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Abstract: This study focused on identifying Th-, Nb-Ta-, Zr-, and REE-bearing minerals
with a multivariate statistical approach in alkaline syenite to evaluate their radiological
risks, at Nikeiba, Egypt. Through microchemical analyses, by utilizing electron probe micro-
analysis, horite, microlite, monazite, zircon, columbite, and fergusonite were shown to bear
uranium and thorium. These minerals have played an important role in higher radioactive
zones in the studied alkaline syenite. REE-minerals comprising bastnäsite, monazite, and
fluorite and apatite are well recorded. The total rare earth elements (TREE2O3) reveal
higher concentrations in bastnäsite than monazite, with averages 74.87 and 63.8 wt%. Ce is
considered the most predominant LREE in the analyzed bastnäsite and monazite. The mean
values of radionuclide activity concentrations of 238U, 232Th, and 40K are 108 ± 20 Bq/kg,
107 ± 9 Bq/kg, and 1255 ± 166 Bq/kg, respectively. Radiological assessments revealed
a radium equivalent activity of 357 Bq/kg, below global limits, but an air-absorbed dose
rate (166 nGy/h) and annual effective doses (0.81 mSv/y indoors, 0.20 mSv/y outdoors)
exceeding safe thresholds. Additionally, the excess lifetime cancer risk (ELCR) was cal-
culated at 0.00071, surpassing the acceptable limit of 0.00029, making these rocks unsafe
for construction use. Statistical analyses further underscored the relationships between
radionuclide concentrations and associated risks, highlighting the necessity for continuous
monitoring and mitigation.

Keywords: alkaline syenite; construction material; rare metals mineralization; environmental
radioactivity

1. Introduction
Natural radioactivity is an inherent property of certain rocks and minerals that con-

tain trace amounts of radioactive elements such as uranium (238U), thorium (232Th), and
potassium-40 (40K). These elements, which have been present since the formation of the
Earth, emit radiation in the form of alpha, beta, and gamma particles. This radioactivity
varies widely across different types of rocks, influenced by their mineral composition and
geological history. Understanding the natural radioactivity in rocks is important for several
fields, including environmental monitoring, geochronology, and radiological safety [1–3].

Geosciences 2025, 15, 138 https://doi.org/10.3390/geosciences15040138

https://doi.org/10.3390/geosciences15040138
https://doi.org/10.3390/geosciences15040138
https://doi.org/10.3390/geosciences15040138
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/geosciences
https://www.mdpi.com
https://orcid.org/0000-0002-2014-2677
https://orcid.org/0000-0002-3795-476X
https://orcid.org/0000-0001-6619-642X
https://doi.org/10.3390/geosciences15040138
https://www.mdpi.com/article/10.3390/geosciences15040138?type=check_update&version=3


Geosciences 2025, 15, 138 2 of 21

The study of natural radioactivity in rocks is critical for assessing radiation exposure
to human populations, particularly in regions where high levels of radioactive elements
are present. Prolonged exposure to ionizing radiation from naturally occurring radioactive
materials (NORMs) can pose health risks, including an increased likelihood of developing
cancer. Thus, the distribution and concentration of these radioactive elements in different
rock types play a crucial role in determining the radiological safety of residential and
industrial areas, especially in construction and mining [4–7].

In addition to health implications, natural radioactivity serves as a powerful tool in
geochronology, the study of the age of rocks and geological events. Radioactive isotopes
like uranium-238 and potassium-40 decay over time at known rates, allowing scientists
to date the formation of rocks and the timing of geological processes. The presence of
radioactive minerals in specific rock types also provides insights into the thermal and
tectonic history of the Earth, contributing to our understanding of plate tectonics, mountain
building, and continental drift [8,9].

Rare metal mineralization is widely distributed in granites, especially in the Arabian–
Nubian Shield (ANS), and has great attention from most economic geologists. These
granites are good resources for Zr, Nb, Ta, Sn, Au, B, Be, W, Li, Mo, Th, U, and REEs
mineralization and possess higher radiological hazards in many regions such as Ras Abda,
Muweilha, Um Naggate, Nuweibi, Abu Dabbab, Um Safi, Um Ara-Um Shilman, and El
Sela [10–19]. Nikeiba granites are considered one of the most predominant rare metals,
occurring in the South Eastern Desert (SED), Egypt. It could be selected as a case study
of the Arabian–Nubian Shield (ANS) (Figure 1a,b). Geochemically, Nikeiba granites and
quartz syenite have been enriched in large-ion lithophile elements such as Rb, Ba, and
Sr as well as high field-strength elements like Y, Nb, and Zr. These granitic rocks reveal
metaluminous characteristics, calc-alkaline affinity, A-type granites, and emplacement in
within-plate environs under extensional regime. The area investigated is of great interest to
many researchers [20,21].

Alkaline syenite is a type of igneous rock that could be identified as having higher
concentrations of the total alkalis, especially Na and K, than those found in feldspars, the
excess manifesting as sodic pyroxenes such as aegirine, sodic amphiboles like riebeckite
and arfvedsonite, and feldspathoids with other alkali phases [22–24]. Such rock types
are distinguished by being deficient in SiO2 and Al2O3 than Na2O and K2O, and will
contain acmite and/or nepheline in their norms. The alkaline syenite is distinguished by
enrichments of valuable rare metals such as Zr, Nb, Ta, Li, Be, Th, and REEs as well as
volatile such as F and Cl [25–27]. The objective of the present study is to provide micro-
chemical analyses of the investigated rare metals mineralization in the alkaline syenite at
Nikeiba. Furthermore, this work strives to measure the natural radionuclides’ concentration
and their related environmental hazards from the alkaline syenite rocks. The radioactive
risk is determined through many radiological hazard indices.

2. Geologic Setting
The exposed rock types in the investigated Nikeiba are metavolcanics, syenogranite,

alkali feldspar granite, quartz syenite, and their related pegmatite bodies. These rocks
were invaded by microgranite dikes and quartz veins (Figure 1c). Metavolcanics are found
as thick sequences of lava flows of basic to acidic types. They have interbanded with
their pyroclastics. They are composed of metarhyolite, metadacite, meta-andesite, and
metabasalt (Figure 2a). Syenogranite occurs as medium- to coarse-grained and varies from
pink to reddish brown colors. It reveals cavernous weathering, and is highly fractured,
jointed, and exfoliated. It is composed essentially of K-feldspar, quartz, plagioclase, and
biotite. Alkali feldspar granite is distinguished by its low- to moderate-relief, and being
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medium- to coarse-grained, grayish white color, strongly weathered, fractured, and highly
exfoliated. It consists of quartz, K-feldspar, plagioclase, and biotite. Quartz syenite is
characterized by higher peaks (Figure 2b), being massive, medium- to coarse-grained,
and pale pink to grayish green color. It shows a boulder appearance (Figure 2c,d), and
is strongly weathered, highly fractured, jointed, and exfoliated. It consists of quartz, K-
feldspars, plagioclase, amphibole, and biotite. It intrudes into syenogranite with intrusive
contacts (Figure 2b). Pegmatite pockets are irregular bodies mostly predominant in the
syenogranite and alkali feldspar granite. They are very coarse-grained, red to buff in color,
and composed of quartz, K-feldspar, plagioclase, and mica. Microgranite dikes dissected
all granites in the prospected area. They have E–W, NNW, NW, and NE structural trends
with nearly vertical dipping. Quartz veins are predominant and widely distributed in the
different basement rocks of the investigated area. They range in thickness between 0.5 and
20 m, and have E–W, NE, and NW structural trends with nearly steep dipping.
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Figure 2. (a) Associations of metabasaltic-metarhyolitic (MBS-MRH) metavolcanics. (b) Higher peaks
of quartz syenite (QZ SY) intrude into the syenogranite (SYGR). (c,d) Boulder appearances of quartz
syenite, Nikeiba, SED of Egypt.

3. Petrography of Alkaline Syenite
The alkaline syenite is medium- to coarse-grained, grayish-green to dark gray in color,

and shows higher relief than the surrounding rocks. Microscopically, it is mainly composed
of K-feldspars, quartz, biotite, arfvedsonite, riebeckite, and plagioclase (Figure 3a–f). The
accessories are zircon, apatite, iron oxides, and opaques, while chlorite, sericite, kaolinite,
and carbonates are alteration products. K-feldspar occurs as euhedral to subhedral crystals,
prismatic to sub-prismatic in shape, and represented by orthoclase perthite. Orthoclase
perthite shows simple twinning and is well presented as string, patchy, and flame types. It
encloses fine crystals of biotite, quartz, zircon, and opaques. Quartz occurs as subhedral to
anhedral, medium- to coarse-grained, and it poikilitically encloses zoned zircon crystals
(Figure 3f). Biotite occurs as large flakes, pleochroic, and partially to completely alters
to chlorite. Biotite is sometimes corroded with quartz and plagioclase crystals with the
presence of iron oxide minerals. It poikilitically encloses zoned allanite and zircon crystals
(Figure 3e). Riebeckite occurs as subhedral prismatic crystals, dark blue to lighter-blue
in color, and is highly pleochroic and corroded along their peripheries by K-feldspar and
quartz (Figure 3d,e). It encloses opaques, zircon, and quartz. Arfvedsonite presents as
euhedral to subhedral prismatic crystals, grayish green to pale green in color, having two
sets of cleavage with simple twinning (Figure 3a,f). It is highly altered to chlorite, and
encloses opaques. Plagioclase occurs as subhedral crystals; most crystals are enclosed
or interlocked with perthite. It shows lamellar, and percline twining. Fine crystals of
plagioclase have occurred along the peripheries between arfvedsonite and antiperthite
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crystals (Figure 3f). Zircon occurs as tiny prismatic crystals with zonation, and is always
enclosed in quartz, biotite, feldspars, and riebeckite (Figure 3b,c,f). Allanite presents as
burned to brown prismatic crystals and shows faint pleochorism. Titanite occurs as rhombic,
euhedral to subhedral crystals enclosed within biotite, riebeckite, and perthite.
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Figure 3. Photomicrographs in the investigated alkaline syenite at Nikeiba, SED of Egypt. (a) Pale
green arfvedsonite associated with perthite and antiperthite; (b) Zoned zircon crystal adjacent to
opaques; (c) Zircon crystals coated with iron oxides enclosed in quartz; (d) Dark bluish color of
corroded riebeckite crystal; (e) Association of corroded burned biotite, pale bluish riebeckite, and
quartz crystals; (f) Zircon crystals occurred along peripheries of arvedsonite crystal. Abbreviations:
Pth, perthite; Plg, plagioclase; Qz, quartz; Arv, arfvedsonite; Rbk, riebeckite; Bt, Biotite; Zrn, zircon.
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4. Materials and Methods
4.1. Analytical Methods

Fourteen polished sections have been completed for the microchemical analyses in
the investigated rare metals mineralization from the alkaline syenite rocks. This work has
been completed by utilizing a scanning electron microscope that has been fitted with the
Pegasus 4000 (EDAX, Mahwah, NJ, USA). Microchemical analyses have been performed by
utilizing electron probe microanalysis (EPMA) equipped with a CAMECA SX 100 (Madison,
WI, USA). The diameter of the electron beam that has been adopted on the surface of the
analyzed spot is 1–2 µm. This could be followed by the standard conditions including a
15 kV acceleration potential, 15 nA beam current, and a counting time of 10 s for the peak
and 5 s for the background. The microprobe instrument is equipped with an automated
wavelength dispersive spectrometer (WDS) and energy dispersive spectrometer (EDS).
Natural standards comprise olivine for Mg (Kα), orthoclase for Si (Kα), albite for Al (Kα),
wollastonite for Ca (Kα), monazite for Yb (Lα), and hematite for Fe (Kα). The synthetic
standard compounds have been used, including UO2, ThO2, ZrO2, PbCrO4, CePO4, NdPO4,
SmPO4, GdTiGe, DyRu2Ge2, and YPO4, which are the corresponding standards for U (Mβ),
Th (Mα), Zr (Lα), Pb (Mα), Ce (Lα), Nd (Lα), Sm (Lα), Gd (Lα), Dy (Lα), and Y (Lα),
respectively. The standard of fluorite is used for F (Kα).

4.2. Sample Collection and Preparation for Radiometric Analysis

A total of 50 alkaline syenite samples, with a mean weight of approximately 250 g each,
were collected and dispatched to the Nuclear and Radiological Regulatory Authority in
Cairo, Egypt, for subsequent analysis. Upon arrival, the samples were subjected to a drying
process. This process was conducted at a temperature of 100 ◦C for a duration of 72 h.
Subsequent to the drying process, each sample was divided into four equal parts, weighed,
and transferred into 200 mL polyethylene Marinelli beakers. These sealed beakers were
then set aside for approximately 28 days to allow for secular equilibrium before radiometric
measurements commenced.

4.3. Gamma Spectrometry Using HPGe Detector

The measurement of granitic samples using high-purity germanium (HPGe) spectrom-
etry commences with the calibration of the HPGe detector. This step is crucial to ensure
the accuracy and precision of the spectrometric analysis. Calibration entails the utilization
of standard reference materials, which possess known radionuclide concentrations, to
establish a baseline for the detector’s response. These standards are certified materials,
including RGU-1 for 238U, RGTh-1 for 232Th, and RGK-1 for 40K, which are employed
in quantities that are commensurate with those used for construction materials [29–31].
Regular calibration checks are performed over time to ensure the accuracy of the detector.
The subsequent step involves the identification of the characteristic gamma-ray peaks of
the radionuclides of interest, including 238U, 232Th, and 40K. The net peak area, which
is defined as the number of counts detected for a specific energy peak, is determined by
subtraction: the net peak area is calculated by subtracting the background counts from the
total counts under the peak. The activity concentration (A) of a radionuclide in the sample
is subsequently calculated using the following formula [32,33]:

A =
C

ε · P · t · m
(1)

where C is the net count rate (counts per second), ε is the detector efficiency for the specific
gamma-ray energy, P is the emission probability of the gamma-ray, t is the counting time
(seconds), and m is the mass of the sample (kg). This calculation provides the activity
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concentration in units of Becquerel per kilogram (Bq/kg), allowing for the comparison
of radionuclide levels across different samples. Identifying key radionuclides in granitic
samples through HPGe spectrometry involves the detection of specific gamma-ray peaks
associated with their decay products. Potassium-40 (40K) is directly detected at 1460.7 keV.
Uranium-238 (238U) is identified through its decay products, including lead-214 (352 and
295 keV), protactinium-234 (1001 keV), and bismuth-214 (609, 1120, and 1765 keV). Thorium-
232 (232Th) is detected via its decay products, with actinium-228 observed at 911 and
338.4 keV and thallium-208 at 583 and 2614 keV. These gamma-ray peaks are crucial for
the indirect measurement of 238U and 232Th, assuming secular equilibrium is maintained
between parent and progeny nuclides in the samples [34,35]. The Minimum Detectable
Activity (MDA) for a radionuclide is a subjective measurement that is influenced by several
factors. These include the background radiation (B, in counts per second), the detection
efficiency (ε) of the HPGe detector, the probability of emission gamma rays (P), and the
counting time (t, in seconds). The formula for calculating the MDA is as follows:

MDA =
2.7 + 4.65√B

MεPt
, (2)

For samples recorded up to 20,000 s, the Minimum Detectable Activities (MDAs) are
as follows: 2 Bq/kg for 238U, 4 Bq/kg for 232Th, and 12 Bq/kg for 40K [36]. Moreover, the
uncertainties in the measurements are expressed in terms of the standard deviation (±2σ),

where σ is calculated as σ =
√

NS
TS

+ Nb
Tb

, with Ns and Ts representing the sample counts and
measurement time, and Nb and Tb representing the background counts and measurement
time, respectively [30].

Radium equivalent activity (Raeq) is a standard metric used to evaluate the potential
health risks associated with radiation exposure. To ensure that the annual effective dose
(AED) for the general population remains below 1 mSv, Raeq values must be less than
370 Bq/kg (Equation (3)). The contribution of gamma radiation from radionuclides such
as 238U, 232Th, and 40K in the environment is assessed by determining the absorbed dose
rate at a height of 1 m (Equation (4)). The annual effective dose, both in the indoor and
outdoor environment, reflects the total radiation exposure over the course of a year and is
calculated to determine radioactivity levels (Equations (5) and (6)). Furthermore, the excess
lifetime cancer risk is utilized to estimate the probability of developing fatal cancer as a
result of prolonged exposure to gamma radiation (see Equation (7)) [37,38].

Raeq (Bq/kg) = AU + 1.43 ATh + 0.077 AK (3)

Dair (nGy·h−1) = 0.430 AU + 0.666 ATh + 0.042 AK (4)

AEDout (mSv/y) = Dair (nGy/h) × 0.2× 8760 (h/y) × 0.7 (Sv/Gy) × 10−6 (mSv/nGy) (5)

AEDin (mSv/y) = Dair (nGy/h) × 0.8× 8760 (h/y) × 0.7 (Sv/Gy) × 10−6 (mSv/nGy) (6)

ELCR = AED × DL × RF (7)

5. Results and Discussion
5.1. Rare Metals Mineralization
5.1.1. Radioactive Minerals

Thorite is a radioactive mineral found in the alkaline syenite. It presents as bright
subhedral to anhedral, fine-grained, and is mostly enclosed in quartz, K-feldspar, and
plagioclase (Figure 4a–c). From EPMA data, thorite is composed mainly of ThO2, which
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ranges from 55.91 to 61.6 wt%, and SiO2 ranges from 19.22 to 20.9 wt%. Y2O3 is well
recorded in the analyzed thorite crystals and reached up to 7.71 wt% and could indicate a
replacement for Th by Y. P2O5, CaO, Fe2O3, and Al2O3 are recorded in the analyzed thorite
with low concentrations (Table 1). Ce2O3 and Nd2O3 are reported in thorite and reached up
to 1.11 and 1.01 wt%, respectively. The total is very close to 90 wt% in the analyzed thorite
crystals (Table 1). This could be attributed to extensive metamictization and/or hydration
processes [39–41].
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Figure 4. Back-scattered images of Th-, Nb-, Ta-bearing mineralization from alkaline syenite at
Nikeiba, SED, Egypt. (a) Fine-grained thorite; (b) Association of thorite and bastnäsite, surrounded
by hematite; (c) Columbite encloses microinclusion of thorite, and associated with microlite; (d) Zoned
columbite crystals associated with bastnäsite along their peripheries; (e) Large crystals of ilmenite
enclose microinclusions of columbite, associated with zircon; (f) Highly corroded columbite crystal
encloses fergusonite (light gray color) and hematite (dark gray color); (g) Rhombic crystal of microlite
encloses hematite (gray color); (h) Large crystal of microlite is highly fractured related to deformation;
(i) fine-grained fergusonite associated with ilmenite. Abbreviations: Thr, thorite; Bas, bastnäsite; Col,
columbite; Micr, microlite; Zrn, zircon; Frg, fergusonite; Kfs, K-feldspar; Plg, plagioclase; Qz, quartz;
Bt, biotite; Ilm, ilmenite; Hem, hematite.

Table 1. Representative EPMA (oxides, Wt%) of thorite from alkaline syenite at Nikeiba, SED of
Egypt.

ThO2 58.16 61.6 58.83 55.91 56.81 58.41 57.78 56.42

SiO2 20.85 19.38 20.36 19.79 20.9 19.22 20.56 20.51

Y2O3 4.11 3.95 3.92 7.48 7.71 6.3 6.04 6.11

P2O5 2.13 1.15 1.15 1.92 1.58 1.83 1.24 1.13
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Table 1. Cont.

CaO 0.69 1.51 1.79 1.15 1.01 1.75 1.87 2.21

Fe2O3 1.22 1.56 1.24 1.89 1.37 1.49 1.73 1.26

Al2O3 1.25 1.04 1.08 1.11 1.12 1.42 1.53 2.15

Ce2O3 1.11 1.02 0.93 0.93 0.98 1.08 0.85 0.88

Nd2O3 1.01 0.62 0.71 0.83 0.84 0.72 0.64 0.72

Total 90.53 91.83 90.01 91.01 92.32 92.22 92.24 91.39

Cations Chemical formulae based on 4 oxygen atoms

Th 0.65 0.71 0.68 0.63 0.62 0.66 0.64 0.62

Si 1.02 0.99 1.03 0.97 1.01 0.95 1.00 1.00

Y 0.11 0.11 0.11 0.20 0.20 0.17 0.16 0.16

P 0.09 0.05 0.05 0.08 0.06 0.08 0.05 0.05

Ca 0.04 0.08 0.10 0.06 0.05 0.09 0.10 0.11

Fe 0.05 0.06 0.05 0.07 0.05 0.06 0.06 0.05

Al 0.07 0.06 0.06 0.06 0.06 0.08 0.09 0.12

Ce 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02

Nd 0.02 0.01 0.01 0.01 0.01 0.01 0.01 0.01

∑Cations 2.06 2.09 2.10 2.10 2.10 2.11 2.12 2.13

5.1.2. Nb–Ta-Rich Minerals

Alkaline syenite is enriched in Nb–Ta-rich rare metals mineralization. They include
columbite, microlite, and fergusonite.

Columbite occurs as massive, euhedral to anhedral crystals, elongated crystals, which
are highly corroded and fine-grained (Figure 4c–f). It occurs as fine microinclusions in
ilmenite, and is always enclosed in K-feldspar, quartz, plagioclase, and biotite crystals. It is
always associated with thorite, bastnäsite, microlite, zircon, ilmenite, hematite, and rutile.
Some columbite crystals enclose fergusonite and hematite (Figure 4f). The analyzed EPMA
data reveal that columbite is composed of Nb2O5, which ranges from 66.49 to 71.57 wt%,
Fe2O3 from 21.08 to 26.32 wt%, Ta2O5 from 2.55 to 3.69 wt%, and TiO2 from 1.33 to 2.84 wt%.
Y2O3 and MnO are recorded as minor constituents and reached up 3.62 and 1.08 wt%,
respectively (Table 2). EPMA show that Fe has a higher concentration than Mn (Table 2),
and indicates its typical composition of ferro-columbite according to [42]. The ratio of
Ta/(Ta + Nb) ranges from 0.02 and 0.03, whereas the ratio of Mn/(Mn + Fe) ranges from
0.02 to 0.05, indicating a marked enrichment of Fe compared to Mn in ferro-columbite
crystals (Table 2). The concentrations of radioactive elements uranium and thorium reveal
that UO2 and ThO2 reached up 0.98 and 1.5 wt% in the analyzed ferro-columbite crystals.

Microlite presents as fine- to coarse-grained, reaching to 50 µm in size, is anhedral
to subhedral, and has rhombic crystals, while others are corroded and highly deformed
(Figure 4c,g,h). It could be associated with ferro-columbite and thorite. Some crystals
poikilitically enclose fine-grained hematite and opaques (gray to black grains). It is well-
developed in quartz, plagioclase, and K-feldspar. EPMA shows that microlite is composed
of Ta2O5, which ranges from 40.46 to 43.21 wt%, and Nb2O5 from 29.33 to 32.86 wt% and
FeO, CaO, and TiO2 reached up to 5.29, 4.84, and 1.13 wt%, respectively. Light rare earth
elements LRE2O3 (La2O3–Nd2O3) are well recorded and range from 8.47 to 12.68 wt%
(Table 3). Microlite is enriched in radioactive elements, especially uranium in which UO2

varies between 4.47 and 8.61 wt% (Table 3).
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Table 2. Representative EPMA (oxides, Wt%) of columbite from alkaline syenite at Nikeiba, SED of
Egypt.

Nb2O5 69.66 66.79 66.49 71.57 67.76 70.84

Ta2O5 3.26 3.69 3.03 3.49 2.55

TiO2 2.49 2.09 2.84 1.95 1.33 1.51

Fe2O3 24.28 21.40 24.71 21.08 26.32 22.6

MnO 0.43 n.d. n.d. 1.08 0.68 0.50

Y2O3 n.d. 3.62 2.46 n.d. 1.74 1.93

ThO2 n.d. 1.50 1.40 n.d. 1.11 n.d.

UO2 n.d. 0.92 n.d. n.d. 0.98 n.d.

Total 100.12 100.01 100.93 99.17 99.92 99.93

Cations Chemical formulae based on 6 oxygen atoms

Nb 1.79 1.76 1.72 1.85 1.78 1.83

Ta 0.05 0.06 0.05 0.05 0.04

Ti 0.11 0.09 0.12 0.08 0.06 0.06

Fe 1.16 1.04 1.18 1.01 1.28 1.08

Mn 0.02 0.05 0.03 0.02

Y 0.11 0.07 0.05 0.06

Th 0.02 0.02 0.01

U 0.01 0.01

∑Cations 3.13 3.09 3.17 3.05 3.22 3.1

Ta/(Ta + Nb) 0.03 0.03 0.03 0.03 0.02

Mn/(Mn + Fe) 0.02 0.05 0.02 0.02
n.d. (not determined).

Fergusonite occurs as fine-grained (Figure 4f,i), subhedral to euhedral, tabular forms,
which are highly corroded and well deformed. It is poikilitically enclosed in columbite
crystals as fine-grained (white to pale gray grains). It is characterized by its submetallic
or vitreous appearance. EPMA shows that fergusonite is composed of Nb2O5 and Y2O3

with averages of 48 wt% and 28.45 wt%, respectively. The total ∑TREE2O3 (Ce2O3–Yb2O3)
of fergusonite from quartz syenite contains considerably higher concentrations, with an
average of 15.91 wt%. Substantial amounts of TiO2, CaO, Fe2O3, SiO2, as well as ThO2 and
UO2, are well reported (Table 4). It has a structural formula of A3+B5+O4, where the A-site
is dominated by REE and Y, and the B-site is occupied by Nb, Ta, and Ti. Other cations are
recorded in the A-site.

Table 3. Representative EPMA (oxides, Wt%) of microlite from alkaline syenite at Nikeiba, SED of
Egypt.

Spot No. 3266 3267 3260 3279 2108

Nb2O5 32.86 29.33 32.36 30.84 31.61

Ta2O5 40.75 43.14 43.21 40.46 41.29

TiO2 0.62 1.02 0.42 1.11 1.13

FeO 4.45 5.29 4.37 4.78 4.33

CaO 4.11 4.17 4.63 4.84 4.61
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Table 3. Cont.

La2O3 5.57 4.34 5.24 4.79 4.23

Ce2O3 2.99 2.58 2.46 4.88 1.95

Pr2O3 1.76 1.57 1.12 1.25 0.97

Nd2O3 2.3 2.15 1.7 1.76 1.32

UO2 4.47 6.41 4.49 5.39 8.61

Total 99.88 100 100 100.1 100.05

∑LREE2O3 12.62 10.64 10.52 12.68 8.47

Cations Chemical formulae based on 6 oxygen atoms

Nb 1.08 0.98 1.06 1.01 1.04

Ta 0.80 0.86 0.85 0.80 0.82

Ti 0.03 0.06 0.02 0.06 0.06

Fe 0.27 0.33 0.26 0.29 0.26

Ca 0.32 0.33 0.36 0.38 0.36

La 0.15 0.12 0.14 0.13 0.11

Ce 0.08 0.07 0.07 0.13 0.05

Pr 0.05 0.04 0.03 0.03 0.03

Nd 0.06 0.06 0.04 0.05 0.03

U 0.07 0.10 0.07 0.09 0.14

∑Cations 2.91 2.94 2.90 2.96 2.90

Table 4. Representative EPMA (oxides, Wt%) of fergusonite from alkaline syenite at Nikeiba, SED of
Egypt.

Y2O3 28.06 28.66 29.07 28.72 28.01 28.16

Nb2O5 47.31 47.73 47.61 48.77 49.14 48.03

Ce2O3 0.65 0.85 0.79 1.17 1.64 1.25

Nd2O3 0.76 1.48 1.29 0.72 1.76 2.11

Sm2O3 1.79 1.86 1.67 0.9 2.04 2.02

Gd2O3 2.07 3.26 2.95 1.57 2.39 2.93

Dy2O3 6.51 6.67 4.02 3.74 4.53 4.21

Er2O3 3.44 2.71 1.44 2.5 1.34 2.42

Yb2O3 2.43 2.13 1.71 1.78 1.85 2.13

TiO2 1.19 1.22 1.47 1.22 0.98 1.01

CaO 0.88 0.62 0.71 0.37 0.63 0.49

Fe2O3 0.48 0.96 0.73 1.46 1.32 1.66

ThO2 1.12 0.67 2.01 1.82 0.96 2

UO2 1.68 0.4 1.02 1.59 0.33 0.52

SiO2 1.48 0.84 1.14 0.97 1.11 1.21

Total 99.85 100.06 97.63 97.3 98.03 100.15

∑TREE2O3 17.65 18.96 13.87 12.38 15.55 17.07
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Table 4. Cont.

Cations Chemical formulae based on 4 oxygen atoms

Y 0.65 0.66 0.68 0.67 0.65 0.65

Nb 0.93 0.94 0.94 0.96 0.96 0.94

Ce 0.01 0.01 0.01 0.02 0.03 0.02

Nd 0.01 0.02 0.02 0.01 0.03 0.03

Sm 0.03 0.03 0.03 0.01 0.03 0.03

Gd 0.03 0.05 0.04 0.02 0.03 0.04

Dy 0.09 0.09 0.06 0.05 0.06 0.06

Er 0.05 0.04 0.02 0.03 0.02 0.03

Yb 0.03 0.03 0.02 0.02 0.02 0.03

Ti 0.04 0.04 0.05 0.04 0.03 0.03

Ca 0.04 0.03 0.03 0.02 0.03 0.02

Fe 0.02 0.03 0.02 0.05 0.04 0.05

Th 0.01 0.01 0.02 0.02 0.01 0.02

U 0.02 0 0.01 0.02 0 0

Si 0.06 0.04 0.05 0.04 0.05 0.05

∑Cations 2.02 2.02 2.01 1.99 2 2.01

5.1.3. Zircon

Zircon occurs as euhedral to subhedral, prismatic crystals, and fine- to medium-
independent crystals, and reaches up to 50 µm (Figures 4e and 5a–c). Some crystals are
highly cracked, and enclose opaques (Figure 5a–c), and hematite occurs along the rims of
zircon crystals (Figure 4e). It is almost observed in K-feldspar, plagioclase, and quartz, and
is almost associated with bastnäsite, columbite, thorite, and ilmenite from the investigated
alkaline syenite. The analyzed EPMA data indicate that zircon is almost composed of ZrO2,
which ranges from 61.27 to 63.21 wt%, SiO2 from 30.2 to 32.37 wt%, and HfO2 from 0.91 to
3.54 wt%. Other elements including CaO, Fe2O3, and Y2O3 are well presented as minor
constituents with averages value 2.13 and 1.11 wt% (Table 5). The radioactive elements
including thorium and uranium are reported with averages of 0.62 and 0.78 wt% for ThO2

and UO2, respectively.

5.1.4. REE-Minerals

From the investigated alkaline syenite, two groups of REE-minerals have been recog-
nized: (i) fluorocarbonates and fluoride-REEs (bastnäsite and fluorite); (ii) phosphatic-REEs
(monazite and apatite), (Figures 4 and 5 and Tables S1 and S2).

i. Fluorocarbonates and fluoride-REEs

Bastnäsite is the most predominant fluorocarbonate-LREE mineral recorded in the
investigated alkaline syenite. It occurs as anhedral, tabular crystals, fine- to medium-
grained, and reaches up to 50 µm (Figure 4b,d and Figure 5b–f). The EPMA data show that
Ce2O3 has a higher concentration in the analyzed bastnäsite crystals, which ranges from
37.13 to 38.56 wt% with an average of 37.92 wt%, followed by La2O3, then Nd2O3, Pr2O3,
and Sm2O3, with averages 20.43, 11.64, 3.10, and 1.79 wt%, respectively. The radioactive
element thorium is reported in the analyzed bastnäsite crystals, and ThO2 ranges from 0.58
to 2.21 wt%, with an average of 1.03 wt%. Y2O3, CaO, and Fe2O3 are recorded as minor
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constituents with averages of 1.18, 1.1, and 1.5 wt%, respectively. Consequently, Ce is
considered the most predominant LREE (0.49 apfu) (Table S1), and specifies bastnäsite-(Ce).

Fluorite (CaF2) occurs as anhedral crystals and is mostly predominant in association
with bastnäsite, monazite, and zircon crystals (Figure 5f). It is enclosed in quartz, plagio-
clase, and K-feldspar crystals. EPMA data reveal that fluorite is composed of F 48.11 wt%
and Ca 45.76 wt%. LREEs including La, Ce, Nd, as well as Y, are well presented as minor
constituents reaching 1.39, 2.78, 1.46, and 2.21wt%, respectively. Its composition shows
similarity to those fluorites recorded in the El Sela granite [43].
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Figure 5. Back-scattered images of Zr-, REEs-bearing mineralization from alkaline syenite at Nikeiba,
SED, Egypt. (a) Quartz encloses zircon and rutile; (b,c) Fine-grained bastnäsite associated with
zircon crystals; (d) Bastnäsite encloses microinclusions of rutile (gray color); (e) Quartz crystal
encloses bastnäsite and ilmenite; (f) Fine-grained bastnäsite and fluorite surrounded by hematite;
(g,h) Anhedral to subhedral monazite, enclosed in K-feldspar; (i) Fine-grained monazite surrounded
by hematite. Abbreviations: Zrn, zircon; Bas, bastnäsite; Mnz, monazite; Fl, fluorite; Ap, apatite; Kfs,
K-feldspar; Plg, plagioclase; Qz, quartz; Bt, biotite; Ilm, ilmenite; Hem, hematite; Rt, rutile.

ii. Phosphatic-REEs

Monazite presents as subhedral to anhedral crystals, fine-grained, and predominant
in K-feldspar, plagioclase, and quartz (Figure 5g–i). It is accompanied with apatite, zircon,
thorite, and columbite. The EPMA data reveal that monazite is composed of P2O5, which
ranges from 28.92 wt%, with especially enriched LREE concentrations ranging from 62.2 to
65.32 wt% (Table S2). Ce2O3 shows a higher concentration other than LREEs in analyzed
monazite crystals and ranges from 27.15 to 31.65 wt%. It is followed by Nd2O3, La2O3,
Pr2O3, and Sm2O3, with average contents of 13.74, 12.08, 3.07, and 2.83 wt%, respectively.
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Gd2O3 is the only recorded HREEs in the analyzed monazite crystals with an average
of 2.27 wt%. Radioactive elements, including thorium and uranium, are present, with
ThO2 and UO2 reaching 2.72 wt% and 0.52 wt%, respectively. SiO2 is present as a minor
component, with an average of 1.21 wt%.

Table 5. Representative EPMA (oxides, Wt%) of zircon from alkaline syenite at Nikeiba, SED of
Egypt.

SiO2 31.72 32.20 32.37 32.22 31.36 31.17 31.12 30.78 30.20 31.11

ZrO2 63.12 63.21 63.17 62.52 62.91 61.46 61.27 61.66 61.78 61.69

HfO2 1.14 0.98 0.91 1.38 1.17 2.11 1.85 1.33 3.54 1.84

CaO 1.13 0.82 0.84 1.21 1.17 1.85 1.48 1.62 1.74 1.56

Fe2O3 1.57 0.59 0.61 0.62 1.93 1.16 1.44 1.77 0.41 1.06

Y2O3 1.36 0.74 0.81 0.58 0.46 0.79 1.21 1.34 1.05 1.42

ThO2 0.92 0.89 0.41 0.69 0.42 0.64 0.73 0.65 0.59 0.57

UO2 0.99 0.62 0.92 0.82 0.53 0.81 0.96 0.88 0.71 0.74

Total 100 100 100 100 100 100 100 100 100 100

Cations Chemical formulae based on 4 oxygen atoms

Si 0.97 1.00 1.00 1.00 0.97 0.97 0.97 0.96 0.96 0.97

Zr 0.94 0.95 0.95 0.94 0.95 0.94 0.93 0.94 0.95 0.94

Hf 0.01 0.01 0.01 0.01 0.01 0.02 0.02 0.01 0.03 0.02

Ca 0.04 0.03 0.03 0.04 0.04 0.06 0.05 0.05 0.06 0.05

Fe 0.04 0.01 0.01 0.01 0.05 0.03 0.03 0.04 0.01 0.02

Y 0.02 0.01 0.01 0.01 0.01 0.01 0.02 0.02 0.02 0.02

Th 0.006 0.006 0.003 0.005 0.003 0.005 0.005 0.005 0.004 0.004

U 0.007 0.004 0.006 0.006 0.004 0.006 0.007 0.006 0.005 0.005

∑Cations 2.03 2.02 2.02 2.03 2.03 2.04 2.04 2.04 2.04 2.04

It is very clear to mention herein from the calculated chemical formula that monazite
has a predominance of Ce (0.41 apfu) over other REEs, designating it monazite-Ce (Table
S2). The geochemical analyses of monazite crystals show a marked similarity in its compo-
sition with lower concentrations of thorium. This could be attributed to the geochemical
substitutions that have been carried out according to the following reactions:

Th4+ + Si4+ ↔ REE3+ + P5+

Th4+ + Ca2+ ↔ 2REE3+

as recorded by [12,44].
Apatite occurs as anhedral to subhedral, massive, fine-grained, and enclosed in K-

feldspar, quartz, and plagioclase (Figure 5g). Apatite is predominately associated with
monazite and zircon. The analyzed EPMA data reveal that CaO ranges from 53.21 to
54.61 wt%, and P2O5 ranges from 40.15 to 41.27 wt%. Apatite bears minor concentrations
of LREE, especially La2O3, Ce2O3, and Nd2O3, and reached up to 1.05, 2.56, and 0.81 wt%,
respectively. Fluorine ranges from 4.62 to 5.81 wt%, designating it fluorapatite.
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5.1.5. Radionuclides Concentrations and Hazards

The concentrations of radionuclides 238U, 232Th, and 40K in alkaline syenite were
determined, and the statistical analysis is summarized in Table 6. Each element’s concen-
tration was based on 50 samples (n = 50), and the results offer insights into the variability,
distribution patterns, and potential geological influences on these radionuclides. The mean
concentration of 238U in the alkaline syenite was 108 ± 20 Bq/kg, reflecting moderate
variability. The concentration ranged from 73 to 170 Bq/kg, indicating a relatively broad
distribution. The positive skewness value of 0.55 suggests a moderate skew towards
higher concentrations, while the kurtosis of 0.30 indicates a distribution slightly flatter
than normal. The coefficient of variation (CV) was 0.19%, indicating that the concentration
values are not significantly dispersed relative to the mean. These findings imply that 238U
concentrations in syenite samples demonstrate variability but tend to cluster around the
mean. Conversely, thorium (232Th) concentrations exhibited relative consistency, with a
mean of 107 ± 9 Bq/kg. The concentration range (89 to 121 Bq/kg) exhibited a narrower
variation compared to that of 238 U, suggesting a reduced dispersion in the data. The
skewness value of 0.14 suggests that the distribution is nearly symmetrical, while the
negative kurtosis value of −1.16 points to a platykurtic distribution, indicating lighter
tails compared to a normal distribution. The low coefficient of variation (CV) of 0.09%
further corroborates the stability and low relative variability of 232Th in the samples. These
findings suggest that 232Th is more uniformly distributed in the alkaline syenite samples.
The mean concentration of 40K was found to be significantly higher than that of the other
radionuclides, with a mean value of 1255 ± 166 Bq/kg. The concentration exhibited a
considerable range, from 783 to 1628 Bq/kg, reflecting the natural abundance of potassium
in rocks. The skewness value of −0.16 indicates a slight negative skewness, suggesting a
distribution that is marginally skewed towards lower concentrations. The kurtosis value of
0.76 indicates a leptokurtic distribution, with a more pronounced peak than that of a normal
distribution. The CV was 0.13%, indicating moderate variability relative to the mean. The
mean concentration values of 238U, 232Th, and 40K in alkaline syenite samples were found
to be higher than the worldwide average of 33, 45, and 412 Bq/kg, respectively [3,45]. These
statistical patterns likely reflect the mineralogical and geochemical processes responsible
for the distribution of radionuclides in the alkaline syenite. The elevated concentration
of potassium relative to uranium and thorium is anticipated, given potassium’s role as a
predominant constituent in numerous rock-forming minerals, including orthoclase and
microcline, along with potassium-rich micas such as biotite and muscovite. In contrast,
uranium and thorium are typically present in trace amounts. The relatively moderate
variability in 238U and 232Th suggests that these radionuclides are uniformly distributed in
the syenite rock matrix, with some localized enrichment in uranium-bearing minerals. In
alkaline syenite, uranium is predominantly present in the microlite phase, while thorium
manifests in the thorite and monazite phases. As demonstrated in the relevant literature,
uranium is predominantly present in the microlite form within alkaline syenite. Conversely,
thorium manifests in the thorite and monazite forms.

Table 6. Descriptive statistics of studied alkaline syenite samples in the studied area.

n Mean SD Min Max Skewness Kurtosis CV, %
238U 50 108 20 73 170 0.55 0.30 0.19

232Th 50 107 9 89 121 0.14 −1.16 0.09
40K 50 1255 166 783 1628 −0.16 0.76 0.13
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As indicated by the results of the Kolmogorov–Smirnov test (Table 7), the concentra-
tions of 238U, 232Th, and 40K in alkaline syenite samples appear to be normally distributed.
This finding is consistent with the descriptive statistics, which revealed that the skewness
and kurtosis values were within the acceptable range, suggesting that the data did not
significantly deviate from normality. For 238U, the KS statistic of 0.08 and p-value of 1.00
indicate a strong fit to normality, consistent with the descriptive statistics showing moder-
ate skewness and kurtosis. A similar observation can be made with 232Th and 40K, which
exhibited KS statistics of 0.12 and 0.09, respectively, with p-values of 0.49 and 0.85. These
results, too, support the hypothesis of a normal distribution, despite minor deviations in
skewness and kurtosis. These findings serve to validate the underlying assumption of
normality.

Table 7. Results of Kolmogorov–Smirnov (KS) normality test.

Radionuclide
Kolmogorov–Smirnov *

DF Statistic Asymp. Sig. (2 Tail)
238U 50 0.08 1.00

232Th 50 0.12 0.49
40K 50 0.09 0.85

Asymp. sig. = asymptotic significance level. DF = degrees of freedom. * Lilliefors significance correction.

Table S3 discloses the radiological hazard parameters in the alkaline syenite samples
and presents critical insights into the levels of natural radioactivity within the study area.
The mean radium equivalent activity Raeq of 357 Bq/kg is slightly below the worldwide
average of 370 Bq/kg [46]. This finding indicates that, on average, the alkaline syenite rock
in this region does not demonstrate excessively high levels of radioactivity compared to
global standards. Nevertheless, the proximity to the mean value underscores the necessity
for continuous monitoring, as variations in geological formations can result in localized
increases in radioactivity that may not be reflected in mean measurements. Consequently,
continuous assessments are imperative to elucidate the potential environmental and health
impacts associated with natural radiation exposure. Notwithstanding the mean Raeq

being within a safe range, the air-absorbed dose rate (Dair) of 166 nGy/h is considerably
higher than the global average of 59 nGy/h [47,48]. This elevated dose rate indicates that
individuals residing in or proximate to the alkaline syenite rock may experience heightened
exposure to radiation relative to generally accepted safety limits. Such elevated levels of Dair

can contribute to an increased risk of radiation-related health concerns, underscoring the
necessity of community awareness initiatives and regulatory measures to mitigate exposure.
Furthermore, the annual effective doses calculated for both outdoor (AEDout) at 0.20 mSv/y
and indoor (AEDin) at 0.81 mSv/y indicate that outdoor and indoor exposure exceeds the
global average of 0.07 and 0.41 mSv/y, respectively. Indoor environments are frequently
where individuals spend the majority of their time, thereby increasing their cumulative
exposure to radiation. Furthermore, the excess lifetime cancer risk (ELCR) average of
0.00071 indicates a relatively higher risk associated with prolonged exposure to these
radionuclides compared to the permissible limit of 0.00029. This is of particular concern, as
indoor environments are often where people spend the majority of their time [49,50]. While
this risk is relatively low in absolute terms, it is crucial to consider the long-term exposure
implications for populations residing in areas with heightened radioactivity. The observed
maximum values for Raeq (437 Bq/kg), Dair (202 nGy/h), and AEDout (0.25 mSv/y) suggest
that certain locations may pose significant radiological hazards, necessitating targeted
investigations and protective measures. The findings underscore the necessity of regular
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monitoring and risk assessment to safeguard public health and ensure that exposure to
radiation from natural sources remains within acceptable limits.

As illustrated in Table S4, the Pearson correlation analysis discloses substantial re-
lationships between radionuclide concentrations and radiological parameters in alkaline
syenite samples. The analysis demonstrates a modest positive correlation of 0.15 between
238U and 232Th, suggesting a marginal tendency for their concentrations to increase in
tandem. Conversely, the correlation between 238U and 40K is −0.01, indicating the absence
of a substantial relationship between these two radionuclides. Furthermore, 232Th and 40K
exhibit a modest positive correlation of 0.16, suggesting a negligible interdependence. 238U
demonstrates a strong positive correlation with radium equivalent activity Raeq at 0.75
and air-absorbed dose rate Dair at 0.73, indicating its substantial contribution to overall
radioactivity and radiation exposure. A similar correlation was observed between 232Th
and Raeq (0.61) and Dair (0.58), suggesting its influence on radiation levels. In addition,
40K demonstrates moderate correlations with Raeq (0.49) and Dair (0.55), suggesting its
influence on radiological exposure, though to a lesser extent than that observed for 238U
and 232Th. The analysis also highlights strong correlations among radiological parameters
themselves, such as Dair, AED, and ELCR, reinforcing the idea that higher radionuclide
concentrations contribute to increased radiation exposure and associated cancer risks.

The cluster analysis (Figure S1a) reveals distinct groupings among the radionuclides
and radiological risk parameters based on their similarity. Notably, 40K forms a discrete
group, indicating its unique behavior due to its significantly higher concentration com-
pared to 238U and 232Th. Conversely, 232Th and ELCR exhibit a close proximity, thereby
implying that thorium concentrations bear a significant correlation with cancer risk es-
timates. Radiological dose-related parameters such as AED (indoor and outdoor), Dair,
and Raeq are grouped, reflecting their interrelationship in radiation exposure assessment.
238U is grouped with Raeq, emphasizing its contribution to radium equivalent activity and
radiation exposure. The principal component analysis (PCA) (Figure S1b) corroborates
these findings by demonstrating that two primary factors account for the majority (88.46%)
of the variance. The most significant variable along Factor 1 is 40K, followed by 232Th
and 238U, indicating the predominance of potassium in terms of radiological influence.
The close proximity of AED, Dair, and Raeq in the clustering analysis suggests a strong
correlation between them. ELCR, on the other hand, exhibits a more independent behavior
from the radionuclides, positioned along Factor 2. The integration of cluster analysis and
PCA elucidates that 40K exerts a pronounced influence on radiological variance, while the
remaining variables exhibit more pronounced interrelationships in terms of exposure and
risk.

The statistical analysis (Figure S1) indicates that 40K is the primary contributor to the
observed radiological variance in the studied alkaline syenite samples. In contrast to 238U
and 232Th, which are predominantly found in accessory minerals such as thorite, monazite,
and zircon, 40K is a significant component of rock-forming minerals like feldspars and
micas. Consequently, its concentration is considerably higher and more homogeneously
distributed in the rock matrix. Although 40K exhibits a lower radiotoxicity compared
to uranium and thorium, it contributes significantly to the external gamma dose due
to its relatively high energy gamma emissions (1460 keV). This underscores the need
to consider its role in radiological risk assessments of alkaline syenite and similar rock
types. While 40K does not pose significant internal exposure risks unless ingested or
inhaled in substantial amounts, its contribution to ambient gamma radiation should not be
overlooked, particularly in indoor environments where prolonged exposure may increase
cumulative dose rates. In light of the statistical findings, future radiological assessments
of building materials derived from alkaline syenite should evaluate 40K contributions
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alongside uranium- and thorium-related hazards to provide a more comprehensive risk
assessment.

6. Conclusions
The investigated alkaline syenite at Nikeiba area, South Eastern Desert of Egypt is

mostly enriched in rare metal minerals. Thorite is the main Th-silica mineral, while microlite
is a Ta-, Nb-rich mineral containing a higher concentration of UO2, reaching up to 8.61 wt%.
Bastnäsite, monazite, and microlite are considered as the main sources for LREE contents,
whereas fergusonite is a good source for Y and HREE. Monazite reveals low Th contents
of 2.72 wt% ThO2, which could be attributed to the effect of hydrothermal alteration.
Additionally, ferro-columbite and fergusonite have higher Nb2O5 contents, while microlite
shows a higher Ta2O5 concentration, indicating good mineral diversity of the investigated
alkaline syenite. Radiological assessments revealed that the investigated alkaline syenite
shows higher 238U, 232Th, and 40K levels, exceeding the global averages, raising health
concerns, which could be attributed to the presence of radioactive minerals such as thorite
and monazite as well as microlite and zircon. Although the radium equivalent activity
(Raeq) is slightly below the safety limit, elevated air-absorbed dose rates and annual effective
doses indicate a need for vigilance. The excess lifetime cancer risk (ELCR) highlights the
long-term impact of exposure to these radionuclides. Statistical analysis confirmed a
normal distribution of radionuclide concentrations, with 238U and 232Th being primary
contributors to radiological hazards. These findings call for ongoing monitoring, public
awareness, and regulatory actions to mitigate risks, ensuring public safety and minimizing
the environmental impact of natural radioactivity.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/geosciences15040138/s1. Table S1. Representative EPMA (ox-
ides, Wt%) of bastnäsite from alkaline syenite at Nikeiba, SED of Egypt.; Table S2. Representative
EPMA (oxides, Wt%) of monazite from alkaline syenite at Nikeiba, SED of Egypt.; Table S3. Radium
equivalent content and radiological hazard parameters of the alkaline syenite samples in the studied
area.; Table S4. Pearson correlation between natural radionuclides and the radiological hazard coeffi-
cients of the alkaline syenite samples in the studied area.; Figure S1. (a) Dendrogram of radionuclide
and hazard indices and (b) principal component analysis of the radionuclides concentrations and
radiological hazards.
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42. Černý, P.; Ercit, T.S. Some Recent Advances in the Mineralogy and Geochemistry of Nb and Ta in Rare-Element Granitic
Pegmatites. Bull. Minéral. 1985, 108, 499–532. [CrossRef]

43. Abdel Gawad, A.E.; Ibrahim, E.M. Activity Ratios as a Tool for Studying Uranium Mobility at El Sela Shear Zone, Southeastern
Desert, Egypt. J. Radioanal. Nucl. Chem. 2016, 308, 129–142. [CrossRef]

44. Abd El Ghaffar, N.I. Enrichment of Rare Earth and Radioactive Elements Concentration in Accessory Phases from Alkaline
Granite, South Sinai- Egypt. J. Afr. Earth Sci. 2018, 147, 393–401. [CrossRef]

45. UNSCEAR. Sources and Effects of Ionizing Radiation—Exposures of The Public and Workers From Various Sources of Radiation—
UNSCEAR 2008 Report; UNSCEAR: New York, NY, USA, 2010.

46. Abbasi, A.; Mirekhtiary, S.F. Risk Assessment Due to Various Terrestrial Radionuclides Concentrations Scenarios. Int. J. Radiat.
Biol. 2019, 95, 179–185. [CrossRef] [PubMed]

47. UNSCEAR. Sources and Effects of Ionizing Radiation. In UNSCEAR 2000 Report to the General Assembly; UNSCEAR: New York,
NY, USA, 2000; pp. 1–10.

48. El Dabe, M.M.; Ismail, A.M.; Metwaly, M.; Taalab, S.A.; Hanfi, M.Y.; Ene, A. Hazards of Radioactive Mineralization Associated
with Pegmatites Used as Decorative and Building Material. Materials 2022, 15, 1224. [CrossRef] [PubMed]

https://doi.org/10.1017/S0016756803388028
https://doi.org/10.1007/BF00310871
https://doi.org/10.1007/s10967-024-09852-5
https://doi.org/10.1016/j.jafrearsci.2016.09.010
https://doi.org/10.1016/0883-2927(92)90003-L
https://doi.org/10.1007/s11631-024-00713-2
https://doi.org/10.1016/j.jafrearsci.2009.07.006
https://doi.org/10.1016/S0265-931X(00)00077-1
https://doi.org/10.1007/s12517-019-4355-7
https://doi.org/10.1093/rpd/ncs145
https://doi.org/10.1080/16878507.2019.1672313
https://doi.org/10.1186/s12302-021-00507-w
https://doi.org/10.1016/j.jenvrad.2013.06.002
https://www.ncbi.nlm.nih.gov/pubmed/23827232
https://doi.org/10.1016/j.marpolbul.2017.03.026
https://doi.org/10.1177/1420326X20924835
https://doi.org/10.1016/j.oregeorev.2009.02.006
https://doi.org/10.1007/s12517-022-10046-0
https://doi.org/10.3406/bulmi.1985.7846
https://doi.org/10.1007/s10967-015-4374-0
https://doi.org/10.1016/j.jafrearsci.2018.07.008
https://doi.org/10.1080/09553002.2019.1539881
https://www.ncbi.nlm.nih.gov/pubmed/30411992
https://doi.org/10.3390/ma15031224
https://www.ncbi.nlm.nih.gov/pubmed/35161168


Geosciences 2025, 15, 138 21 of 21

49. Qureshi, A.A.; Tariq, S.; Kamal, U.; Manzoor, S.; Calligaris, C.; Waheed, A. Evaluation of Excessive Lifetime Cancer Risk Due to
Natural Radioactivity in the Rivers Sediments of Northern Pakistan. J. Radiat. Res. Appl. Sci. 2014, 7, 438–447. [CrossRef]

50. Abdullahi, S.; Ismail, A.F.; Samat, S. Determination of Indoor Doses and Excess Lifetime Cancer Risks Caused by Building
Materials Containing Natural Radionuclides in Malaysia. Nucl. Eng. Technol. 2019, 51, 325–336. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.jrras.2014.07.008
https://doi.org/10.1016/j.net.2018.09.017

	Introduction 
	Geologic Setting 
	Petrography of Alkaline Syenite 
	Materials and Methods 
	Analytical Methods 
	Sample Collection and Preparation for Radiometric Analysis 
	Gamma Spectrometry Using HPGe Detector 

	Results and Discussion 
	Rare Metals Mineralization 
	Radioactive Minerals 
	Nb–Ta-Rich Minerals 
	Zircon 
	REE-Minerals 
	Radionuclides Concentrations and Hazards 


	Conclusions 
	References

