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A B S T R A C T

The present research aims to evaluate the radiation dosages in the Magal Gebreel granitic phases, which 
encompass monzogranites, alkali feldspar granites, and altered granites (widely exposed along the shear zone). 
The former rocks have an average of 89.28 ± 23.85 Bqkg− 1 for 238U, 51.71 ± 9.65 Bqkg− 1 for 232Th, and 995.34 
± 160.21 Bqkg− 1 for 40K utilizing the NaI (Tl) analyzer. Alkali feldspar granites have an average of 146.32 ±
46.73 Bqkg− 1 for 238U, 77.57 ± 11.21 Bqkg− 1 for 232Th, and 1120.54 ± 26 Bqkg− 1 for 40K. The later (altered 
granites) have the highest activity concentrations of 232Th (avg. 360.57 ± 58.02 Bqkg− 1), 40K (avg. 1197.23 ±
106.53 Bqkg− 1), and 238U (avg. 3797.50 ± 725.68 Bqkg− 1), as well as their summation (avg. 2201.60 ± 250.62 
Bqkg− 1). It is obvious that the investigated rocks contain increased activity concentrations and therefore fall 
above the widely accepted worldwide requirements. The results of microscopic and ESEM analysis revealed large 
assemblages of significant minerals enclosed in the Magal Gebreel rocks such as precious, base metals, acces
sories, radioactive-bearing, REE-bearing, and Nb-Ta- bearing minerals. Radium equivalent, dose of human body, 
absorbed dose rate and annualized dosage, excess life-time cancer, coupled with extra radiological characteristics 
were inferred for these rocks. Given that the measures of most of these criteria are higher than the international 
average, it is distinct that the tested rocks (certainly altered granites) have a considerable effect on the natural 
gamma emission released.

1. Introduction

The crust of the Earth has a dynamic repository of natural radionu
clides that have existed since the creation of the planet, where the 
terrestrial (232Th, 238U, and 40K) radionuclides are abundant [1–3]. 
Long-term processes are unaffected by the presence of radium due to its 
continual generation and comparatively short half-life, which is pro
duced by the decay of 232Th and 238U and 235U [4,5]. Variable rocks 
have different levels of mobility, the disequilibrium between uranium 
and radium happens periodically [6]. Radionuclide concentrations are 
important for monitoring environmental radioactivity, considering the 
geographical variation in the external gamma dose rate. These dosages 
are determined by the amounts of radionuclides that naturally exist in 
rocks [7,8]. Deposition, erosion, and weathering are common 

mechanisms that preferentially enhance radionuclides, particularly in 
the late stages of granitic rocks. For example, uranium has been seen to 
interact with biological matter and phosphate minerals [9–11]. This 
geological separation results in the formation of distinct high-radiation 
zones, which may remain inactive until affected by natural erosion or 
human activities such as mining or hydraulic fracturing. The interrela
tionship of sedimentary rock lithology and motion of radionuclides 
emphasizes the difficulty in anticipating and explaining the associated 
dangers [3,12,13,13,14]. Recently, there is a focus on tracking the 
natural distribution of radioactive elements. Numerous study endeavors 
have been launched everywhere to ascertain the total radiation dosage 
of the rocks [2,4,12,15–21].

Recent studies indicate that environments with elevated 238U and 
226Ra concentrations frequently show increased radon flux, which can 
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affect indoor and outdoor radon exposure levels (e.g., UNSCEAR, 2000). 
Radon emanation and transport are influenced by factors such as 
porosity, grain size, fracture density, and soil moisture content, all of 
which can be significant in granitic terrains with high natural uranium 
content. These granites elevated levels of 226Ra in construction presents 
a potential radon hazard. This material exhales radon gas, a radioactive 
byproduct of 226Ra decay, which can lead to excessive concentrations 
indoors. Radon, which is colorless and odorless, tends to accumulate in 
areas with inadequate ventilation, such as building basements and 
ground floors [22–24].

Lasheen [25] conducted one of the few bulk-rock geochemical 
studies on the Magal Gebreel granitic rocks to elucidate their petro
genesis and emplacement setting. These granites were classified as 
syn-to post-collisional in origin. The former varieties are granodioritic in 
composition with calcic to calc-alkaline and magnesian affinities. In 
contrast, the post-collisional granites correspond to A2-type granites, 
characterized by low Mg# and Ti contents, coupled with high SiO2 and 
Nb.

Granitic rocks are highly evolved lithologies that commonly contain 
accessory minerals capable of trapping U and Th radioactive elements. 
Owing to the widespread occurrence of granitic rocks and their exten
sive use as decorative stones and in various industrial applications, 
assessing their radioactive characteristics is necessary. This study rep
resents the first radiological evaluation of these granitic rocks, providing 
essential data for both environmental safety and sustainable utilization.

The goal of this investigation is to pinpoint rock units using the 
fieldwork and petrography. Besides, we plan to assess the radioactive 
possibility of the Magal Gebreel rocks. This form of inspection demands 
determining the delivered radiation doses (232Th, 238U, and 40K) present 
in these rocks and linking the observed radiological characteristics to 
mineralogical composition and hydrothermal alteration processes. 
Moreover, several radiological risk factors have been devised to permit 
an improved assessment of the negative consequences of radiation on 
human beings.

2. Field geology

The Neoproterozoic rocks typically occur in the Nubian Shield's (NS) 
Eastern Desert. These rocks cover the Arabian Peninsula and a portion of 
Africa, developing the Arabian Nubian Shield and accounting for a ten 
percent of Egypt's surface area [26]. They encompasses variety of rocks 
like migmatite, ophiolites, arc-related rocks, phases of granitic rocks, 
and younger ultramafic intrusion. On top of that, the majority of these 
rocks have survived mineralization; they can be used for building por
tions in cement and as stones for decoration since of their attractive 
forms and extreme durability [27,28]. Granite is the most prevalent rock 
that exists in the Earth's crust, comprising 60 % of the Nubian Shield 
[29].

The highly fractionated kind of these rocks are particularly enclosing 
economic elements (e.g. Au, Li, Nb, B, Ce, Be, Ta, Sn, Y, Ag, Zr, and 

Fig. 1. Magal Gebreel geologic map, South Eastern Desert, Egypt [25].
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REEs) [26,30–33]. The Gabal Magal Gebreel region, a part of the NS, sits 
in the southern region of Egypt's Eastern Desert (Fig. 1). The highest 
points are Gabal Magal Gebreel (490 m) and Abu Swayel (375 m) above 
sea level. This area of study has a variety of igneous and metamorphic 
rocks, including metasediments, metavolcanics, younger and older 
granites, plus dykes. Numerous granitic phases are widely exposed. The 
older granitoids appear on the northern and far eastern portions of this 
area. They inject metasediments and metavolcanics. In contrast, the 
younger granites comprise intermediate to elevated topography and 
cover around 95 km2. These rocks are widely jointed, cavernous, and 
have a bouldery morphology (Fig. 2a–b). Field research demonstrated 
that hydrothermal action affects these granites, particularly near shear 
zones, triggering hematitization, chloritization, and silicification areas.

3. Methodology

Fourteen samples weighing almost 400 g were collected from the 
Magal Gebreel rocks and checked with the NaI (Tl) analyzer at the 
Nuclear Material Authority (supplementary material). Before these 
samples were put in 200 ml plastic containers, they were air-dried and 
sieved via a mesh size of around 200. A Bicron scintillating sensor, a 76 
× 76 mm NaI (Tl) crystal, and a tube with a photomultiplier enclosed in 
an aluminum housing constitute the gamma ray. To estimate the 
radiological implications of samples, implement the following formulas: 
radium equivalent (Raeq), organs of human dose (Dorgan out &in), excess 
life-time cancer (ELCR), rate of absorbed dose (Dair), annualized dosage 
(AEDout & in), and additional factors (e.g., internal and external in
dicators; Hex & Hin). 40K, 238U, and 232Th activities are denoted by the 
terms HK, HU, and HTh, respectively [34,35,35,35,35,35,36]. 

Dair (nGyh− 1) = 0.430HU+0.666HTh+ 0.042HK                          (eq. 1)

Raeq (Bqkg− 1) = HU + 1.43HTh + 0.077HK                                 (eq. 2)

AED (mSv/y) = Dair (nGyh− 1) × 8.76h × 0.8 × 0.7 × 10- 3         (eq. 3)

where, The occupancy number compensates for occupancy time in cases 
when outdoor is 0.2 and indoor is 0.8 [34,37]. 

Dorgans = Dorgans in (mSv/y) = AEDin × F                                    (eq. 4)

Dorgans out (mSv/y) = AEDout × F                                               (eq. 5)

Hex=HU/370 +HTh/259+HK/4810                                             (eq. 6)

Hin = HU/185 for indoor + HTh/259+HK/4810                           (eq. 7)

ELCRin = AED × DL (70y) × RF (0.05 S/v)                                (eq. 8)

4. Results

4.1. Petrography

Mineral and textural characteristics are available for monzogranites, 
alkali feldspar granites, and altered granites. Medium-grained mon
zogranites are observed, which contain orthoclase perthite, quartz, and 
plagioclase, with little muscovite and biotite. Orthoclase perthite ranges 
from subhedral to anhedral, which are mostly supplanted by sericite and 
kaolinite. Quartz is anhedral to interstitial grains and particularly 
associated with perthite. Plagioclase is frequently observed as subhedral 
crystals. They have slightly transformed toward saussurite. Sericitized 
muscovite is primarily linked to the development of subhedral fibers 
alternating with quartz and plagioclase. Alkali feldspar granites are 
hypidiomorphic and primarily constitute potash feldspar, quartz, 
plagioclase, and muscovite. Muscovite is found in trace quantities 

Fig. 2. Field and microscopic photos exhibit: a) Smooth surface and cavernous as weathering products; b) Large onion shaped granites along shear zones; c) 
Muscovite (Ms) flaks surrounded by plagioclase (Pl) and quartz (Qz); and d) Euhedral zircon (Zr) crystals occurred as aggregates within quartz.
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(Fig. 2c). Quartz is the most common component. Plagioclase occurs as 
tabular crystals with morphologies ranging from euhedral to subhedral 
and exhibiting stunning lamellar twinning. Almost all of them are still 
fresh; however, some are slightly saussuritized. Some samples show the 
presence of a flake of biotite. The medium-sized Magal Gebreel altered 
granites are mostly made up of flamy perthite, plagioclase, and quartz. 
The former is found as platy crystals, which are frequently fully kaoli
nitized and broken. Plagioclase develops to form subhedral with a lack 
of twinning due to the alteration role. Both the initial and secondary 
generations of muscovite are present. The observed accessories include 
allanite, uranophane, and zircon. Zoned zircon is a euhedral crystal that 
can be found at the edges of quartz (Fig. 2d).

4.2. Radionuclides abundance

The occurrence and percentages of radioactive elements 40K, 232Th, 
and 238U have been established for fourteen samples obtained from the 
Magal Gebreel rocks (Table 1). The median ± SD results for 40K, 232Th, 
and 238U in less evolved granitic rocks (monzogranites) are 995.34 ±
160.21 Bqkg− 1, 51.71 ± 9.65 Bqkg− 1, 89.28 ± 23.85 Bqkg− 1, respec
tively. Alternatively, 40K are between 1095.50 and 1158.10 Bqkg− 1, 
238U between 74.40 and 198.40 Bqkg− 1, and 232Th ranged from 60.60 to 
88.88 Bqkg− 1 in alkali feldspar granites. It is obvious from the correla
tion with monzogranites and alkali feldspar granites, the evaluated 
altered granites from the Magal Gebreel area has the greatest acquired 
activity concentrations of 40K (avg. 1197.23 ± 106.53 Bqkg− 1), 238U 
(avg. 3797.50 ± 725.68 Bqkg− 1), 232Th (avg. 360.57 ± 58.02 Bqkg− 1), 
and their combination (avg. 2201.60 ± 250.62 Bqkg− 1) (Table 1). This 
is due to the presence of zircon, kasolite, uranophane, and thorite, which 
integrate radionuclide into their structures. Moreover, the extremely 
high 238U concentrations in the altered granites can be attributed to 

Table 1 
40K,238U, and232Th concentrations and their ratios of Magal Gebreel rocks.

Rocks Samples 232Th (Bqkg− 1) 238U (Bqkg− 1) 40K (Bqkg− 1) 232Th/40K 232Th/238U

Monzogranites MG1 44.44 74.40 751.20 0.06 0.60
MG2 52.52 86.80 1189.40 0.04 0.61
MG3 56.56 124.00 1001.60 0.06 0.46
MG4 64.64 99.20 1064.20 0.06 0.65
MG5 40.40 62.00 970.30 0.04 0.65
Min. 40.40 62.00 751.20 0.04 0.46
Max. 64.64 124.00 1189.40 0.06 0.65
Avg. 51.71 89.28 995.34 0.05 0.59
SD 9.65 23.85 160.21 0.01 0.08
25 % 44.44 74.4 970.3 ​ ​
50 % 52.52 86.8 1001.6 ​ ​
75 % 56.56 99.2 1064.2 ​ ​

Alkali feldspar granites MG6 60.60 74.40 1095.50 0.06 0.81
MG7 72.72 198.40 1126.80 0.06 0.37
MG8 80.80 173.60 1158.10 0.07 0.47
MG9 88.88 148.80 1126.80 0.08 0.60
MG10 84.84 136.40 1095.50 0.08 0.62
Min. 60.60 74.40 1095.50 0.06 0.37
Max. 88.88 198.40 1158.10 0.08 0.81
Avg. 77.57 146.32 1120.54 0.07 0.57
SD 11.21 46.73 26.19 0.01 0.17
25 % 72.72 136.4 1095.5 ​ ​
50 % 80.8 148.8 1126.8 ​ ​
75 % 84.84 173.6 1126.8 ​ ​

Altered granites MG11 339.36 3658.00 1158.10 0.29 0.09
MG12 387.84 3794.40 1095.50 0.35 0.10
MG13 290.88 2988.40 1345.90 0.22 0.10
MG14 424.20 4749.20 1189.40 0.36 0.09
Min. 290.88 2988.40 1095.50 0.22 0.09
Max. 424.20 4749.20 1345.90 0.36 0.10
Avg. 360.57 3797.50 1197.23 0.30 0.10
SD 58.02 725.68 106.53 0.07 0.01
25 % 327.24 3490.6 1142.45 ​ ​
50 % 363.6 3726.2 1173.75 ​ ​
75 % 396.93 4033.1 1228.525 ​ ​

Table 2 
Comparison of238U,40K, and232Th concentrations of the Magal Gebreel rocks.

Location 238U 
(Bqkg− 1)

226Th 
(Bqkg− 1)

40K 
(Bqkg− 1)

Reference

Egypt 137.00 82.00 1082.00 [47]
Serbia 200 77 1280 [53]
Saudi Arabia 28.82 34.83 665.08 [16]
Sharm El Luli, Egypt 24.57 23.32 241.83 [8]
Abu Ghusun 

coastline
24.53 12.1 337.06 [46]

Jeddah shoreline 13.14 5.05 139.09 [2]
Wadi El Gemal 

Island
12.49 12.63 325.13 [17]

India 25.88 42.82 560.60 [48]
Spain 84 42 1138 [49]
Egypt 137 82 1082 [54]
Egypt 1674 105.04 683.91 [50]
Egypt 175 92.25 899.2 [55]
Granit S Tropez, 

Italy
101 ± 9 167 ± 17 1230 ± 40 [24]

Granite, China 98 ± 3 119 ± 4 1290 ± 70 [24]
Granite block, Italy 110 ± 7 106 ± 9 1330 ±

160
[24]

Rosso, Italy 160 ± 10 160 ± 15 1300 ±
110

[24]

New Kristal, Croatia 102 ± 6 77 ± 4 1180 ± 70 [24]
EU, Granit Rosa Por 280 ± 40 81 ± 14 1060 ± 80 [24]
Monzogranites 89.28 51.71 995.34 Current 

studyAlkali feldspar 
granites

146.32 77.57 1120.54

Altered granites 3797.50 360.57 1197.23
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several interrelated geological processes. Hydrothermal alteration 
played a primary role by mobilizing uranium from the original granitic 
matrix and redepositing it along fractures, shear zones, and altered 
domains, where fluid-rock interaction was intense. Metasomatic pro
cesses further enriched uranium through chemical exchange between 

hydrothermal fluids and the host granites, leading to the concentration 
of U in specific mineral phases and altered zones. Structural features, 
including faults and shear zones, enhanced fluid circulation and pro
vided pathways for uranium-bearing fluids, ultimately resulting in 
localized but exceptionally high U enrichment within the granitic rocks 

Fig. 3. BSE images and EDX patterns of: a) Kasolite, b) Uranophane, and c) Thorite mineral.
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[2,38,39].
Controversy, the assessed monzogranites the lowest 40K, 232Th, and 

238U concentrations when correlated with other rocks. Overall, all the 
assessed rocks have 40K, 232Th, and 238U radioactive concentration 
surpass the approved universal standards [12,19,21,35,40–42]. Like
wise, following the worldwide recording rules, the activity summing 
(40K+ 232Th + 238U) of all samples surpasses the allowed range of 420 Bq 
kg− 1 [20,43].

The altered granites had a minimal 232Th/238U ratio (0.1 ± 0.01), 
lower than the global average of 3.94. The smallest observations are 
associated with high U levels in comparison to Th in the assessed sam
ples, indicating U migration with regard to Th in the altered granites 
[44]. This is the result of secondary U increase during subsequent hy
drothermal activity [1,13,41,43,45]. Table 1 shows that the altered 
granites had the greatest 232Th/40K (avg. 0.3 ± 0.07), exceeding the 
universal reporting standard of 0.07). This could be explained by the 
high potassium concentration of these rocks as a result of K-meta
somatism. Actually, the samples collected from the Magal Gebreel area 
show a sequence of their activity levels shown below: 40K > 238U > 232Th 
(Table 1).

Table 2 shows the findings of currently ongoing analysis (40K, 238U, 
and 232Th) in contrast to global standards. They surpass the permissible 
quantity of [35], and others like those of phosphorite [16], Abu Ghusun 
coastline [46], Jeddah coastline [2], Sharm El Luli coastline [8], Wadi 
El- Gemal sediments [17], commercial granitic rocks [47], flooring 
materials [48], Sapin granites [49], and worldwide from Italy, China, 
and EU [24]. Anyway, the assessed altered granites have 238U akin to 
rocks of El Missikat altered granites [50]. The U and Th are preferen
tially incorporated into accessory and radioactive minerals such as 
zircon, monazite, thorite, kasolite, and uranophane, particularly in 
altered granitic rocks affected by hydrothermal fluids and 

metasomatism [1,13,41,43,45]. In contrast, Th activity is mainly gov
erned by the modal proportion of K-bearing rock-forming minerals, 
especially K-feldspar and biotite [21,39,40,51,52]. Therefore, rocks 
enriched in accessory U-Th-bearing minerals show elevated U and Th 
activities, whereas variations in K activity largely reflect differences in 
the abundance of K-rich feldspars and micas [1,45].

4.3. Mineralization

The results of microscopic examination and ESEM analysis revealed 
that the rocks of Magal Gebreel have large assemblages of minerals 
(radioactive, REEs- bearing minerals, Nb-Ta minerals, precious, base 
metals, and accessories). 

A. Radioactive minerals

Kasolite, uranophane, and thorite are the main radioactive minerals 
identified in the altered Magal Gebreel granites, reflecting the signifi
cant role of hydrothermal solutions in their formation.

Kasolite Pb (UO2) SiO4. (H2O) occurs in multiple forms (radial fibers/ 
clusters). It is mostly constituted of U (40.7 wt%), Pb (37.5 wt%), and Si 
(8.2 wt%) (Fig. 3a). Uranophane (Ca (UO2) (SiO2)2(OH)2.5H2) is found 
as minute fiber clusters on the quartz surface, as yellow radials in the 
voids, and as a coating across joining planes.

The majority of the uranophane detected was coupled with iron 
oxides (hematite) in the oxidized areas of the rocks and looks to be of 
supergene provenance. The EDX examination validated its composition: 
U (50.3 wt%), Ca (15.3 wt%), and Si (21.5 wt%) (Fig. 3b).

Thorite (ThSiO4) appears as tiny tetragonal crystals grouped in a 
radiating (rose-like) pattern around kasolite cores. The EDX examina
tion established the system's composition as Th (77.8 wt%) and Si (22.2 

Fig. 4. BSE images and EDX patterns of: a) monazite and b) allanite mineral.
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wt%) (Fig. 3c). 

B. REEs-bearing minerals

Monazite [(Ce, La, Th, Nd, Y) PO4] found as rounded crystals 
enclosing zircon. U might inhabit some of the REE positions in monazite 
[56]. EDX investigation revealed that it has a high amount of LREEs (60 
wt%; particularly Ce) with P (13.2 wt%) and Th + U (16.3 wt%) 
(Fig. 4a).

Allanite (REEs, Ca,Y)2(Al, Fe3+)3(SiO4)3(OH) belongs to the epidote 
group, although it is less stable than other members. Almost allanite 
includes some Th as much as three percent. [57]. The EDX analyses give 
Ca (2.7 wt %), LREEs (75 wt %) and Al (5.4 wt %) (Fig. 4b). 

C. Nb- &Ta-bearing minerals

Columbite- (Fe) is the common Nb-bearing mineral and constitutes a 
major resource of the technologically valuable metal. Absence of U in 
the columbite structure may be attributed to decreasing in the temper
ature of crystallization [58]; indicating hydrothermal solution role in 
accumulation of the mineral. The analyses show that ferro-columbite is 
composed mainly of Nb (42 wt %), Ta (5.5 wt %), Fe (19.5 wt %) with 
traces of Mn (Fig. 5a).

Fergusonite with chemical formula (Y, REE)NbO4. It exists as an 
accessory mineral in felsic rocks and is frequently associated with a 
number of Y, Th, Nb, Ta, and Ti oxide. The ESEM is used to identify this 
mineral, which contains Nb (27.5 wt%), Y (40.8 wt%), and REEs (5.1 wt 
%), as well as traces of U (Fig. 5b).

Tantite mineral, a resistant to corrosion metal, is mostly derived from 
the chemical element Ta2O5. It is chemically related to columbite and is 
frequently classed collectively as a semi-singular mineral termed coltan 

Fig. 5. EDX spectra and BSE image of: a) Columbite, b) Fergusonite, and c) Tantite mineral.
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in various mineral references [59,60]. Tantite forms transparent 
microscopic colorless, triclinic crystals with an adamantine luster. 
Chemical analyses show Ta (85.7 wt%) with traces of Si and Al (Fig. 5c). 

D. Accessory minerals

Xenotime (YPO4) is a rare mineral which occurs, like monazite, as an 
accessory constituent in granites and crystalline metamorphic rocks. 
Xenotime mineral appear in reddish brown, translucent to opaque. The 
EDX reveals that it consists of Y (52 wt%) and P (24.2 wt%) with traces 
of Ca and Fe (Fig. 6a).

Zircon crystals are euhedral, with six to eight sides. Some of the 
analyzed zircon grains exhibit lengthening, indicating that a high fluid 
supply induces the time of zircon crystallization to prolong. Isolated 
euhedral to subhedral zircon crystals is confirmed by EDX analyses 
(Fig. 6b). 

E. Precious and Base Metals

Gold (Au) is the main precious minerals that recorded in the studied 
samples. Gold is present as specks with high concentration (48.9 wt %) 
blended with silica and copper (Fig. 7a). Argentite (Ag2S) refers to the 
high temperature form of silver sulphide.

Argentite is a relatively rare Ag ore found in hydrothermal veins 
(silver sulfide high temperature, which is stable over 177 ◦C), primarily 
in the alteration zone. Below 177 ◦C is transformed to acanthite. It has 
been linked with pyrite, sphalerite, and galena. It is also a mineral 
accompanied by gold in the epithermal veins. The EDX analysis give an 
Ag (85.5–70.9 wt %), S (7.5–3.1) (Fig. 7b–c). Some grains was found as 
inclusion on zircon (Fig. 8a).

Cassiterite (SnO2) is a basic metal in the rutile group. It can be 
identified in hydrothermal veins with temperatures ranging from low to 

high. EDX analysis revealed the presence of Sn (71.5 wt %), and O (28.5 
wt%) contents (Fig. 8b).

Wolframite (Fe, Mn) is midway between ferberite (Fe2+-rich) and 
hübnerite (Mn2+-rich) which is the primary resource of tungsten. It has 
been identified and verified by ESEM that it contained W (47.2 wt%), Fe 
(7.2 wt%), and Mn (10 wt%) (Fig. 8c).

Galena is mostly composed of lead sulfide (PbS) with trace metals 
such as Fe and calcium. The ESEM approach revealed the presence of Pb 
(79.9 wt%) and S (14.9 wt%) (Fig. 9a). (Fig. 9a).

Mimetite Pb5 (AsO4)3Cl is member of apatite group. This mineral was 
recorded having a chemical composition of Pb (69.6 wt %), As (13.8 wt 
%) and Cl (2.3 wt %) (Fig. 9b). cotunnite)PbCl2) crystals are differen
tiated by orthorhombic coherence, which explains the possible anisot
ropy of chloride ionic mobility in these crystals. It develops at 
temperatures less than 325 ◦C. Its grain ranged from anhedral to sub
hedral, with rounded to subrounded surfaces. The EDX examination of 
cotunnite mineral grains indicates that they are primarily constituted of 
Pb (75.5 wt%) and Cl (24 wt%).

5. Discussion

5.1. Statistical analysis

The statistical parameters, including the mean, standard deviation, 
min., max., and quartile values of 232Th, 238U, and 40K concentrations 
across the study area, offer insightful information about their distribu
tion and their effects on the environment (Table 1).

232Th concentrations exhibit the lowest mean value among the three 
activity concentrations, with smaller standard deviation for the different 
rock units. Its concentration ranges from 40.40 Bqkg− 1 (in mon
zogranites) to 424.20 Bqkg− 1 (in the altered granites), reflecting mod
erate heterogeneity in thorium distribution in comparison to 238U, and 

Fig. 6. EDX spectra and BSE image of: a) Xenotime and b) Zircon mineral.
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Fig. 7. EDX spectra and BSE image of: a) gold and b-c) argentite.
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Fig. 8. EDX spectra and BSE image of: a) Argentite, b) Cassiterite, and c) Wolframite mineral.
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Fig. 9. EDX spectra and BSE image of a) Galena, d) Mimetite, and c) Cotunnite mineral.
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40K concentrations (Fig. 10). The interquartile range (57.57–240.38 
Bqkg− 1) points to that most samples have different thorium levels with 
clear variations. However, the average concentration of 238U is 
1169.143 Bqkg− 1, with a high standard deviation of 1760.36 Bqkg− 1, 
indicating high variability in the examined rocks. The lowest recorded 
concentration is 89.28 Bqkg− 1 (in monzogranites), while the highest 

reaches 3797.5 Bqkg− 1 (in the altered granites). The median value 
(1169.143 Bqkg− 1) and interquartile range (89.9–2290.9 Bqkg− 1) points 
to that most samples have relatively wide uranium variations. Moreover, 
the mean concentration of 40K is 1097.74 Bqkg− 1, with a standard de
viation (134.18 Bqkg− 1), indicating substantial variation in potassium 
levels across the rock units. The concentration ranges from a minimum 
of 751.2 Bqkg− 1 (in monzogranites) to a maximum of 1345.9 Bqkg− 1 (in 
the altered granites), suggesting that the altered granites have signifi
cantly higher levels, likely referring to their content of radioactive 
minerals. The interquartile range (IQR: 1072–1158 Bqkg− 1) further 
highlights limited variability.

A popular statistical technique for figuring out whether a dataset has 
a normal distribution is the Shapiro-Wilk test [61]. The results of the 
Shapiro-Wilk test are corroborated by the normal probability maps in 
Fig. 11. The 238U and 232Th points show a non-normal distribution, as 
they diverge from a straight line. The 40K data points resemble a nearly 
straight line, indicating that these characteristics have a normal distri
bution. Table 3 reveals the Pearson correlation of radioactive mea
surements in the Magal Gebreel rocks, which indicates the level of 
collaboration among the radioactive constituents. Tanasković [62] state 
that the correlation frequency was divided into four main categories: 
very strong (0.8–1.0), moderate (0.2–0.39), high (0.4–0.79), and weak 
(0.00–0.19). According to the contour map (Fig. 12), Table 3 demon
strates a very strong positive correlation between 232Th and 238U (R2 =
0.995). This table indicates a moderate correlation between 232Th and 
40K activity compared to 238U. This is explained by the concurrent 
occurrence of these radioactive substances in nature. Additionally, there 
is a significant and positive correlation between 238U and 232Th and the 
radiological risk indicators. This is because radiological factors are 
linked to radionuclides, which are known to be primarily gamma-ray 
generating elements in nature [63].

5.2. Radiation risk impact

The radioactivity of the Magal Gebreel rocks has been assessed using 
a range of indicators, encompassing Dair, AEDout&in, ELCR, Dorgan, and 
Raeq. Furthermore, further parameters have been stated, such as Hex 
and Hin (Table 4).

As stated by Kumar [64] the Dair aspect is employed for assessing the 
frequency of radiation that survives from the exterior of the Earth over a 
meter. The tested samples had Dair measurements ranging from 93.14 ±
19.50 (in monzogranites) to 2374.63 ± 346.49 (in altered granites) 
nGy/h, which surpass the international average of 59 nGy/h [35,46,50,
65–67]. It's obvious that the altered granites had the highest Dair values, 
ranging from 1535.27 to 2374.63 nGy/h, while the minimal is recorded 
in monzogranites (93.14–133.06 nGy/h). As a consequence, gamma ray 
irradiation modifies the Raeq as well as its inside and outside alpha 
particles. The predicted mean amounts (Raeq) for monzogranites (239.87 
± 42.13 Bqkg− 1) and alkali feldspar granites (343.52 ± 57.73 Bqkg− 1) 
fall within the permissible range of 370 Bqkg− 1 [36,62]. In contrast, the 
Raeq of the altered granite ranges from 3507.99 to 5447.39 Bqkg− 1, with 
an average of 4405.30 ± 800.37 Bqkg− 1, surpassing the permissible 
amount [35,65,66]. The Dair findings, conversion number (0.7 SvGy− 1), 
and outdoor (0.2) and indoor (0.8) occupation coefficients are employed 
for estimating the yearly radiation applying both the indoor (AEDin) and 
outdoor (AEDout) attitudes. All of the samples evaluated had AEDout 
readings that varied between 0.11 and 2.91 mSvy− 1, surpassing the 
allowable limit of 0.07 mSvy− 1 [18,37,41,43]. The altered granites have 
a higher mean AEDout (2.36 ± 0.42 mSvy− 1) than typical Magal Gebreel 
rocks. Likewise to AEDout, altered granites have the greatest average 
AEDin value (9.44 ± 1.7 mSvy− 1). Furthermore, all of the tested rocks 
have AEDin concentrations over the permitted level [35].

The amount of radioactivity that has accumulated in the tissue of an 
individual can be determined via the human organ dosage (indoor and 
outdoor) efficient dosages (Dorgan), and conversions factor like 0.58, 
0.64, 0.46, 0.69, 0.82, 0.62, and 0.68 can be obtained for specific organs 

Fig. 10. Interval plot of: a) 232Th, b) 238U, and c) 40K concentrations.

Fig. 11. Distribution probability of: a) 232Th, b) 238U, and c) 40K.

G.M. Saleh et al.                                                                                                                                                                                                                                Nuclear Engineering and Technology 58 (2026) 104165 

12 



like the ovaries, lung, liver, bone marrow, testes, kidneys, and entire 
body [37]. It is clear that both the outdoor (Dorganout) and indoor (Dor

ganin) readings are less than one (acceptable limits), with the indoor 
values exceeding the outdoor readings for the analyzed monzogranites 
and alkali feldspar granites. Additionally, contrasted to other human 
tissues, the liver obtains least amount of radiation both indoors and 
outdoors (Dorgan), while the testes obtain the most exposure (Table 4). 
The altered rocks have the greatest Dorgans values, which surpass the 
allowable norms [35]. Furthermore, the projected Dorganin values are 
higher than Dorganout for all rock units, specifically altered rocks.

The Hin and Hex parameters may be employed to evaluate radiation's 
influence on people [35,68,69]. The computed mean values of Hin and 
Hex for monzogranite are 0.89 ± 0.17 and 0.65 ± 0.11, respectively, 
which are below the permissible limit. Alternatively, the alkali feldspar 
granites (with 1.32 ± 0.28 for Hin and 0.93 ± 0.16 for Hex) and altered 
granites with high levels of Hin (22.17 ± 4.12) and Hex (11.90 ± 2.16) 
pose considerable dangers to health, suggesting there are serious health 
hazards associated with these samples [3,34,65,66,69,70].

The mean ELCR values of all the studied samples (0.49 ± 0.08 ×
10− 3 for monzogranites (Table 3), 0.69 ± 0.11 × 10− 3 for alkali feldspar 
granites, and 8.26 ± 1.49 × 10− 3 for altered granites) exceed the 
permitted range of 0.029 × 10− 3 [13]. This suggests that a person can 
develop cancer after a lifetime of intimate contact with examined rocks. 
As previously stated, the radiological hazard characteristics of the 
gathered samples exhibit a sequence (from low to high risk): mon
zogranites progress to alkali feldspar granites and then altered granites.

6. Conclusions

The Magal Gebreel rocks, which include monzogranites, alkali feld
spar granites, and altered granites, have been tested for proportional 
radioactive distribution and mineralization. The altered granites have 
the greatest acquired activity concentrations of 232Th (290.88–424.20 
Bqkg− 1), 40K (1095.50–1345.90 Bqkg− 1), and 238U (2988.40–4749.20 
Bqkg− 1), and their total (238U + 40K + 232Th = avg. 2201.60 ± 250.62 
Bqkg− 1), contingent upon NaI detector findings. This is due to the 
presence of radioactive minerals such as kasolite, uranophane, allanite, 
zircon, and thorite, which integrate radionuclides into their structure. 
Radiological indicators such as absorbed dose rate, excess life-time 
cancer, annualized dosage, dose to human organs, radium equivalent, 
and other factors have been predicted for these rocks. The bulk of factors 
readings are greater than the global median, indicating that natural 
gamma radiation generated has a considerable influence, most likely 
from altered granites. Microscopic inspection and ESEM analysis 
revealed significant mineral assemblages within the Magal Gebreel 
rocks, including precious and base metals, accessory, radioactive- 
bearing, REE-bearing, and Nb-Ta-bearing minerals.
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Table 3 
Pearson's correlation of the activity concentrations and hazard parameters.

232Th 238U 40K Dair Hin Hex AEDout AEDin Raeq

238U 0.995 ​ ​ ​ ​ ​ ​ ​ ​
40K 0.470 0.446 ​ ​ ​ ​ ​ ​ ​
Dair 0.996 1.000 0.454 ​ ​ ​ ​ ​ ​
Hin 0.995 1.000 0.449 1.000 ​ ​ ​ ​ ​
Hex 0.996 1.000 0.452 1.000 1.000 ​ ​ ​ ​
AEDout 0.996 1.000 0.455 1.000 1.000 1.000 ​ ​ ​
AEDin 0.996 1.000 0.454 1.000 1.000 1.000 1.000 ​ ​
Raeq 0.996 1.000 0.453 1.000 1.000 1.000 1.000 1.000 ​
ELCR 0.996 1.000 0.454 1.000 1.000 1.000 1.000 1.000 1.000

Fig. 12. Color map of 232Th vs. 238U and 40K for the assessed rocks.
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Table 4 
Radiological parameters of the Magal Gebreel rocks.

Rocks Samples Dair nGy/ 
h

Hin Hex AEDout AEDin Raeq ELCR Dorgans out (mSv/y) Dorgans in (mSv/y)

(mSv/ 
y)

(mSv/ 
y)

Liver Ovaries Kidneys Lungs Bone 
Marrow

Testes Entire 
Body

Liver Ovaries Kidneys Lungs Bone 
Marrow

Testes Entire 
Body

Monzogranites MG1 93.14 0.73 0.53 0.11 0.46 195.79 0.40 0.05 0.07 0.07 0.07 0.08 0.09 0.08 0.21 0.27 0.28 0.29 0.32 0.37 0.32
MG2 122.26 0.92 0.68 0.15 0.60 253.49 0.52 0.07 0.09 0.09 0.10 0.10 0.12 0.10 0.28 0.35 0.37 0.38 0.41 0.49 0.41
MG3 133.06 1.10 0.76 0.16 0.65 282.00 0.57 0.08 0.09 0.10 0.10 0.11 0.13 0.11 0.30 0.38 0.40 0.42 0.45 0.54 0.45
MG4 130.40 1.01 0.74 0.16 0.64 273.58 0.56 0.07 0.09 0.10 0.10 0.11 0.13 0.11 0.29 0.37 0.40 0.41 0.44 0.52 0.44
MG5 94.32 0.69 0.53 0.12 0.46 194.49 0.40 0.05 0.07 0.07 0.07 0.08 0.09 0.08 0.21 0.27 0.29 0.30 0.32 0.38 0.32
Min. 93.14 0.69 0.53 0.11 0.46 194.49 0.40 0.05 0.07 0.07 0.07 0.08 0.09 0.08 0.21 0.27 0.28 0.29 0.32 0.37 0.32
Max. 133.06 1.10 0.76 0.16 0.65 282.00 0.57 0.08 0.09 0.10 0.10 0.11 0.13 0.11 0.30 0.38 0.40 0.42 0.45 0.54 0.45
Avg. 114.63 0.89 0.65 0.14 0.56 239.87 0.49 0.06 0.08 0.09 0.09 0.10 0.12 0.10 0.26 0.33 0.35 0.36 0.39 0.46 0.39
SD 19.50 0.17 0.11 0.02 0.10 42.13 0.08 0.01 0.01 0.01 0.02 0.02 0.02 0.02 0.04 0.06 0.06 0.06 0.07 0.08 0.07

Alkali feldspar 
granites

MG6 118.36 0.86 0.66 0.15 0.58 245.41 0.51 0.07 0.08 0.09 0.09 0.10 0.12 0.10 0.27 0.34 0.36 0.37 0.40 0.48 0.40
MG7 181.07 1.59 1.05 0.22 0.89 389.15 0.78 0.10 0.13 0.14 0.14 0.15 0.18 0.15 0.41 0.52 0.55 0.57 0.61 0.73 0.61
MG8 177.10 1.49 1.02 0.22 0.87 378.32 0.76 0.10 0.13 0.13 0.14 0.15 0.18 0.15 0.40 0.50 0.54 0.56 0.60 0.71 0.60
MG9 170.50 1.38 0.98 0.21 0.84 362.66 0.73 0.10 0.12 0.13 0.13 0.14 0.17 0.14 0.38 0.49 0.52 0.54 0.58 0.69 0.58
MG10 161.17 1.29 0.92 0.20 0.79 342.07 0.69 0.09 0.11 0.12 0.13 0.14 0.16 0.13 0.36 0.46 0.49 0.51 0.55 0.65 0.55
Min. 118.36 0.86 0.66 0.15 0.58 245.41 0.51 0.07 0.08 0.09 0.09 0.10 0.12 0.10 0.27 0.34 0.36 0.37 0.40 0.48 0.40
Max. 181.07 1.59 1.05 0.22 0.89 389.15 0.78 0.10 0.13 0.14 0.14 0.15 0.18 0.15 0.41 0.52 0.55 0.57 0.61 0.73 0.61
Avg. 161.64 1.32 0.93 0.20 0.79 343.52 0.69 0.09 0.11 0.12 0.13 0.14 0.16 0.13 0.36 0.46 0.49 0.51 0.55 0.65 0.55
SD 25.34 0.28 0.16 0.03 0.12 57.63 0.11 0.01 0.02 0.02 0.02 0.02 0.03 0.02 0.06 0.07 0.08 0.08 0.09 0.10 0.09

Altered granites MG11 1847.59 21.32 11.44 2.27 9.06 4232.46 7.93 1.04 1.31 1.40 1.45 1.56 1.86 1.54 4.17 5.26 5.62 5.80 6.25 7.43 6.25
MG12 1935.90 22.24 11.98 2.37 9.50 4433.36 8.31 1.09 1.38 1.47 1.52 1.64 1.95 1.61 4.37 5.51 5.89 6.08 6.55 7.79 6.55
MG13 1535.27 17.56 9.48 1.88 7.53 3507.99 6.59 0.87 1.09 1.17 1.21 1.30 1.54 1.28 3.46 4.37 4.67 4.82 5.20 6.18 5.20
MG14 2374.63 27.56 14.72 2.91 11.65 5447.39 10.19 1.34 1.69 1.81 1.86 2.01 2.39 1.98 5.36 6.76 7.22 7.46 8.04 9.55 8.04
Min. 1535.27 17.56 9.48 1.88 7.53 3507.99 6.59 0.87 1.09 1.17 1.21 1.30 1.54 1.28 3.46 4.37 4.67 4.82 5.20 6.18 5.20
Max. 2374.63 27.56 14.72 2.91 11.65 5447.39 10.19 1.34 1.69 1.81 1.86 2.01 2.39 1.98 5.36 6.76 7.22 7.46 8.04 9.55 8.04
Avg. 1923.35 22.17 11.90 2.36 9.44 4405.30 8.26 1.09 1.37 1.46 1.51 1.63 1.93 1.60 4.34 5.47 5.85 6.04 6.51 7.74 6.51
SD 346.49 4.12 2.16 0.42 1.70 800.37 1.49 0.20 0.25 0.26 0.27 0.29 0.35 0.29 0.78 0.99 1.05 1.09 1.17 1.39 1.17
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