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A B S T R A C T   

The study focused on syenogranite and its altered variety, and specifically monitored the activities of 226Ra, 
232Th, and 40K using NaI(Tl) gamma-ray spectroscopy. Syenogranites in the study area in Egypt were investigated 
to determine their potential use in industries such as ornamental stones and ceramics. The main outcrops in the 
study area consist of metasediments, metavolcanics, metagabbro, syn-to late-orogenic granites, and post- 
orogenic granites (syenogranites). There are also numerous dikes and veins of various shapes and composi
tions that have intruded and penetrated all the older rocks in the area. The mean activity (± standard deviation, 
SD) of these radioelements in the granites is 226Ra (63 ± 71 Bq kg− 1), 232Th (76 ± 170 Bq kg− 1), and 40K (1248 
± 532 Bq kg− 1) were found to be greater than the world average. The radiological hazards are mostly attributed 
to the γ-rays emitted by granitic rocks. The granites studied in this study deviate from international standards 
mainly due to the presence of minerals containing radioelements such as zircon, allanite, monazite, sphene 
titanite, apatite, thorite, samarskite, fergusonite, xenotime, columbite, apatite and fluorite. As a result, granitic 
rocks are unsuitable for home building.   

1. Introduction 

Two major sources of natural radioactivity that affect our daily lives 
are terrestrial and cosmic radiation. External exposure occurs when in
dividuals are exposed to gamma rays emitted by naturally occurring 
radionuclides like 238U, 232Th, and 40K. On the other hand, internal 
exposure arises from inhaling radon gas [1–4]. In recent decades, 
numerous studies conducted worldwide have paid considerable atten
tion to the analysis of health hazards associated with prolonged 
whole-body radiation exposure. However, different studies conducted 
worldwide have yielded different results regarding the presence of 
natural radioactivity in granite rocks, soils, and sediments [5–9]. Met
asediments, metavolcanics, metagabbro and granitoids are the primary 
rock formations found in the defined study area. Extensive hydrothermal 

alteration has been identified in the petrographic and geochemical 
characteristics of syenogranites altered in the vicinity of Abu Furad [10]. 
Granites have a distinct commercial identity, exhibiting unique petro
graphic and technological characteristics, as well as indications of their 
country of origin [11,12]. Granites, widely used as architectural and 
aesthetic materials for both interior and exterior applications, are nat
ural solid stones that require more robust machinery for cutting, 
shaping, and polishing than marble. The mineral assemblages and 
overall petrologic characteristics of granitic rocks are closely linked to 
the levels of uranium, thorium, and potassium found within them [13, 
14]. Uranium and thorium are commonly found in apatite, titanite, and 
zircon in igneous and metamorphic rocks. Other highly radioactive 
natural minerals include uraninite and thorite, although they are 
insignificant components of rocks. Near the Earth’s surface, uranium 
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exhibits high mobility compared to thorium, which remains relatively 
stable. Uranium oxidizes to a water-soluble form that can be easily 
leached from rocks and then redeposited in sediments thousands of 
miles away. On the flip side, thorium has a significantly lower solubility 
than uranium and potassium, meaning it can only be transported 
through mechanical means like wind or weathering [11,15]. Abundant 
in felsic rocks, both thorium and uranium exhibit varying amounts that 
are influenced by the alkalinity or acidity. Pegmatites, in particular, 
showcase the highest concentrations. The acidity of rocks plays a role in 
increasing the potassium content. Through the analysis of radionuclides’ 
natural levels and distributions in rocks and soils, we can enhance our 
comprehension of the radiological implications associated with these 
elements. When considering the construction of residential structures on 
soil and rock, it is of utmost importance to carefully assess the potential 
radiological hazards and their impact on human health [16,17]. Most 
naturally occurring radioactive materials (NORMs) are commonly found 
in geological formations and soil compositions and exist at levels 
considered safe for humans and the surrounding ecosystem [18,19]. 
However, due to geological transformations, certain areas have 
comparatively elevated natural levels of U, Ra, and Th. In regions 
characterized by elevated background concentrations, the mobilization 

of both natural and man-made radionuclides occurs rapidly [20,21]. The 
radioactive isotopes U and Th have a prolonged lifespan and give rise to 
various radioactive progeny products, which can potentially pose risks 
to both public health and the environment. The main contributor to 
radiation exposure among the general population is natural radiation. 
To effectively evaluate potential environmental risks, it is imperative to 
identify regions with elevated levels of natural background radiation 
and determine the necessary remediation measures. This necessitates 
quantifying the levels of radioactive background radiation [22,23]. The 
present study attempts to examine the radioactivity and mineralogy of 
syenogranites and to determine their environmental impact. Further
more, this current research aims to evaluate the potential exposure to 
gamma rays emanating from these granitic formations. The identifica
tion of radioactive hazards is done by estimating various parameters 
related to radiological hazards. 

2. Materials and methods 

2.1. Geological setting 

The investigated area is situated in Egypt’s Central Eastern Desert. It 

Fig. 1. Geologic map of the Gabal Abu Furad area Central Eastern Desert, Egypt.  
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spans 350 square kilometers of crystalline foundation rocks. It is located 
at coordinates Latitudes 26◦ 35′ 20" - 26◦ 43′32" N and Longitudes 33◦

36′ 35" and 33◦ 47′ 27" E (Fig. 1) after [24]. 

2.2. Sample collection, preparation, and experimental techniques 

Twenty syenogranite samples were collected from the Abu Furad 
area. Each sample weighed approximately 250 g and was carefully 
transported to the Nuclear and Radiological Regulatory Authority in 
Cairo. Upon arrival, they were immediately examined in the Radiation 
Protection Laboratory while being securely stored in properly labeled 
polyethylene bags. To ensure accurate analysis, the samples were air 
dried for 72 h at a temperature of 100 ◦C. The dried sample was sub
sequently divided into four equal parts, weighed, and then transferred to 
polyethylene Marinelli beakers with a capacity of 200 ml. These beakers 
were sealed and stored for approximately 28 days to establish secular 
equilibrium before undergoing radiometric analysis. 

Monitoring the concentrations of radioactive elements (226Ra, 232Th, 
and 40K) in the granite specimens involved the use of a scintillating NaI 
(Tl) gamma-ray analyzer equipped with a crystal phase measuring 7.6 
cm × 7.6 cm. To ensure accurate readings, a cylindrical lead shield 
measuring 15.7 cm in diameter, 20.5 cm in length, and 3.7 cm in 
thickness was employed to shield the detector. The pulse data acquisi
tion and analysis were facilitated by a spectroscopy amplifier and a 
multi-channel analyzer integrated into the management equipment. The 
devices were linked to a computer operating the SPTR-ATC software 
(AT-1315). The FWHM on energy peaks are explained in the manuscript. 
The following paragraph is added: "The net counts within the photo peak 
corresponding to the gamma energies are subsequently utilized for 
calculating the Full width and half maximum (FWHM). The gamma 
energies of the radionuclides under review for computing are as 
mentioned below. The activity concentration of 226Ra was determined 
using the net counts under the 1.764 MeV photopeak (abundance: 15.30 
%) emitted by its short-lived decay product, 214Bi. The activity of 232Th 
was determined using the net counts under the 2.614 MeV photopeak 
(abundance: 99.754 %) emitted by 208Tl. The measurement provided is 
solely indicative of the concentration of uranium and thorium when 
there is a state of secular equilibrium between U-238, Th-232 and their 
various daughter isotopes. The activity of 40K was determined using its 
own 1460 keV photopeak (abundance: 10.66 %) [25,26]. The usage of 
certified standard materials, like RGU-1 for 238U, RGTh-1 for 232Th, and 
RGK-1 for 40K, is done in quantities that are comparable to the con
struction materials [27–29]. The minimum detection activity (MDAs) 
employed for samples recorded up to 20000 s are 2 Bq kg− 1 for 226Ra, 4 
Bq kg− 1 for 232Th, and 12 Bq kg− 1 for 40K. The overall uncertainty of 
radiation levels is determined by applying the deviation equation, which 
incorporates both regular and stochastic misspecification. During the 
efficiency calibration, radioactivity readings exhibit systematic un
certainties ranging from 0.5 to 2 percent, in addition to up to 5 percent 
randomness [30]. 

After assessing the activity concentrations of 238U, 232Th, and 40K, 
the radiological variables are computed to determine radioactivity 
measurement values. The estimation of the radiological variables is 
carried out according to the following. 

The radium equivalent content (Raeq) is extensively used as a 
radioactive parameter in the assessment of radiation health hazards. It is 
vital to ensure that the Raeq data remains below 370 Bq kg− 1, as this 
helps to keep the annual effective dose (AED) for the public below one 
mSv. The Raeq can be calculated using the following formula [31]:  

Raeq (Bq kg− 1) = ARa + 1.43 ATh + 0.077 AK                                  (1) 

The evaluation of gamma radiation’s impact at a distance of 1 m 
from radiation sources in the air was carried out using the absorbed dose 
rate, a radioactive factor, taking into account the concentrations of 238U, 
232Th, and 40K [31].  

Dair (nGy h− 1) = 0.430 AU + 0.666 ATh + 0.042 AK                        (2) 

The annual effective dose, encompassing both outdoor and indoor 
radioactivity, is utilized as a means to assess radiation exposure levels 
over a fixed period of one year [32].  

AEDout (mSv/y) = Dair (nGy/h) × 0.2 × 8760 (h/y) × 0.7 (Sv/Gy) ×
10− 6 (mSv/nGy)                                                                            (3)  

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

(mSv/nGy)                                                                                    (4) 

The external hazard index serves as a set of radiological parameters 
used to assess the risk of gamma radiation, whereas the internal hazard 
index is specifically employed for evaluating the exposure to radon and 
its decay products internally [33]. 
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Recognizing the diverse combinations of unique natural activities 
within the sample, a team of specialists suggested an alternative index to 
determine the magnitude of radiation hazard associated with the natural 
radionuclides in the samples. 

Iγ =
ARa
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+
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++

AK
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(7) 

The calculation of gamma radiation doses absorbed by the gonads is 
facilitated by the use of the yearly gonadal dose equivalent, a radioac
tive measure.  

AGDE (mSv y− 1) = 3.09ARa + 4.18ATh + 0.314AK                          (8) 

The term excess lifetime cancer refers to the radioactive factor that is 
employed to determine if gamma radiation exposure caused deadly 
cancer [34]. RF is risk factor (0.05 Sv− 1) and DL is duration time (70 
years)  

ELCR = AEDout × DL × RF                                                             (9) 

Separation of heavy minerals based on their magnetic susceptibilities 
was carried out using the Frantz Isodynamic Magnetic Separator (Model 
LB-1). The segregated minerals were then identified using a stereomi
croscope and analyzed with an Environmental Scanning Electron Mi
croscope (ESEM, Phillips XL-30) at the Nuclear Materials Authority 
(NMA). The ESEM analysis employed a 25–30 keV electron beam with a 
diameter of 1–2 mm, and a counting duration of 60–120 s. For certain 
selected regions surrounding the centers of the mineral grains, SEM-EDX 
investigations were conducted, lasting 180 s. Furthermore, the 
morphological characteristics of these minerals were also scrutinized 
using SEM-EDX. 

3. Results and discussion 

3.1. Mineral analysis 

Studying the altered syenogranite is crucial in terms of mineralogy. 
Secondary uranium minerals, indicated as uranophane [Ca 
(UO2)2(SiO3OH)2.5H2O], were the most commonly discovered acces
sory minerals. Uranothorite [(Th, U) SiO4] represents radioactive min
erals. Zircon represents radioactive and rare-earth-bearing minerals 
(ZrSiO4). 

3.1.1. Secondary uranium minerals 

3.1.1.1. Uranophane [Ca (UO2)2(SiO3OH)2.5H2O]. In environments 
rich in Si4+, uranium ore deposits undergo oxidation-hydration 
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weathering, resulting in the formation of uranium silicate known as 
Uranophane. This calcium-based mineral is predominantly found in the 
oxidation zones of these deposits [35,36]. Generally, this mineral exists 
as perfect needle-like single crystals. Seven (O) anions coordinate the 
U6+ ions to form pentagonal bipyramids typical of this cation. As a 
result, calcium can be freed from changed oligoclase and calcite, while 
silica can be liberated from feldspars via kaolinization.  

Ca+2+2 UO2+ 2SiO2+ 6H2O +3O2–Ca (UO2)2↔Si2O7 .6H2O                 

Various shades of yellow, including canary, lemon, orange-yellow, 
and straw yellow, offer different luster and hardness levels ranging 
from 2 to 3 on the Mohs scale. Uranophane grains are typically found in 
massive, soft, radiated aggregates with microfractures filling or coating 
feldspars. The crystals of Uranophane have poorly developed faces, 
making it difficult to obtain accurate morphological measurements 
using a binocular microscope (refer to Fig. S1a). They have weakly 
developed faces. Therefore, they are challenging to quantify images 
(Fig. S1a) morphologically. U (42.87 %), Si (38.64 %), Al (12.68 %), Ca 
(3.42 %), and K (2.39 %) are the primary components of uranophane 
grains, EDAX analysis, and BSE (Fig. S1a). Secondary enrichment of Fe 
can be seen in uranophane crystals. It could be due to Fe acting as a 
surrogate for Ca in the interaction of mineralized fluids at a later stage. 
In chemical investigations of uranophane [37], found significant quan
tities of Fe. The XRD pattern of Uranophane material reveals its typical 
d-spacing (7.80, 3.95, and 2.99 Ao) peaks at 2 Θ (11.33o, 22.94o, and 
29.78o) (Fig. S1b). 

3.1.2. Radio and rare-earth bearing minerals 

3.1.2.1. Zircon (ZrSiO4). Zircon, a widely occurring accessory mineral, 
is commonly found in plutonic igneous rocks. The metamict state in 
zircon can be attributed to the presence of radioactive atoms. Zircon 
appears as short and long euhedral prismatic crystals under a binocular 
microscope, with various colors (pale yellow and reddish brown) 
(Fig. S1c) and is usually translucent to opaque. SEM analysis and BSE 
reveal that zircon grains are primarily comprised of Si (12.94 %), Al 
(2.68 %), U (4.67 %), Zr (65.36 %), and Hf (4.69 %), Fe (5.04 %) and Th 
(4.62 %). The radiation damage caused by the presence of U and Th in 
zircon crystals may be responsible for the darkening of zircon’s color. 
Only zircon crystals contain U, indicating a secondary hydrothermal 
metamorphic source rather than a magmatic origin. The XRD pattern of 
zircon reveals its typical d-spacing peaks (3.32, 2.53, and 1.72 Ao) at 
2Theta (26.85o, 35.39o, and 53.24o) (Fig. S1d). 

3.1.3. Radioactive minerals 

3.1.3.1. Uranothorite [(Th, U) SiO4]. Uranothorite is a thorium silicate 
mineral that is found in high abundance. Uranothorite occurs as sub
hedral to anhedral, rounded to subrounded grains varying in color from 
yellowish-brown to dark yellow-brown with vitreous or resinous luster. 
The main components of uranothorite grains are U (10.14 %), Si (55.65 
%), Al (8.36 %), Th (16.52 %), and Y (9.33 %), according to SEM 
analysis, and BSE (Fig. S1e). The XRD pattern of Thorite, an uranium 
mineral, exhibits its unique d-spacing peaks (3.57, 4.73, and 2.67 Ao) at 
2Theta (24.83o, 18.75o, and 33.50o) (Fig. S1f). 

3.2. Radioelements distribution 

The concentrations of radionuclides in the examined granitic rocks 
are given in Table S1. For uranium (eU), thorium (eTh), radium equiv
alent uranium (eRa), and potassium, the radioelement levels are 
(1.2–54.6 ppm), (2.2–188.6 ppm), (1.7–29.9 ppm), and (0.69–7.3 %), 
with averages of 6.93, 18.73, 5.65 ppm, and 3.99 percent, respectively. 
These granites are classified as nonuraniferous by Refs. [38,39], who 
described uraniferous granites as containing at least twice the Clark 

level of uranium (4 ppm) [40,41], excluding samples 14, 17, and 19, 
which are categorized as uraniferous. The uranium enrichment and 
depletion in these granites could be linked to uranium mobility in 
granites or nearby rocks. Because of uranium enrichment in some 
samples, the eTh/eU of the examined rocks (2.14) is lower than the 
natural ratio (3.5) for granitic rocks. The migration parameter 
(eU-eTh/3.5) ranges from − 1.73 to 3.64, with an average of 1.44, 
indicating uranium migration with authigenic uranium. 

3.3. Geochemistry of uranium and thorium 

The inter-element correlations could be used to determine the source 
of radioactive mineralization. The examined granites’ eU-eTh crosscuts 
exhibit a high positive association, implying that magmatic processes 
are crucial in uranium mineralization (Fig. S2a). On the other hand, eU 
and eTh have an ill-defined relationship, with eTh/eU highlighting the 
involvement of post-magmatic processes in uranium and thorium 
mobilization in isolation due to variations in exothermic circumstances 
[42], (Fig. S2b and c). eU and eTh show an ill-defined K percent rela
tionship, which could be related to the lack of U and Th mobilization 
during the alteration of feldspars to clay minerals [11], (Fig. S2d and e). 
The eTh/K - eTh/eU relationship, which distinguishes between leached 
and fixed uranium, shows that specific samples are in the leached ura
nium sector while others are in the fixed uranium sector (Fig. S2f) [37, 
43]. 

3.4. Radioactive equilibrium 

The calculated equilibrium factor (P = eU/Ra (eU)), which is the 
proportion of uranium concentrations (eU) to radium concentration Ra 
(eU), can be used to estimate the radioactive equilibrium of examined 
granitic rocks [42]. The P factors of the examined granitic rocks varied 
from 0.3 to 2.7, with an average of 0.84, which is less than 1 (Table S1 
and Fig. S2g), indicating U-decay disequilibrium owing to uranium 
leaching from these rocks. 

3.5. Radioactive analysis 

The activity concentrations of 226Ra, 232Th, and 40K were observed in 
both the syenogranite and altered syenogranite samples (Table S2). 
According to Table S2, the average activity concentrations of 226Ra, 
232Th, and 40K are 63 ± 71, 76 ± 170, and 1248 ± 532 Bq kg− 1, 
respectively. These values exceed the globally recommended limits of 
32, 45, and 412 Bq kg− 1 [1]. The activity concentrations of 226Ra ranged 
from 19 to 332 Bq kg− 1. The minimum and maximum values of 232Th 
were 9 and 766 Bq kg− 1, respectively. Additionally, the variation in 40K 
values was observed between 216 and 2285 Bq kg− 1. The investigated 
granites displayed remarkably high activity concentrations of 226Ra, 
232Th, and 40K, making it a matter of considerable importance. This 
elevated radioactivity can be attributed to the presence of zircon, ura
nophane, uranothorite, thorite, fergusonite, samarskite, columbite, 
xenotime, apatite, and fluorite in the altered granite [10]. The analysis 
of descriptive statistics was carried out to offer an overview of the dis
tribution of values, the asymmetric nature of the distribution, and the 
peakness for 226Ra, 232Th, and 40K, as well as the variability (Table S2). 
Key statistical parameters like skewness, kurtosis, and coefficient of 
variance were employed. An asymmetrical distribution’s head is deno
ted by positive skewness values, whereas negative values denote its tail. 
The activity concentrations of 226Ra and 232Th display asymmetry in 
their distributions, with 226Ra showing a tail-oriented asymmetrical 
distribution. The kurtosis values indicate the maximum probability 
point in the distribution. For 226Ra and 232Th activity concentrations in 
the studied area, the kurtosis values are positive (+ve), signifying a 
distribution likelihood at its apex. The probability distribution for 40K 
activity concentrations, on the other hand, exhibits flatness (− 0.3). 
Table 1 clarifies that the mean values of 226Ra and 232Th are lower than 
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the standard deviation (SD) values, thus resulting in high 
non-uniformity. 

In contrast, the uniformity degree is achieved at 40K. Additionally, 
Table 1 includes the presentation of the coefficient of variance (CV), 
revealing remarkably high values of 114 % and 224 % for 226Ra and 
232Th, respectively. In contrast, the examined area displays only a 
moderate level of variability with 40K, measuring at 43 %. The variation 
observed in the investigated areas is directly influenced by the granites 
present, which also serve as host minerals for 238U and 232Th. The dis
tribution of activity concentrations for 226Ra, 232Th, and 40K in the 
investigated area can be observed in Fig. 2 (a, b, c). It is anticipated that 
the activity concentrations of 40K in the studied area will conform to a 
normal distribution, whereas a multimodality distribution is predicted 
for 226Ra and 232Th. 

The analysis of data and creation of histograms were conducted 
using a multivariate statistical approach. IBM-SPSS version 21.0, a 
commercial statistics program, was utilized for these tasks. The 
normality of the findings was evaluated through the Kolmogorov- 
Smirnov (KS) test, as illustrated in Table S3. The KS test, assuming the 
null hypothesis, indicates that the distribution of natural radionuclide 
activity in granitoid rocks is consistent with normality. This finding 
specifically relates to the activity concentrations of 40K, as all p-values 
obtained from the tests were higher than 1 %. 

The activity concentrations of 226Ra, 232Th, and 40K in granitic rock 

samples were assessed and compared to data from earlier studies 
(Table S4). The results indicate that the levels of these elements are 
affected by the geological properties of the sites analyzed. 

Table S5 presents the Raeq values of granite samples, ranging be
tween 71 and 1895 Bq kg− 1, with a mean value of 289 Bq kg− 1. The vast 
majority of the granite samples (85 %) exhibit Raeq values below the 
globally accepted threshold of 370 Bq kg− 1 [44]; (Fig. S3). This re
striction enables the external dosage to be maintained at or below 1.5 
mSv y− 1 [1]. The average values for Hin and Hex are 1.01 and 0.78, 
respectively, both of which fall below the globally permitted level. The 
range of values for Hin and Hex is altered to 0.23 to 6.94 and 0.19 to 5.12, 
respectively. Notably, the mean values of Hin and Hex in all granite 
samples exhibit no significant adverse effects, as they remain lower than 
the reference level set by the unit [45]; (Fig. S4). 

Moreover, the highest Hin and Hex values observed in granite sam
ples within the examined region may give rise to substantial health 
consequences as a result of exposure to gamma-rays, radon gas, and its 
decay products. Additionally, it is not advisable to employ the studied 
granite samples for construction purposes or as decorative elements in 
interior spaces. The mean value of (Iγ) for the granite samples is 1.08, 
which is comparable to the permissible limit [46], and the Min and Max 
values are 0.28 and 6.62, respectively (Fig. S4). The Iγ values indicate 
that there is no significant health risk associated with the granite sam
ples observed in the surveyed locations. Therefore, these samples can be 
considered suitable for use in construction materials. The (Dair) values of 
the analyzed granite samples ranged from 41.31 to 682.56 nGy h− 1, with 
an a mean value of 126.05 nGy h− 1. The mean (Dair) value in the study 
area exceeds the global average of 59 nGy h− 1 [1]. This finding suggests 
that the granites in the research region should not be used for con
struction materials or infrastructure. Table S6 presents the (AEDout) 
values, which range from 0.05 to 0.84 mSv y− 1, with a mean of 0.17 
mSv y− 1, which is twice the approved worldwide value of 0.07 mSv y− 1 

Table 1 
Descriptive statistics of studied granites.   

N Median Skewness Kurtosis CV, % 
226Ra 20 39 3.2 11.3 114 
232Th 20 21 3.9 16.0 224 
40K 20 1370 − 0.2 − 0.3 43  

Fig. 2. Frequency distribution of a) 226Ra, b) 232Th, and c) 40K activity concentrations in Abu Furad area.  
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[1]. Furthermore, the mean (AEDin) value is 0.68 mSv y− 1, surpassing 
the worldwide average of 0.41 mSv y− 1 [1]. The AEDin values range 
between 0.20 and 3.35 mSv y− 1. The presence of heavy minerals in the 
granite, such as monazite, uraninite, and thorianite, can be attributed to 
these elevated doses. This indicates that prolonged exposure to low 
doses does not lead to adverse health effects such as tissue degeneration, 
DNA damage, cancer, or cardiovascular disease [47]. The adverse health 
effects will arise from prolonged exposure to emitted gamma radiation 
emitted by the granites studied throughout their lifespan. Exposure can 
occur through the utilization of various building materials and infra
structure fields made from these granites. The values for excess lifetime 
cancer risk (ELCR) ranged from 0.26 × 10− 3 to 5.80 × 10− 3, with a mean 
of 0.97 × 10− 3 for the granite samples, surpassing the approved value of 
0.29 × 10− 3 [48]. 

3.6. Statistical approach 

3.6.1. Pearson correlation analysis (PC) 
In this study, Pearson correlation analysis is utilized to identify 

robust connections and linear associations between activity concentra
tions of radionuclides and radiological hazard indicators in granite 
samples. The results categorize the linear relationships into four distinct 
groups. The first group represents a weak correlation (0.00–0.19), the 
second group shows a moderate correlation (0.2–0.39), the third group 
displays a strong correlation (0.4–0.79), and the fourth group exhibits a 
very strong correlation (0.8–1.00) [49]. Table S6 presents the positive 
correlations observed among the experimental parameters. The findings 
demonstrate that the radionuclides present in the samples under 
investigation originate from natural sources and that their geographic 
distribution in the environment remains undisturbed by external factors. 
Notably, a highly significant correlation exists between the activity 
concentrations of 226Ra and 232Th in the analyzed granite samples, 
indicating the presence of these isotopes in the examined granites 
derived from natural decay chains. Additionally, a weaker correlation is 
observed between 40K and both 226Ra and 232Th. These correlations 
persist when considering the relationship between 226Ra and 232Th, and 
the variables associated with radiological hazard. It can be inferred that 
the presence of 226Ra and 232Th predominantly contributes to the 
radiological risks and the gamma rays emitted by the radioactive series 
in the granite samples. 

3.6.2. Hierarchical cluster analysis (HCA) 
Ward’s approach was utilized in this study to attain cluster analysis. 

The application of Ward’s approach establishes a connection between 

radioactive activity concentrations and radiological variables, allowing 
for the estimation of the Euclidean distance between them [50]. Fig. 3 
illustrates that the data’s dendrogram displays two prominent clusters. 
Cluster I consists of 226Ra, which is correlated with a sub-cluster 
comprising 232Th, Raeq, Hex, Hin, and Iγ. On the other hand, Cluster 
II encompasses 40K and the remaining radiological characteristics. The 
results from Hierarchical Cluster Analysis (HCA) indicate a strong as
sociation between granite’s radioactivity and concentrations of radium 
and thorium. These findings demonstrate a consistent agreement be
tween the HCA data and the Pearson correlation. 

3.6.3. Principal component analysis (PCA) 
This study utilized the PCA and varimax rotations to establish the 

matrix correlation between various components. Fig. S5 serves as an 
illustration of the components PC1 and PC2. In the PC1 loading, there is 
a significant loading associated with all radiological parameters, 
particularly the activity concentrations of 226Ra and 232Th. These two 
elements account for a high loading and explain 90.78 % of the varia
tion. Consequently, in the study area, 226Ra and 232Th are the primary 
sources of naturally occurring radioactivity in granite. Conversely, in the 
PC2 load, 40K exhibits a weak negative loading, and the variance 
explained is 8.86 %. The negative loading variance indicates that po
tassium does not have a substantial impact on the radiation exposure 
grade. Overall, the PC analysis reveals that the explained variance of the 
radioactive database is 99.72 %. 

4. Conclusions 

The novelty of this study lies in the assessment of radioactivity levels 
in granite rocks, which have potential uses as ornamental stones and 
across different infrastructure sectors. The average activity concentra
tions (±SD) for 226Ra, 232Th, and 40K are 63 ± 71, 76 ± 170, and 1248 
± 532 Bq kg− 1, respectively. These values are notably higher than the 
global mean values reported by UNSCEAR (2010). Furthermore, an 
assessment was conducted on all radiological hazard parameters asso
ciated with the examined granite samples. The identification of elevated 
values surpassing accepted thresholds in these samples indicates the 
existence of radioactive minerals such as zircon, uranophane, and ura
nothorite within the granite rocks under investigation. A statistical 
analysis was performed to demonstrate the geological mechanisms 
responsible for the escalation in radioactivity concentration within 
granitic formations. Consequently, it is inferred that the granite rocks 
within the studied region pose potential risks to human well-being and 
are unsuitable for incorporation into diverse infrastructural projects, 
especially those involving construction materials. 
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