.40 £ 5.74 ppm, whilst the equivalent thorium
concentrations for the younger porphyritic granites varied from 51.12 to 77.14 ppm, with a mean value of 62.13
+ 8.05 ppm. These variations of equivalent uranium concentrations observed in the younger porphyritic granites
in the NGZ, i.e. ranging between 6.30 to 24.67 ppm are comparable with the reported global ranges of uranium
abundance in granites and rhyolites, which range between 2 to 50 ppm (Tye et al., 2017). However, the average
uranium abundance in the younger porphyritic granites of 14.40 + 5.74 ppm obtained in this study is
considerably higher than the average uranium abundance in the Earth’s crust, which ranges between 1 to 3 ppm
(Cumberland et al., 2016). The variations of equivalent thorium concentrations observed in the younger
porphyritic granites in the NGZ, i.e. ranging between 51.12 to 77.14 ppm are slightly higher than the reported
global ranges of uranium abundance in granites and rhyolites, which range between 8 to 56 ppm (Tye et al.,
2017). However, the average abundance of thorium in the younger porphyritic granites of 62.13 £ 8.05 ppm is
significantly higher than the reported global average thorium abundance in the granites and granodiorites of
around 10 ppm (Tye et al., 2017). The resultant eU/eTh ratios for the younger porphyritic granites in the NGZ
varied from 0.10 to 0.43, with a mean value of 0.23 + 0.09, which is much closer to the average upper
continental crust (UCC) eU/eTh ratio of 0.26 (Xhixha, 2013). This suggests that compositionally, i.e.
geochemically the younger porphyritic granites are very similar to the average Earth materials found in the

upper continental crust.

Table 4.6: Equivalent elemental concentrations of uranium, thorium (ppm) and elemental ratios of eTh/eU in

areas underlain by the fenitised granites (porphyritic quartz syenites) in the SGZ.

Sample ID Locality eU (ppm) eTh (ppm) eU/eTh (ppm)
AGGTBI11 Hillside 16.72 105.36 0.16
AGGTBI12 Hillside 5.13 32.70 0.16
AGGTBI13 Burnside 8.63 48.30 0.18
AGGTB14 Fortunes Gate 7.84 59.41 0.13
AGGTB20 Mgqabukho Heights 17. 48 66.75 0.26

Average + Standard Error 11.16 £ 4.99 62.50 +24.31 0.18 = 0.04




Range 5.13 to 17.48 32.70 to 105.36 0.13 to 0.26

Table 4.6 shows that for the fenitised granites, i.e. porphyritic quartz syenites in the SGZ, the equivalent
uranium concentrations varied from 5.13 to 17.48 ppm, with an average value of 11.16 + 4.99 ppm, whilst the
equivalent thorium concentrations for these porphyritic quartz syenites varied from 32.70 to 105.36 ppm, with a
mean value of 62.50 + 24.31ppm. The variations of equivalent uranium concentrations observed in the
porphyritic quartz syenites in the SGZ, i.e. ranging between 5.13 to 17.48 ppm are comparable with the reported
global ranges of uranium abundance in syenites and phonolites, which ranges between 0.1 to 26 ppm (Tye et al.,
2017). However the average uranium abundance of 11.16 = 4.99 ppm obtained for the porphyritic quartz
syenites in this study is significantly higher than the average uranium abundance in the Earth’s crust of between
1 to 3 ppm (Cumberland et al., 2016). The variations of equivalent thorium concentrations observed in the
porphyritic quartz syenites in this study, i.e. ranging between 32.70 and 105.36 ppm, are significantly higher
than the reported global ranges of thorium abundance in syenites and phonolites, which are between 0.7 and 35
ppm (Tye et al., 2017). Thus, the average thorium abundance in the porphyritic quartz syenites of 62.13 + 8.05
ppm obtained in this study is significantly higher than the reported global average thorium abundance in the
syenites and phonolites, which is typically around 10 ppm (Tye et al., 2017). The resultant eU/eTh ratios for the
porphyritic quartz syenites in the SGZ varied from 0.13 to 0.26, with a mean value of 0.18 + 0.04, which is
lower than the average upper continental crust (UCC) eU/eTh ratio of 0.26 (Xhixha, 2013).

Summary of thorium and uranium elemental concentrations in the felsic rock units of the Archaean Granite-

Greenstone Terrane of Bulawayo

The results from the study have shown that the lowest average equivalent uranium and thorium concentrations
in the AGGTB were encountered in the areas underlain by gneissic granites, with observed average equivalent
uranium and thorium concentrations of 3.31 ppm and 25.30 ppm, respectively, whilst the highest average
equivalent uranium and thorium concentrations in the AGGTB were observed in the areas that are underlain by
both the younger porphyritic granites and the porphyritic quartz syenites. However, the equivalent average
uranium and thorium concentrations obtained in the younger porphyritic granites and porphyritic quartz syenites
are comparable, for example the average equivalent thorium concentration for the porphyritic quartz syenites is
62.50 ppm whilst for the younger porphyritic granites its 62.13 ppm. These findings are consistent with the
suggestion of other researchers that both the porphyritic quartz syenites in the SGZ and the younger porphyritic
granites in NGZ were derived from the same parent magma, i.e. both formed from the magmatic differentiation
and fractionation processes associated with the Matopos Porphyritic Granite Intrusion Event (MPGIE) (Amm,
1965) Thus, both the porphyritic quartz syenites and the younger porphyritic granites in the AGGTB share
remarkable geochemical properties, as confirmed by their comparable uranium and thorium concentrations
obtained in this study. Globally, thorium is expected to be at least four times as abundant as uranium in most
igneous rocks (Mareschal, 2014). This is consistent with the findings from this study, where the eTh/eU for both
the porphyritic quartz syenites and younger porphyritic granites are, 5.60 and 4.31, respectively. In the AGGTB,
the average equivalent thorium concentrations are highly variable (25.30 ppm — 62.13 ppm), with the lowest

average value of 25.30 ppm associated with the gneissic granites in the NGZ and the highest average value of



62.50 ppm associated with the porphyritic quartz syenites in the SGZ. However, the eU/eTh ratios in all the
three dominant felsic lithotypes in the AGGTB were found to be lower than the average upper continental crust
(UCC) value of 0.26 (Xhixha, 2013). These low eU/eTh values obtained for the felsic samples further providing
evidence for uranium mobilization/migration in the AGGTB, possibly as a result of the oxidative weathering
and alteration of its ancient parent granitic rocks. Generally, in an oxidizing environment, compounds of
thorium remain almost insoluble in aqueous solution, while uranium compounds are much better soluble
(Eikenberg, 2002). For example, the lowest average eU/eTh value of 0.13 is associated with the older gneissic
granites in the NGZ. These low average values of eU/eTh for the older gneissic granites suggest that they are
affected by hydrothermal alteration as evidenced by the presence of sericite and chlorite in their primary rock-
forming minerals. The average uranium concentrations of 11.16 ppm and 14.40 ppm obtained for the porphyritic
quartz syenites, and younger porphyritic granites are much higher than the expected average uranium
concentration for granites of 4 ppm (Nishimori et al., 1977). At the same time, the average thorium
concentrations of 62.13 and 62.50 ppm obtained for the younger porphyritic granites and the porphyritic quartz
syenites, respectively in the AGGTB, are much higher than the expected average thorium concentration for
granites of 12 ppm (Nishimori et al., 1977). Finally, the fact that the average eU/eTh ratios for all the felsic
lithotypes in the study area are less than 0.29 (i.e. which corresponds to an eTh/eU ratio of 3.5), suggests
considerable thorium enrichment and/ or potential uranium leaching in the AGGTB, which is characteristic of

Archaean erosional landsurfaces, particularly in regions of deep tropical weathering conditions like Zimbabwe.

Comparison of the average radioelement concentrations of the felsic rocks units in the Archaean Granite-

Greenstone Terrane of Bulawayo with those in other cratons.

Since Archaean Granite-Greenstone Terranes occur in many Archaean cratonic regions of the world, we
compared the average activity concentrations of the radionuclides obtained in this study with published data
from other ancient cratonic regions of the world. However, since there are about 35 cratonic segments of
varying ages and compositions exposed at the present-day continental surface (Carlson et al., 2019), we only
consider the distributions of radioelements in some of the cratonic segments associated with the ancient
supercontinent Gondwana. The ancient supercontinent Gondwana was comprised of present-day continental
landmasses of South America, Africa, Madagascar, Peninsular India, New Zealand, Australia and Antarctica
(Craddock, 1990). The African Shield, i.e. present-day Africa comprises five former Gondwana cratonic
segments, namely the Kalahari Craton, the West African Craton, the Congo Craton, the East Saharan Craton and
the Arabian-Nubian Craton (Goodwin, 1996). For Peninsular India, the five largest former Gondwana cratonic
segments include the Singhbhum Craton, the Aravalli Craton, the Bundelkhand Craton, Bastar Craton and the
Dharwar Craton (Manikyamba et al., 2024; Rajesh et al., 2009). Similarly, South America can be divided into
four large cratonic segments. The largest cratonic segments in South America are the Sao Francisco and the
Amazonian Cratons. However, there are numerous other smaller cratonic segments such as the Luiz Alves, Rio
de La Plata and Sao Luiz Cratons (Barretto & Tassinari, 1992). These former ancient Gondwana cratonic
segments are all representative of typical Archaean Granite Greenstone Terranes. However, the Kaapvaal Craton
of South Africa (3.6 — 3.0 Ga) is one of the ancient Gondwana cratonic segments generally considered to be
closely related with the Zimbabwe Craton both spatially and temporal. These two ancient Gondwana cratonic

segments are comprised of diverse types of Archaean granitoids whose tectonic rock units share remarkable



geochemical similarities. Moyen et al. (2021) investigated the spatial distribution of potassium, uranium and
thorium in the Heerenveen Batholith of the Barberton Granite-Greenstone Terrane, Kaapvaal Craton of South

Africa by means of gamma-ray spectrometry (Table 4.7).

Table 4. 7: Average concentrations of radioelements in selected former Gondwana Cratons.

Location Average radioelement | U/Th Reference
concentrations Ratio
Th U K (%)

(ppm) | (ppm)

Gneissic Granites, Zimbabwe | 25.3 3.31 3.75 0.13 Present study
Craton.
Fenitised Granites, Zimbabwe | 62.50 11.16 5.76 0.18 Present study
Craton.
Porphyritic Granites, 62.13 14.40 4.54 0.23 Present study

Zimbabwe Craton.

Pink Granites, Kaapvaal 15.67 4.84 4.85 0.31 (Moyen et al., 2021)
Craton.
Sangmelima High-K 16.7 4.8 33,034 | 0.29 (Shang et al., 2010)

Granitoids, Congo Craton

Mirpur Granite, 54.51 8.06 5.06 0.14 (Scharfenberg et al., 2015)

Marwar Craton, India.

Balda Granite, Aravalli | 23.66 5.84 4.12 0.36 (Scharfenberg et al., 2015)

Craton, India.

Armoor Granites, Easter 61.16 14.3 4.28 0.23 (Kumar & Ashok, 2024)

Dharwar Craton, India.

Palacoarchaean Granite, 10.8 1.4 2.4 0.13 (Ray et al., 2023)
Singhbhum Craton.
Palaeoarchaean Gneiss, 9.6 1.7 1.8 0.18 (Ray et al., 2023)

Singhbhum Craton




Neoarchaean granitoid, 31.1 4.2 3.9 0.14 (Ray et al., 2023)

Singhbhum Craton

Porphyritic Granites, | 42.5 8.0 43 0.19 (Menon et al., 2003)
Bundelkhand Craton

Medium-to-coarse grained 38.1 8.8 4.6 0.23 (Menon et al., 2003)

Granites, Bundelkhand Craton

Potassic Granite, 38.5 8.6 4.1 0.23 (Podugu et al., 2017)
Bundelkhand Craton

Biotite Granite, Bundelkhand | 49.5 7.7 3.7 0.16 (Podugu et al., 2017)
Craton

TTG Gneiss, Bundelkhand 13.1 32 23 0.24 (Podugu et al., 2017)
Craton

Granites, Doodlakine, Yilgarn | 76.7 10.4 4.0 0.14 (Middleton, 2016)

Craton, Australia

Moyen et al. (2021) in their study found that the late to post tectonic quartz-monzonite, pink granites intrusive
into the Heerenveen Batholith contained enhanced concentrations of thorium, uranium and potassium of 15.67
ppm, 4.84 ppm, and 4.85 %, respectively. The average potassium concentrations of the pink granites in the
Heerenveen Batholith, Kaapvaal Craton, South Africa of 4.85 % and the average potassium concentrations of
the porphyritic granites and fenitised granites of the AGGTB, Zimbabwe Craton of 4.54 % and 5.76 %,
respectively, are comparable. This is expected because both the Kaapvaal Craton and the Zimbabwe Craton are
segments of the oldest Precambrian shield of Southern Africa, better known as the Kalahari Craton (3.6-3.0 Ga)
(Goodwin, 1996; Tesauro et al., 2026). These late formed cratons and/or granitic intrusives are typically
dominated by potassic-rich granite plutonism such as pink monzogranites and syenites (Bucholz & Spencer,
2019; Halla, 2018). The potassic granites of the Kaapvaal Craton, South Africa are believed to be the first
granites on Earth which crystallised uraninite, and have been actually proven to be the source of the detrital
uraninite for the Dominion Reef and Witwatersrand quartz pebble conglomerate deposits of South Africa
(Cuney, 2014; Goodwin, 1996; Plant et al., 1999). The average thorium concentrations of the porphyritic
granites (62.13 ppm) and fenitised granites (62.50 ppm) of the AGGTB, Zimbabwe Craton are however
markedly higher than the average thorium concentrations of the pink granites in the Heerenveen Batholith,
Kaapvaal Craton of 15.67 ppm. With the presence of the aplite granites and pegmatites in the AGGTB, i.e.
products of extreme fractionation of felsic magmas which commonly contain enhanced concentrations of the
incompatible elements (thorium, potassium and uranium), providing evidences that the Zimbabwe Craton is

derived from highly differentiated felsic magmas.



There are several late to post tectonic high potassic granites in many Archaean cratons in the world.
Peninsular India, for example is underlain by diverse types of Archaean granitoids including potassic rich
granitoids as well. Peninsular India is comprised of five principal cratonic segments, which are: (i) Singhbhum
Craton, (ii) Western Dharwar Craton, (iii) Eastern Dharwar Craton, (iv) Bundelkhand Craton and (v) Bastar and
Aravalli Craton (Dey & Moyen, 2020). The Singhbhum Craton which is found Eastern India is host to several of
these late to post tectonic high potassic granites, and hence comparable to both the Zimbabwe Craton and
Kaapvaal Cratons of Southern Africa (Rollinson et al., 2024). A study by Ray et al. (2023) found that the
Neoarchaean Granitoids of the Singhbhum Craton contained average concentrations values of thorium, uranium
and potassium of 31.1 ppm, 4.2 ppm and 3.9 %, respectively. Whilst the Palacoarchaecan Gneisses of the
Singhbhum Craton contained average concentrations of thorium, uranium and potassium of 9.6 ppm, 1.7 ppm,
and 1.8 %, respectively. The Palaecoarchaean Granites of the Singhbhum Craton contained average
concentrations of thorium, uranium and potassium of 9.6 ppm, 1.7 ppm, and 1.8 %, respectively (Table 4.7).
Whist there are variations observed in the average concentrations of the radioelements in the different cratons
presented in Table 4.7, the eU/eTh ratios obtained for all the investigated felsic rocks (gneisses, granites and
granites) in these selected cratons were all less than unity, ranging from 0.13 to 0.36. This is consistent with
what is expected in Archaean granitoids which are typically characterised by low eU/eTh, which may be
attributed to the comparatively low uranium content in their rock units. The average concentrations for thorium
in all the selected cratons show a very large range of variation, from 9.6 to 65.5 ppm. However, the
concentrations for uranium show a more graded variation, ranging from 1.4 to 14.40 ppm. Hence it can be
concluded that most of these Archaean cratons can be considered to be thorium provinces. These results show
that the granitic rocks from the AGGTB are comparable, in many respects, to other granitic rocks found in
contemporaneous cratons such as the Singhbhum Craton of India, Dharwar Craton of India and the Kaapvaal
Craton of South Africa. For example, the average eU/eTh ratios obtained for the potassic-rich granites of the
Eastern Dharwar and the Bundelkhand Cratons, India of 0.23 is similar to the eU/eTh ratio obtained for the
potassic- rich porphyritic granites in the AGGTB (Kumar & Ashok, 2024; Menon et al., 2003; Podugu et al.,
2017). Thus, the most striking and significant feature of all these cratons is the presence of high potassium
concentrations. Table 4.7 shows that the average potassium concentration values for most of the selected former
Gondwana Cratons were all above the average concentration value of potassium in the Earth’s crust of 2.3%
(Rudnick & Gao, 2003). Thus it can be concluded that these Archacan cratons are generally characterised by the
numerous occurrences of high potassic granitoids. In addition the uranium concentrations of 3.31 ppm obtained
for the gneissic granites in the AGGTB are well below 10 ppm, which is typical of many granitoids. For
example, Ray et al. (2023) also found very low uranium concentrations in the Palacoarchaean Gneiss Granites
of the Singhbhum Craton. In conclusion, the data presented in Table 4.7 demonstrates that the eU/eTh ratios
obtained in this study for the felsic rock samples in the AGGTB are typical of the eU/eTh ratios obtained for

most Archaean granitoids in former ancient Gondwana cratonic segments from all over the world.

Radiological Hazard Assessment of the felsic rock units in the Archaean Granite-Greenstone Terrane of

Bulawayo

Evaluation of Absorbed Dose Rate in Air from Activity Concentrations



The evaluated absorbed dose rates, D (nGy/h) in air at 1 m above the ground surface for a uniform distribution
of the naturally occurring radionuclides (*®*U, 2*?Th and *°K) in the felsic rock samples from the AGGTB are
presented in Table 4.8. The absorbed dose rates (D) in air from the older gneissic granitic rock samples in the
NGZ, varied from 108.03 to 137.84 nGy/h, with a mean value of 129.92 + 12.65 nGy/h. This reveals that the
mean absorbed dose rate in air for the gneissic granites is almost two times higher than that of the worldwide
average absorbed dose rate in air of 59nGy/h (UNSCEAR, 2000). The absorbed dose rates (D) in air from the
younger porphyritic granitic rock samples varied from 233.25 to 399.42 nGy/h, with a mean value of 298.86 +
48.01 nGy/h. This shows that the mean absorbed dose rate in air for the younger porphyritic granites is almost
five times higher than that of the worldwide average absorbed dose rate in air of 59nGy/h due to natural
terrestrial gamma radiation. The absorbed dose rates (D) in air from the fenitised granitic rock samples, i.e.
syenites varied from 183.57 to 429.57 nGy/h, with a mean value of 291.93 + 85.09 nGy/h. The mean value for
the absorbed dose rate in air for the fenitised granites is also considerably higher than the worldwide average
value of 59 nGy/h (UNSCEAR, 2000). These results also show that the absorbed dose rates in areas underlain

by the fenitised granites and porphyritic granites are comparable.

Table 4. 8: Absorbed dose rate in air at 1 m above the ground for the representative felsic rock samples from the

AGGTB.
Felsic Lithotype Range of Ambient Dose Average Ambient Dose Equivalent Rate
Equivalent Rate (nGy/h) (nGy/h)
Older Gneissic Granite 108.03 - 137.84 129.92 + 12.65
Younger Porphyritic 233.25-399.42 298.86 +£48.01
Granite
Porphyritic Syenite Quartz 183.57 - 429.57 291.93 £ 85.09
Worldwide average 59 nGy/h (UNSCEAR, 2000)

These results show that the absorbed dose rates in the AGGTB for all the three dominant granitic lithotypes are
higher than the worldwide average value. However, the areas underlain by the older gneissic granites recorded
the lowest values of absorbed dose rates. This is consistent with the fact that these older gneissic granites show
signs of hydrothermal alteration as confirmed by the presence of hydrothermal alteration minerals such as

sericite and chlorite.

Evaluation of Annual Effective Dose Equivalent (AEDE)

Table 4.9 shows that the AEDE values for the gneissic granitic rock samples in the NGZ, varied from 0.132 to
0.169 mSv/y, with a mean value of 0.159 + 0.016mSv/y. Whist, the AEDE values for the fenitised granitic rock



samples in the NGZ varied from 0.225 to 0.527 mSv/y, with a mean value of 0.358 + 0.104 mSv/y. The AEDE
values for the porphyritic granitic rock samples in the NGZ varied from 0.286 to 0.490 mSv/y, with a mean
value of 0.360 = 0.059 mSv/y. Hence, the AEDE average values obtained for all the three dominant felsic
lithotypes in the AGGTB are all below the worldwide annual effective dose rate from external gamma radiation
value of 0.48 mSv/y (UNSCEAR, 2000). These results also show that the AEDE values obtained in the study
area vary with lithology, with comparatively lower average AEDE values obtained over the areas underlain by
gneissic granites, and comparatively higher values obtained over the areas underlain by both the fenitised and
porphyritic granites (Figure 4.7). However, the average AEDE values obtained over the areas underlain by the
fenitised and younger porphyritic granites are comparable, i.e. with observed average values of 0.360 mSv/y and
0.358 mSvl/y, respectively. These findings are in accordance with literature, i.e. the suggestion that both the
porphyritic quartz syenites in the SGZ and the younger porphyritic granites in NGZ resulted from the magmatic
differentiation and fractionation processes associated with the Matopos Porphyritic Granite Intrusion Event
(MPGIE) in the AGGTB, hence these two lithotypes share some remarkable petrological and geochemical
properties (Amm, 1965). In conclusion all the AEDE values obtained for the studied felsic rock samples in the
AGGTB are significantly below the maximum allowed limit of 1 mSv/y of radiation exposure to the general
public (ICRP, 1991). Thus, the ionising radiation caused by gamma radiation exposure from the naturally

occurring radionuclides in the AGGTB is unlikely to cause any radiological health risks to the inhabitants.

Table 4.9: Annual effective dose equivalent values for the representative felsic rock samples from the AGGTB.

Felsic Lithotype Range of Annual effective dose Average Annual effective dose
equivalent (AEDE) (mSv/y) equivalent (AEDE) (mSv/y)
Older Gneissic Granite 0.132-0.169 0.159+£0.016
Younger Porphyritic Granite 0.286 — 0.490 0.360 + 0.059
Porphyritic Syenite Quartz 0.225 - 0.527 0.358 £0.104
Worldwide average AEDE for external terrestrial radiation. 0.48 mSv/y (UNSCEAR, 2000)

Evaluation of Radium equivalent activity (Ra.,)

The radium equivalent activity (Raeq) which is a measure of the cumulative exposure from the 2*® U, 2*?Th and
40K naturally occurring radionuclides in the AGGTB were calculated using equation 3.5, presented in Section
3.3. Table 4.10 shows that for the gneissic granitic rock samples in the NGZ the radium equivalent activity
(Raeq) varied from 228.05 to 294.45 Bq/kg, with a mean value of 265.32 + 29.27 Bqg/kg. Thus the mean Raeq
value for the gneissic granites is less than the world’s average of 370 Bqg/kg, i.e. satisfies the recommended

limit(OECD, 1979).

Table 4.10: Ra.q values for the representative felsic rock samples from the AGGTB.



Felsic Lithotype Range of radium equivalent Average radium equivalent activity
activity (Raeq) (Bq/kg) (Raeq) (Bgq/kg)

Older Gneissic Granite 228.05 - 294.45 265.32 £29.27

Younger Porphyritic Granite 510.59 - 877.88 648.13 £ 105.76

Porphyritic Syenite Quartz 390.05 - 958.45 639.21 £ 195.77

Recommended maximum Raeq value 370 Bq/kg (OECD, 1979)

For the younger porphyritic granitic rock samples in the NGZ the radium equivalent activity (Ra.q) varied from
510.59 to 877.88 Bg/kg, with a mean value of 648.13+105.76 Bqg/kg. Hence the average Racq value of
648.13Bg/kg obtained over the areas underlain by the younger porphyritic granites are at least two times higher
than the recommended maximum value of 370 Bq/kg (OECD, 1979). For the fenitised granitic rock samples in
the SGZ the radium equivalent activity (Raeq) varied from 390.05 to 958.45 Bq/kg, with a mean value of
639.21£195.77 Bg/kg. This value is approximately twice as much higher than the recommended limit of 370
Bg/kg (OECD, 1979). Thus, the calculated average Racq values for the areas underlain by both the porphyritic
granites and fenitised granites were higher than the maximum allowed limit of 370 Bq/kg, whilst areas underlain
by the gneissic granites in the study area had an average Ra.q value less than the maximum allowed limit of 370

Bg/kg (OECD, 1979).
Evaluation of external hazard index (Hex)

The external hazard index (Hex), caused by the gamma-emitting naturally occurring radionuclides in the
AGGTB were determined from the obtained activity concentrations for 233U, 232Th and “°K, respectively, using
equation 3.6 presented in Section 3.3. Table 4.11 shows that the He, values for the areas underlain by the older
gneissic granites in the NGZ, varied from 0.61 to 0.80 with a mean value of 0.75 £ 0.08. Thus the average Hey
due to the older gneissic granites in the NGZ is below unity, suggesting that these rock units may pose no risk to

the radiological health of the local population.

Table 4. 11: He, values for the representative felsic rock samples from the AGGTB.

Felsic Lithotype Range of Hex values Average Hex values




Older Gneissic Granite 0.61-0.80 0.75+0.08
Younger Porphyritic Granite 1.37-2.37 1.75+£0.29
Porphyritic Syenite Quartz 1.05 - 2.59 1.73£0.53
Recommended maximum Hex value <1 (OECD, 1979)

Table 4.11 shows that the Hex values for the areas underlain by the fenitised granites in the SGZ varied from
1.05 to 2.59, with a mean value of 1.73 + 0.53. Thus the average He. due to the fenitised granites in the SGZ is
above unity, suggesting that they may pose a risk to the radiological health of the local population. Table 4.11
shows that the Hex values for the areas underlain by the younger porphyritic granites in the NGZ varied from
1.37 to 2.37 with a mean value of 1.75 £ 0.29. Thus the mean H.y due to the younger porphyritic granites in the
NGZ is above unity, suggesting that they may pose a risk to the radiological health of the local population.

Evaluation of excess lifetime cancer risk (ELCR)

The excess lifetime cancer risk for inhabitants of the AGGTB who are exposed to gamma-emitting naturally
occurring radionuclides, were calculated using the computed values of the annual absorbed dose values, as seen
in equation 3.7 presented in Section 3.3. The calculated values of ELCR in the areas underlain by the gneissic
granites in the NGZ are given in Table 4.12. The calculated ELCR values for the gneissic granites in the NGZ
varied from 0.46 x1073 to 0.59 x1073, with a mean value of 0.56 & 0.06 x10-. This value is much higher than the
average world ELCR value of 0.29 x103 (UNSCEAR, 2000). Thus the calculated average ELCR value obtained
for the gneissic granites in this study of 0.56 is roughly 1.93 times higher than the world’s average for which
negligible risk of developing cancer has been stated. This value of 1.93 for the ratio of the calculated average
ELCR value in the older gneissic granites in the NGZ to the maximum permissible ELCR value corresponds to
an excess percentage risk of 93%. Thus the excess lifetime cancer risk due to the gneissic granites in the NGZ is

relatively higher than the world’s average.

Table 4.12: The calculated values of ELCR for the representative felsic rock samples from the AGGTB.

Felsic Lithotype Range of ELCR values Average ELCR values
Older Gneissic Granite 0.46x107 - 0.59x1073 0.56 £ 0.06 x1073
Younger Porphyritic Granite 1.00 x103 - 1.72 x1073 1.26 £0.21 x1073
Porphyritic Syenite Quartz 0.79x103 - 1.85x10°3 1.26 £ 0.37 x1073




World permissible ELCR value 0.29x10* (UNSCEAR, 2000)

The calculated values of ELCR in the areas underlain by the fenitised granites in the AGGTB are given in Table
4.12. The calculated ELCR values for the fenitised granites in the SGZ varied from 0.79 x1073 to 1.85 x107,
with a mean value of 1.26 = 0.37x10. This value is much higher than the world permissible ELCR value of
0.29x10° (UNSCEAR, 2000). Thus the calculated average ELCR value obtained for the fenitised granites in
this study of 1.26 is roughly 4.35 times higher than the world’s average ELCR value for which negligible risk of
developing cancer has been stated. This value of 4.35 for the ratio of the calculated average ELCR value in the
fenitised granites to the maximum permissible ELCR value corresponds to an excess percentage risk of 335 %.
Thus the excess lifetime cancer risk due to the fenitised granites in the SGZ is significantly higher than the
world’s average.

The calculated ELCR values for the younger porphyritic granites in the NGZ varied from 1.00x107 to
1.72x1073, with an average value of 1.26 + 0.21x107. This value is more than four times higher than the world
permissible ELCR value of 0.29x10 (UNSCEAR, 2000). Thus the calculated average ELCR value obtained for
the younger porphyritic granites in this study of 1.26 + 0.21x10 is roughly 4.35 times higher than the world’s
average for which negligible risk of developing cancer has been stated. This value of 4.35 for the ratio of the
calculated average ELCR value in the younger porphyritic granites in the NGZ to the maximum permissible
ELCR value corresponds to an excess percentage risk of 335%. Thus the excess lifetime cancer risk due to the
younger porphyritic granites in the NGZ is significantly higher than the world’s average.

The results from the study show that the calculated ELCR values over the areas underlain by the
younger porphyritic granites and the fenitised granites have anomalously high ELCR values, of 1.26 +0.21x1073
and 1.26 + 0.21x1073, respectively. These calculated ELCR values are well outside of the maximum permissible
ELCR value of 0.29x103 M(UNSCEAR, 2000). Thus, the excess percentage risk for developing cancer for both
the younger porphyritic granites and the fenitised granites in the AGGTB are the same, both being pegged at
about 335%. This can be attributed to the high natural radioactivity content of these two respective lithologic
units. This is consistent with the underlying geology for these two regions which are believed to have formed
from the same parent magmatic material, hence comparable anomalously high natural radioactivity content, and
particularly high activity concentration of “°K content present in both the younger porphyritic granites and the
fenitised granites in the AGGTB. As a result the exposure from the gamma-emitting naturally occurring
radionuclides in the AGGTB may pose some potential radiological hazard to the inhabitants over the course of
their lives. However, the inhabitants of the areas underlain by both the fenitised granites and the younger
porphyritic granites have a higher lifetime cancer risk compared to the inhabitants of the areas underlain by the
older gneissic granites in the AGGTB. A comparison with the ELCR values obtained from studies carried out in
other granitic regions across the world indicates that the ELCR values obtained for the granitic rocks in the
AGGTB are actually relatively lower (Table. 4.13).

Table 4. 13: Comparison of average ELCR values of felsic rocks from the study with the average ELCR values

of similar granitic rock types from other locations in the world.



Location Average ELCR value (x10-%) Reference

Gneissic granites, Zimbabwe 0.56 Present study

Porphyritic granites, Zimbabwe 1.26 Present study

Fenitised granites, Zimbabwe 1.26 Present study

Egypt 8.57 (El-Arabi, 2007)

Nigeria 1.27 (Akingboye & Ademila, 2019)
Nigeria 1.54 (Ademila, 2020)

South Eastern Desert, Egypt 2.38 (Abdel Gawad et al., 2022)
Eastern Egypt 7.00 (Karim et al., 2021)
Turkey 8.25 (Orgun et al., 2005)
World average value for granites. 4.80 (Qureshi et al., 2016)

Hence, whilst all the ELCR values obtained in this study are higher than the world permissible ELCR value of
0.29x1073, they are all below the world average ELCR value for granites of 4.8 x10-* (Qureshi et al., 2016) In
addition the ELCR value of 1.26 x10° obtained for both the fenitised granites and the younger porphyritic
granites in the AGGTB of the Zimbabwe Craton are comparable to the ELCR values of 1.27 x1073 and 1.54 x10
3 obtained in similar investigations of the granite rocks from the Southwestern Basement Complex of Nigeria,
Western African Craton (Ademila, 2020; Akingboye & Ademila, 2019). These observations are consistent with
the fact that both the Zimbabwe Craton and the Western African Craton share remarkable physical lithospheric
properties, i.e. possess similar temperature and composition profiles as a result of both being underlain by cold
depleted lithospheric roots (Finger et al., 2022). In Egypt extensive studies have also been conducted to
determine the ELCR values due to granitic rocks in its vast granitic terranes (Abdel Gawad et al., 2022; El-
Arabi, 2007; Karim et al., 2021). Most of these studies have revealed that most regions in Egypt are underlain
by granitic regions with average ELCR values which are well above the global average values of ELCR for
granites. For example results presented in Table 4.13 demonstrate that very high ELCR values are associated
with most granitic rocks from Egypt, particularly in regions underlain by the younger granite plutons of the
Precambrian Basement Complex of Eastern Egypt, with anomalously high ELCR values of 7.0 x 10~ (Karim et
al., 2021).

Conclusion

Twenty four felsic samples from the three main exposed felsic rock units in the AGGTB, namely older gneissic
granites, younger porphyritic granites and porphyritic quartz syenites were analysed for their natural
radioactivity contents using the gamma-ray (HPGe) technique. The study results have revealed that the activity
concentrations of the 28U decay series, 2*?Th decay series and “°K non series radionuclides in the AGGTB are
spatially related to the outcropping felsic rock units (surface geology). Hence, areas that are predominantly
underlain by both the younger porphyritic granites and the fenitised granites (i.e. syenites and porphyritic quartz
syenites) in the AGGTB have higher activity concentrations of the 23U decay series, 2**Th decay series and “°K
non series radionuclides compared to areas underlain by the older gneissic granites. This strong correlation of
the naturally occurring radionuclides in the #%U decay series, 2?Th decay series and “°K non series

radionuclides with the underlying geology in the AGGTB is consistent with the behaviour and accumulation of



these naturally occurring radionuclides during granitoid magmatism. Furthermore, these study results have also
shown that all the average values of the activity concentrations of the naturally occurring radionuclides in the
28U decay series, 232Th decay series and “°K non series radionuclides in all the felsic rock samples of the
AGGTB are higher than the worldwide average activity concentrations of 33 Bq/kg, 45 Bq/kg and 420 Bg/kg
for 38U, 232Th and “°K, respectively. The activity concentrations of the “°K non series radionuclides was highest
in all the felsic rock samples, which is consistent with the fact that the AGGTB is largely underlain by Late
Archaean potassic-rich granitic rocks which is typical of other former Gondwana cratonic regions elsewhere in
the world. Evidence of involvement of metasomatic activity of the radioelements or fractionation is observed
particularly, for the older gneissic granites in the AGGTB as demonstrated by the invariably lower eU/Th
values. The radiological hazard parameters findings suggest that the activity concentrations of the 28U decay
series, 232Th decay series and “°K non series radionuclides may pose radiological health risks to the inhabitants
of the AGGTB, particularly in areas underlain by both the younger porphyritic granites and the fenitised granites
(i.e. syenites and porphyritic quartz syenites) in the AGGTB.
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