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Abstract

:

The present study was carried out on commercial types of Aswan granite used as building and decorative materials. Nearly 29 granitic rocks samples from 11 classes (black Aswan, red Aswan, dark Rosa, light Rosa, yellow Verdi, grey Shirka, Gandolla, Forsan, red Nefertiti, Royal, and white Halayeb) were collected from three stations near Aswan city for petrographical description and assessment of natural radioactivity. The petrographical study of granites was conducted by polarized-light microscope in order to determine their mineralogical composition and investigate their texture; the activity of the natural radionuclides 238U, Ra226, 232Th, and 40K was measured by gamma-ray spectrometry with a NaI(Tl) detector. The average values of the activities, 52.2 Bq kg−1, 57.8 Bq kg−1, 31.2 Bq kg−1, and 1055.7 Bq kg−1 of U-238, Th-232, Ra-226, and K-40, respectively, were higher than that the world average values of 35 Bq kg−1, 30 Bq kg−1 and 400 Bq kg−1 for 226Ra, 232Th, and 40K, respectively, according to the recommended levels from UNSCEAR reports. The minimum and maximum values obtained were compared with the value ranges from other locations in the Eastern Desert, highlighting the fact that that the maximum values obtained in this work are higher than those in other areas. According to the radiological hazards indices results, most samples lie in the permissible level ranges, suggesting their favorability for use as building materials. In contrast to that, some samples have some environmental parameters higher than the international levels, indicating their unsuitability as building materials.
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1. Introduction


Human beings have always been exposed to ionizing radiations of natural origin, namely, terrestrial and extraterrestrial radiation [1,2]. Radiation of extraterrestrial origin is from high energy cosmic ray particles, and at sea level, it is about 30 nGyh−1, while that of terrestrial origin is due to the presence of naturally occurring radionuclides, mainly potassium (40K), rubidium, and the radionuclides in the decay chains of thorium (232Th) and uranium (238U) [3]. Monitoring natural radioactivity in the environment and building materials is very important for the estimation of radiation doses and the radiological protection of the population.



The term “granite” is used world-wide to describe granitic rocks studied in igneous petrology, and many other igneous rock types used as building materials in the dimension stone market. In recent years, granites used as building materials have been very popular; the global amount of granite production is comparable to that of marble [4]. Due to their durability and prestigious appearance, granitic rocks are widely used as building and decorative materials in buildings, bridges, monuments, pavement sidewalks, and many other exterior projects [5,6]. Indoor, polished granite slabs and tiles are used in countertops, tile floors, stair treads, and many other design elements. There are some mechanical and physical tests that were carried out on the various forms of Aswan granite [7]. An example is the use of these granites by the ancient Egyptians, due to their good properties for the construction of the pyramids, pharaonic statues and other Egyptian monuments that were made of these granites.



Generally, granites exhibit an enhanced concentration of U and Th, compared to the very low abundance of these elements observed in the Earth’s crust. The activity concentrations of 226Ra, 232Th, and 40K of granitic rocks in the Um Taghir area were found to be normal [8], while the granites of the El-Missikat area—considered uraniferous rocks related to high concentrations of uranium (U), thorium (Th), and potassium (K)—contained high concentrations of radioactive elements [9].



Aswan granitic rocks occupy a region in southern Egypt and cover the central part of the area near Aswan city within latitudes 24°5′, 18°5′ N and longitudes 32°53′, 26°07′ E. Aswan granite was the third most important stone used in the Egyptian civilization, following sandstone and limestone. It was used for vases, statues, sarcophagi, and buildings, commencing from at least the Early Dynastic Period [10].



In this study, Aswan granitic rocks are represented by light grey medium-grained granites, red coarse-grained granites, and fine-grained granites. The latter one is the most widely-used type. An increase in the concentration of both U and Th might be due to the presence of some additional minerals, such as orthite or allanite, monazite, zircon, apatite, and sphene, which are usually concentrated in granitic rocks [11].



The objective of this research is a survey and measurements of the natural terrestrial radionuclides, such as 40K, 238U, 226Ra, and 232Th, in conjunction with the mineralogical contents of Aswan granites that are used as building materials in order to understand the relationship between natural radioactivity and the content of radioactive minerals.




2. Geological Setting


The Ancient Egyptians used the famous Aswan monumental red granite for manufacturing obelisks and coffins for their kings. Based on previous mapping [12], four types of post-collisional, largely undeformed granites are distinguished in the Aswan area: (1) a coarse-grained, porphyritic, fairly mafic, mainly tonalitic “granodiorite”, which we refer to as Aswan Tonalite; (2) the famous, coarse-grained, pink to red, porphyritic Monumental Granite with rapakivi textures in places; (3) the fine-grained, mostly pink Saluja-Sehel Granite; and (4) the so-called High-Dam Granite, which is a coarse-grained, mostly non-porphyritic biotite granite. The regional distribution of these granitoids indicates that Aswan Tonalite is the oldest intrusion, followed by the intrusion of Monumental Granite and fine-grained Saluja-Sehel Granite. These three form the composite pluton, south of Aswan City. High-Dam Granite is considered the youngest intrusion. It forms, by far, the largest body and is located further south, near the so-called “High-Dam” of the Nile reservoir. Several authors have suggested that all four plutonic units are comagmatic, with the magmas derived from the same or a similar source but having undergone varying degrees of magmatic differentiation during ascent [12,13,14].



In the present study, eleven popular types of Aswan commercial granitic samples used as ornamental stones were investigated. These types are polished granite tiles ready for use (plate 1) collected from three zones (Figure 1a–c). The selected polished samples were collected over a wide area around Aswan city (Figure 1a), east of Aswan city (Figure 1b), and south of Aswan city (Figure 1c). Generally, the commercial ornamental granite samples intrude on the older country rocks (metasediments and metavolcanics in Figure 1a, older granite in Figure 1b, and metasediments in Figure 1c). The contacts are usually sharp, intrusive ones. These granites are conformably overlain by the Nubian Sandstones in many locations. The selected samples are represented by a wide range of grey medium-grained granites, red coarse-grained granites, and fine-grained granites.



The medium grained granites form a number of sheet-like masses graded into the coarse-grained granite varieties. They range in composition from quartz diorites to granodiorites; the most abundant variety is the grey-colored granodiorite spotted with white and pinkish feldspar porphyroblasts, which sometimes show linear arrangement (Figure 1, slap 6 grey Shirka). Gneissose granodiorite is often developed near contact with the red coarse-grained granite. The granodiorites enclose big, elongated xenoliths from the surrounding older metamorphites. The coarse-grained granites (Figure 1, slap 2 red Aswan) are widely distributed in the area (Figure 1a) and form most of the hills between Aswan and Shellal and underlies the Nubia Sandstone in many localities. They are cut by sheets and dykes of fine-grained granite and pegmatites. This granite is normally pinkish in color with abundant pink feldspar porphyroblasts of up to 4 cm in length. The fine-grained variety forms sheets, dykes, and irregular elongated masses cutting mainly the coarse-grained granite. These granites are homogeneous, non-porphyritic, fine-grained, and show pinkish to greyish colors (Figure 1, slap 3 and 4, dark and light Rosa). Both the coarse-and fine-grained Aswan granites comprise monzogranite and syenogranite varieties of metaluminous and calc-alkaline affinities [15].



Aswan granitic rocks occupy a unique position between the Precambrian exposures of the South Eastern and South Western Deserts of Egypt [16]. To the east, basinal facies of metasedimentary and metavolcanic rocks, together with batholithic older granites and younger granite plutons, form extensive outcrops, which represent the southern extension of the Pan-African Precambrian belt of the Eastern Desert. An evolutionary model of Island arc formation and obduction–accretion tectonics is envisaged for this area. The rocks of the south Western Desert were characterized by three episodes of deformation and related metamorphism and anatexis until the final cratonization during the late Pan-African event was completed. As a consequence of the convergence of East and West Gondwana and the closure of the Mozambique ocean, this juvenile crust accreted against the Saharan Metacraton by the end of the Proterozoic [17] and was intruded by a large number of granitoids [18].




3. Materials and Methods


About twenty-nine samples were collected from the most popular eleven commercial types of Aswan granite, already used as building and ornamental materials to be studied for their natural radioactivity. The samples were labeled as B1-B5 (Black Aswan), G1-G3 (Gray Shirka), L1-L2 (Light Rosa), D1-D2 (Dark Rosa), R1-R3 (Royal), Gn1-Gn3 (Gandolla), R1-R3 (Red Aswan), W1-W3 (White Halayeb), Y1-Y3 (Yellow Verdi), RN (Red Nefertiti) and F (Farsan).



All the investigations were carried out at the laboratories of the Egyptian Nuclear Materials Authority (NMA). Thin sections of the samples were prepared and analyzed by polarized-light microscope in order to determine their mineralogical composition and investigate their texture. Then, the samples were subjected to comminution processes, including crushing and grinding. The crushing process was carried out using a jaw crusher to prepare a feed about −3 mm for the grinding process. Then, the grinding process took place using a Denver pilot rod mill to reduce the size to 100%, passing 0.5 mm.



The comminuted samples were subjected to radiometric analysis using gamma spectrometry after drying at 80 °C to remove moisture, which otherwise would result in self-absorption of the radionuclides during the radio assay. About 300 g of dried comminuted samples were packed in labeled cylindrical plastic containers of a uniform base diameter of 9.5 cm and 3 cm in height. The plastic containers were tightly covered, sealed and left for 30 days prior to counting for the attainment of the secular equilibrium between 238U and 232Th and their respective progenies [19,20]. The instrument used in the determination of the four radioactive elements consists of a gamma spectrometric chain with a 76 × 76 mm Bicron scintillation detector NaI (Tl), hermetically sealed with the photomultiplier tube in aluminum housing. The tube is protected by a copper cylinder of 0.6 cm thickness against induced X-rays and a chamber of lead bricks against environmental radiation.



Uranium, thorium, radium and potassium were measured by using four energy regions, representing Th-234, Pb-212, Pb-214 and K-40 gamma emitters at 93 keV, 239 keV, 352 keV, and 1460 keV, respectively. The measuring values of U, Th and Ra in parts per million (ppm), as well as of K in percent values (%), were converted to activity concentrations as Becquerel per kilogram (Bq kg−1), using the conversion factors given by the Polish Central Laboratory for Radiological Protection [21,22].




4. Results and Discussion


4.1. Sample Petrographic Description


The massif of the Aswan region consists of granitic rocks of the Precambrian age, the earlier phases of which are more mafic, coarse-grained, and sometimes show porphyritic and rapakivi textures. The K-feldspar megacrysts show intensive perthitization of an exolution origin and occur in more than one generation, sometimes replacing each other. The K-feldspar includes oriented plagioclase crystals that lie parallel to the re-entrant angles at the Carlsbad twinning planes of the K-feldspar megacrysts.



The plagioclase megacrysts also contain oriented biotite, magnetite, and apatite inclusions that are concentrated in the cores and between the cores and their outer rims. Occasionally, these include crystals lying parallel to the re-entrant angles at the Carlsbad twinning planes of the plagioclase megacrysts. These features suggest crystallization of the K-feldspar and plagioclase megacrysts from silicate melts and lend some support to the magmatic hypothesis of the Aswan batholith.



Aswan granite is composed mainly of alkali-feldspars, plagioclase, quartz, biotite, and hornblende. Zircon, allanite, epidote, titanite, and opaques are the main accessory minerals. The studied granites are generally light grey with a reddish tone. The rocks are equigranular and exhibit a phaneritic texture. The main constituents are quartz (20–35%), K-feldspar (up to 50%), plagioclase (10–25%) and subordinate biotite ± amphibole (5–16%). Quartz is observed in the rocks as medium- to coarse-grained, occurring as anhedral crystals. Minute quartz crystals occupy the interstitial spaces between feldspars.



The potash feldspars are the main constituents and represented by perthite, microcline perthite, orthoclase perthite, and microcline. Perthite occurs as subhedral crystals and has both albite and pericline twinning, which form a known tartan pattern (Figure 2a). Some crystals of perthite include the second phase of biotite (Figure 2b). Microcline perthite occurs as an anhedral crystal associating plagioclase (Figure 2c) and sometimes includes crystals of zircon (Figure 2d). Orthoclase perthite occurs as euhedral to subhedral crystals showing simple twinning; sometimes, some crystals of orthoclase perthite are found enclosing the second phase of albite (Figure 2e). Exsolution textures are commonly represented by perthite and equilibrium quartz–feldspar intergrowth (i.e., myrmekite).



Plagioclase is represented by subhedral to euhedral prismatic crystals of variable sizes with distinct lamellar twinning (Figure 2f). Myrmekite texture is developed at the margins of plagioclase and microcline (Figure 2g). Some plagioclase crystals are oscillatory zoned (Figure 2h). It is coarse to very coarse grains which are digested and mantled by perthite (Figure 3a), referring to the mixing magma. Epidotization and muscovitization are the main alteration product of plagioclase (Figure 3b,c). The plagioclase exsolution lamellae are large enough to exhibit the characteristic polysynthetic twinning pattern (parallel stripes). In contrast, the K-feldspar host displays splendid “tartan” or “cross-hatched” twinning.



The mafics are represented by biotite, muscovite and hornblende. Biotite is brown in color and occurs as anhedral crystals of ferribiotite associating antiperthite (Figure 3d). The second phase of biotite occurs in the perthite of the tartan type (see Figure 3b). Muscovite occurs as a secondary mineral after plagioclase (muscovitization) (Figure 3e). Hornblende occurs as elongated prismatic crystals in the basal section monoclinic, dark green to dark brown in color, strongly pleochroic, from dark green to yellow (Figure 3f).



Zircon occurs as well-formed crystals and exhibits its characteristic of interference colors (Figure 4a). Deformed crystals are enclosed in biotite and feldspars (Figure 4b). Allanite occurs as well-formed metamict crystals characterized by zoning and masked interference colors (Figure 4c). Titanite occurs as well-formed crystals with sphenoidal forms (Figure 4d,e). Epidote occurs as secondary oval crystals exhibiting their characteristic interference colors and coexists with ferribiotite (Figure 4f).




4.2. Analysis of Radionuclides


Gamma-ray spectrometry is a powerful, non-destructive analytical tool for the qualitative and quantitative determination of gamma emitters [20]. The specific activity (activity per unit mass) is the number of atomic decays per unit time per unit mass. It is used to describe the radionuclide contents of rocks and building materials [23] and is expressed in becquerel per kilogram (Bq kg−1), where 1% K = 313 Bq kg−1, 1 ppm U = 12.35 Bq kg−1 and 1 ppm Th = 4.06 Bq kg−1 as recommended by [24]. The calculated activity values of 238U, 226Ra, 232Th and 40K radionuclides, expressed in Bq kg−1, are given in Table 1 for the twenty-nine different samples of Aswan granites investigated in this work.



The average values of the radioelements worldwide are 33 Bq kg−1 for 238U, 45 Bq kg−1 for 232Th, and 412 Bq kg−1 for 40K (Mudd, 2008). The activity concentration values for the studied samples ranged from 12 to 148 Bq kg−1 for 238U. About seventeen samples exceeded the worldwide average specific activity of 238U, and the samples with the highest value were Red Nefertiti (123.5 Bq kg−1), Gandolla (111.2 Bq kg−1), Light Rose (86.45 Bq kg−1), and Forsan (74.1 Bq kg−1). The P-factor of the investigated granitic samples was calculated (Table 1). It is clear that most values of the P-factor of the studied samples are more than one, referring to a possible loss of radon or radium, which can be indicated by a U/Ra average value up to 1.9.



The U/Th ratio varied from 0.2 to 9.1 with an average of up to 1.4 and higher than the range commonly recorded for granites (0.08–0.50) [25,26]. This high ratio may reflect the enrichment of the studied granites with some accessory minerals, such as uranophane, autunite, monazite, zircon, and xenotime.



Th/U ratio varied from 0.1 to 6.6 with 1.9 as the average content (Table 1). The crustal average content of Th/U ratio was nearly 3; in these granitic rocks, the wide range of Th/U ratio (0.1 and 6.6) suggests that the enrichment of uranium and thorium is related to hypogene fluids, which cause the enrichment of uranium and thorium by the same ratio. The disturbance of the Th/U ratio (less than 3) indicates that the uranium enrichment is higher than that of thorium, due to the greater stability of thorium than uranium in the secondary environment.



The activity concentration values of 232Th ranged from 4 to 97 Bq kg−1. Comparing the activities of 232Th of the studied samples with the average worldwide data [27], it appears that nineteen samples exceeded the value of 45 Bq kg−1, and the highest values are for Dark Rosa (75.11 Bq kg−1), Red Aswan (71.73 Bq kg−1), Gandolla and Forsan (69.02 Bq kg−1). As far as the specific activities of 40K are concerned, the Royal, Red Aswan, Red Nefertiti, Forsan, and Gandolla samples displayed the highest average values (1305, 1271, 1246, 1199, and 1178 Bq kg−1, respectively) and exceeded the average granite value for 40K, which is 1104 Bq kg−1 [28]. The activity concentrations of 226Ra for the studied granite samples ranged from 11 to 89 Bq kg−1 within an average value of 32 Bq kg−1. The activity concentration ranges of 226Ra, 232Th, and 40K of the granite samples of this study were compared to those of different localities in the Eastern Desert of Egypt, with 137 granite samples from different countries all over the world, as shown in Table 2. The results showed that the activity concentrations of 226Ra, 232Th, and 40K in the studied samples are lower than most values of granitic rocks in the Eastern Desert and the international samples.



Figure 5 shows the correlation between 238U and 232Th radionuclides in all measured samples: there is a positive correlation between 238U and 232Th with fitting the equation 232Th = 0.01877 × 238U + 56.84 and standard error ± 0.13. The band with the orange color around the fit line is the confidence band, which depicts the upper and lower confidence bounds for all points on a fitted line within the range of data; for example, the model indicates with 95 confidence that in a sample, if 238U = 80, this indicates that in the same sample, there is a proximity of 45 to 75 232Th, which are the y-values of the lower and upper confidence bands at 238U = 15. The same applies to the prediction band. The results include a 4-panel residuals plot. Residuals are also analyzed for normality using the Anderson–Darling test. Looking at the Fitted Y (Bq/kg) figure of the residuals, we can see how they are constant from left to right, which is called the constant variance of the residuals; also, in the percentiles figure, we can see how they are distributed around the fitted line, which proves the initial assumption. The residual count figure shows that most of the residuals are between 0 and 0.5, while the last figure explains the relationship between the residuals against each independent variable; as we can see, there is no pattern clearly related to one of the independents.



The sampling site-specific variations of 238U, 226Ra, 232Th, and 40K radioactivity concentrations (Bq kg−1) with minimum, mean and maximum values for the studied samples shown in Figure 6. G2 sample has the highest values of 238U (148.20 Bq kg−1) and 226Ra (88.80 Bq kg−1), while the BA3 and R2 samples have the highest values of 232Th (105.56, Bq/kg) and 40K (1483.62 Bq kg−1), respectively.



In Figure 7, the histograms are presented for the data of the activity concentration results for 238U, 232Th, 226Ra, and 40K in twenty-nine different samples of Aswan granites. The data present a strong normal distribution from this figure, and all the values of activity concentrations are nearly within the computed mean value for each natural radionuclide. The statistical distribution of the results, the activity concentration results for 238U, 232Th, 226Ra, and 40K in the studied points of Aswan granites, are presented in Figure 8 using boxplots. The 40K has the highest values of the range, median, mean, and outliers of Aswan granites.




4.3. Radiological Hazards Indices


In order to assess the radiological hazard for populations exposed to the radiations emitted by the granite samples, several indices were calculated based on the concentrations obtained in this work for 40K (CK), 232Th (CTh) and 226Ra (CRa) [2,37,38,39].



The external hazard index (Hex) commonly used to evaluate radiation dose rate due to external exposure to gamma radiation from natural radionuclides in soil/rock samples is presented in the next equation. The calculated average external hazard index was found to be less than unity for the radiation hazard to be insignificant.


   H ex    =      C k    4810   +    C Th    259    +     C Ra    370    ≤ 1  











The internal exposure to 222Rn and its radioactive progeny is controlled by the internal hazard index (Hin). The internal hazard index (Hin) is a parameter for estimating the negative effect of radioactive materials on the lungs and other respiratory organs. For example, the risk of internal exposure due to the natural radionuclides 40K, 226Ra, and 232Th can be assessed from the value of the Hin equation:


   H in    =      C k    4810   +    C Th    259   +    C Ra    185    











The European Commission (1999) [37] proposed the gamma-ray index (Iγ), which is strongly related to the annual effective dose. The gamma-ray index is calculated considering a standard room model with dimensions of 4 m × 5 m × 2.8 m and 20 cm-thick walls. The formula calculates this index factor associated to the external exposure:


  I γ   =      C Ra    300   +    C Th    200   +    C k    3000    











The excess alpha radiation due to radon inhalation originating from building materials is estimated using the relation below:


  I α   =      C Ra    200    ≤   1   











Iα should be lower than the maximum permissible value of Iα = 1, which corresponds to 200 Bq kg−1. For alpha radiation is considered that a building material with Ra concentration lower than 200 Bq kg−1 could not cause an indoor radon concentration higher than 200 Bq m−3.



The internal hazard index (Hin) for the studied Aswan granites ranged from 0.07 to 0.9. These values are within the limit of safety value of 1 as recommended by the European Commission [37], except for sample No. 14 for the Gandolla 2 sample, which had Hin of 1.11, which is higher than the safety limit. Furthermore, the external hazard index (Hex) must also be less than the unity to maintain a negligible radiation hazard. Therefore, the external hazard index estimated for the studied Aswan granite samples was less than the safety limit as given in Figure 9.



The gamma-ray index is correlated with the annual dose rate due to gamma radiation (external exposure). Materials having Iγ < 2 would increase the yearly effective dose by 0.3 mSv, while for 2 < Iγ < 6, the gamma-ray index corresponds to an increase in effective dose by 1 mSv y-1. Building materials used superficially rather than in bulk amounts (tiles, boards, etc.) should be exempted from all restrictions concerning radioactivity, if the excess of gamma radiation originating from them increases the annual effective dose of a member of the public by 0.3 mSv at the most. On the other hand, dose rates higher than 1 mSv y−1 are allowed only in exceptional cases, where materials are locally used. Finally, samples with Iγ > 6 cannot be recommended for use in buildings [37].





5. Conclusions


Granitic rock is considered one of the most important economic materials used for building materials, ornamental stones, and other purposes. Aswan granites consist of alkali-feldspars, plagioclase, quartz, biotite, and hornblendein, in addition to accessory minerals, such as zircon, allanite, epidote, titanite, and iron oxides. Eleven different kinds represented by twenty-nine samples of Aswan granites, considered the most popular ones, were measured for their natural radioactivity to assess the radioactive concentrations when used as building materials.



The activities of 238U, 226Ra, 232Th, and 40K for most of the studied granites exceeded the average level of these radionuclides, according to the average values of the radioelements worldwide. The statistical distribution of 40K of the Aswan granites showed the highest values of the range, median, mean, and outliers of Aswan granites.



According to the results obtained for the external (γ-radioactivity) and internal (α-radioactivity) level indices and the activity utilization index, the majority of the investigated granite samples are suitable for use as building materials, posing no hazard to the population.
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Figure 1. Granite sampling locations over a wide area (a) around Aswan city, (b) east of Aswan city, and (c) south of Aswan city with the appearance of Aswan granites: 1—black Aswan, 2—red Aswan, 3—dark Rosa, 4—light Rosa, 5—yellow Verdi, 6—grey Shirka, 7—Gandolla, 8—Forsan, 9—red Nefertiti, 10—Royal, 11—white Halayeb. 
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Figure 2. Photomicrographs for Aswan granite showing: (a) Subhedral crystal of perthite of tartan type, CN. (b) Second phase of biotite in perthite, CN. (c) Anhedral crystal of microcline perthite associating plagioclase, CN. (d) Well-formed crystal of zircon associating quartz and microcline perthite, CN. (e) Subhedral crystal of orthoclase perthite enclosing second phase of albite, CN. (f) Euhedral crystal of plagioclase with lamellar twining associating perthite, CN. (g) Anhedral crystals of plagioclase with vermicular of quartz (myrmikitic) on the border of string perthite, CN. (h) Zoned crystal of plagioclase associating albitic plagioclase, quartz and biotite, CN. 
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Figure 3. Photomicrographs for Aswan granite showing: (a) Plagioclase corroded by perthite, CN; (b) epidotization and muscovitization of plagioclase, CN; (c) muscovitization of plagioclase, CN; (d) anhedral flake of ferribiotite associating antiperthite, CN; (e) secondary muscovite after plagioclase (muscovitization), CN; (f) basal section of hornblende with two-sets cleavage associating plagioclase, CN. 
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Figure 4. Photomicrographs for Aswan granite showing: (a) Deformed crystal of zircon associating biotite, hornblende and quartz, CN; (b) euhedral crystal of zircon in BI, CN; (c) zoned crystal of metamict allanite associating perthite, plagioclase, and opaque, CN; (d) well-formed crystals of titanite with prismatic and sphenoidal forms (sphene), CN; (e) well-formed crystals of titanite with sphenoidal forms (sphene) associating antiperthite, CN; (f) secondary epidote associating plagioclase and quartz, CN. 
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Figure 5. Linear regression LR with residuals analysis of 232Th to 238U of granitic rocks samples. 






Figure 5. Linear regression LR with residuals analysis of 232Th to 238U of granitic rocks samples.



[image: Applsci 11 06471 g005]







[image: Applsci 11 06471 g006 550] 





Figure 6. Activity concentrations (Bq kg−1) of the radioelements (238U, 226Ra, 232Th and 40K) found in granitic rock samples (right scale is for 40K). 
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Figure 7. Frequency distribution of the 238U, 226Ra, 232Th and 40K radionuclides in granitic rocks samples. 
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Figure 8. Range, mean, median line and outliers for 238U, 226Ra, 232Th, and 40K activities in the measured samples in interested area. 
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Figure 9. External (γ-radioactivity) and internal (α-radioactivity) level indices and activity utilization index. 
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Table 1. Activity concentrations of 238U, 226Ra, 232Th and 40K (Bq kg−1) and ratios for the studied granite samples.
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Radionuclide Activity (Bq kg−1)

	
Activity Ratio




	
Sample Code

	
U-238

	
Th-232

	
Ra-226

	
K-40

	
U/Ra

	
U/Th

	
Th/U






	
BA1

	
49.40

	
36.54

	
11.10

	
1095.50

	
4.45

	
1.35

	
0.74




	
BA2

	
12.35

	
32.48

	
22.20

	
801.28

	
0.56

	
0.38

	
2.63




	
BA3

	
49.40

	
105.56

	
33.30

	
1430.41

	
1.48

	
0.47

	
2.14




	
BA4

	
24.70

	
44.66

	
22.20

	
870.14

	
1.11

	
0.55

	
1.81




	
BA5

	
24.70

	
56.84

	
11.10

	
848.23

	
2.23

	
0.43

	
2.30




	
GS1

	
12.35

	
60.90

	
22.20

	
1098.63

	
0.56

	
0.20

	
4.93




	
GS2

	
61.75

	
40.60

	
33.30

	
788.76

	
1.85

	
1.52

	
0.66




	
GS3

	
61.75

	
93.38

	
44.40

	
1064.20

	
1.39

	
0.66

	
1.51




	
LR1

	
37.05

	
97.44

	
55.50

	
1082.98

	
0.67

	
0.38

	
2.63




	
LR2

	
135.85

	
36.54

	
44.40

	
760.59

	
3.06

	
3.72

	
0.27




	
DR1

	
24.70

	
60.90

	
44.40

	
1045.42

	
0.56

	
0.41

	
2.47




	
DR2

	
61.75

	
89.32

	
44.40

	
1076.72

	
1.39

	
0.69

	
1.45




	
R1

	
24.70

	
48.72

	
22.20

	
1136.19

	
1.11

	
0.51

	
1.97




	
R2

	
24.70

	
56.84

	
33.30

	
1483.62

	
0.74

	
0.43

	
2.30




	
R3

	
49.40

	
48.72

	
22.20

	
1295.82

	
2.23

	
1.01

	
0.99




	
G1

	
74.10

	
48.72

	
33.30

	
1180.01

	
2.23

	
1.52

	
0.66




	
G2

	
148.20

	
93.38

	
88.80

	
1298.95

	
1.67

	
1.59

	
0.63




	
G3

	
111.15

	
64.96

	
44.40

	
1054.81

	
2.50

	
1.71

	
0.58




	
RA1

	
61.75

	
89.32

	
11.10

	
1139.32

	
5.56

	
0.69

	
1.45




	
RA2

	
12.35

	
60.90

	
11.10

	
1367.81

	
1.11

	
0.20

	
4.93




	
RA3

	
24.70

	
64.96

	
11.10

	
1305.21

	
2.23

	
0.38

	
2.63




	
WH1

	
18.53

	
89.32

	
22.20

	
1270.78

	
0.83

	
0.21

	
4.82




	
WH2

	
37.05

	
4.06

	
11.10

	
331.78

	
3.34

	
9.13

	
0.11




	
WH 3

	
12.35

	
8.12

	
4.44

	
209.71

	
2.78

	
1.52

	
0.66




	
YV1

	
12.35

	
81.20

	
33.30

	
1302.08

	
0.37

	
0.15

	
6.57




	
YV2

	
111.15

	
16.24

	
55.50

	
838.84

	
2.00

	
6.84

	
0.15




	
YV3

	
37.05

	
36.54

	
11.10

	
992.21

	
3.34

	
1.01

	
0.99




	
RN

	
123.50

	
40.60

	
55.83

	
1245.74

	
2.21

	
3.04

	
0.33




	
F

	
74.10

	
69.02

	
44.40

	
1198.79

	
1.67

	
1.07

	
0.93




	
Average

	
52.2

	
57.8

	
31.2

	
1055.7

	
1.9

	
1.4

	
1.9




	
Min

	
12.4

	
4.1

	
4.4

	
209.7

	
0.4

	
0.2

	
0.1




	
Max

	
148.2

	
105.6

	
88.8

	
1483.6

	
5.6

	
9.1

	
6.6
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Table 2. Comparison of activity concentrations of the natural radionuclides (226Ra, 232Th and 40K) (Bq kg−1) in granite samples of the present study with those obtained in other published data.
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Country

	
Region

	
No. of Samples

	
226Ra

	
232Th

	
40K

	
Reference






	
Egypt

	
Variety of Aswan Granite

	
29

	
11–89

	
4–97

	
210–1484

	
Present study




	
Eastern Desert

	
G. Qash Amir

	
-

	
6.4–65.3 ppm

	
11.4–43.8 ppm

	
3.2–7.5 ppm

	
[29]




	
G. El Sela

	
-

	
103–2047

	
12.4–101.2

	
831.6–1394.6

	
[30]




	
W. Allaqi

	
11

	
9–111

	
8–75

	
119–790

	
[31]




	
Abu Ziran

	
6

	
19–34

	
11–15

	
216–274

	
[31]




	
Gattar (GII)

	
50

	
165–27,851

	
71–274

	
1048–1230

	
[32]




	
Gattar (GV)

	
15

	
174–50,378

	
51–902

	
640–1841

	
[33]




	
El-Missikat

	
9

	
12.4–534.4

	
56.6–169.8

	
398–1113

	
[9]




	
Wadi El-Gemal

	
-

	
25–59

	
28–759

	
970–1280

	
[34]




	
Ras Baroud

	
-

	
11.5–172.8

	
18.4–103.4

	
87.9–454.7

	
[35]




	
Different countries all over the world

	
167

	
0.2–160

	
<4–253

	
<36–2355

	
[36]

















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2021 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file8.jpg





media/file18.png
[ Ju-2387 7| Ra-226] | Th-232007] K-40

L B B L L L L L B B B B B L B B B B B B B B B L L B
160 - - 1600
- Maximum
148.2
140 - - 1400
120 - 1200
100 - 1000
80 IR RN MEALSD
. 74.24527
60 - , 600
o ( ean
’ 41.66807
40 - VLI T 400
20 - Li hﬂ |i 200
- I Al 14 (L |1 : I / L Hil inimum
: LA T ARHBIER TR AT =l : : 4.44
o M R e R R e

N D > O N D ‘],'\ q,fb 9, 9, r\q,
X I RF XL PP F P L& eeequg%y@@ RO RERS

Sample Code





media/file21.jpg
[ 25%~75% .

1a00] | I Range within 1.51QR I

— Median Line
1200J = Mean

+ Outliers
1000-‘
500-‘
600
400
2004 .
o] —— =
U-éSB Th-I232 Ra-‘226 K-IAO





media/file13.png





media/file12.jpg





media/file3.jpg





media/file9.png





media/file22.png
Range

1600'_ ] 25%~75%
1400 4 T Range within 1.51QR

| — Median Line
1200 - o Mean

] + Qutliers
1000 -
800 -
600 -
400 -
200 - .

] e ==
U-238 Th-232 Ra-226 K-40





media/file19.jpg





media/file7.jpg





media/file10.png





media/file5.png





media/file14.png





media/file11.jpg





media/file6.png





media/file15.jpg
e
= b
.m 2., s
En .
3 .
S U dpres
o . .
g o .
2 .
0. o »
B R R A
238U (Bake)
Residuals
gw £
s Y .
i: 1’“ T s =

Fined ¥ (Bake)

Independens Variable (Bake)





nav.xhtml


  applsci-11-06471


  
    		
      applsci-11-06471
    


  




  





media/file16.png
232Th (Bg/kg)

Percentiles

Residual

Intercept 56.84 +£8.506 ® 232Th (Bg/kg)
120 - Slope 0.01877 + 0.1307 Linear Fit of Data B"Y values"
1pearson's r 0.02762 ° 95% Confidence Band of B"Y values"
100 - ° 95% Prediction Band of B"Y values"
: o $ ¢
80 - ®
T &
)
e e B
i ’ o o
40 ® ®
| P o o o
20 °
0 ° ¢
| T | T | T | T | T | T | T | T |
0 20 40 60 80 100 120 140 160
238U (Bg/kg)
Residuals
99
° 2.0
[ ]
90 - ‘; 1
P < 1.5
509 & % 10-
25 ORI
- ’ Statistic (AD 0.3631 -
10 ® (AD) 0.5 -
) p-value 04178 ’
14 o Conclusion Can't reject normality ]
1 v 1 v 1 v 1 v 1 v 1 v 1 00 1 v 1
60 -40 220 0 20 40 60 -1 0 1
Residual Residual
60 60
40_- 40—- ® a
] ] ° s
1] [ T [ R
0- $ ! s '5 ol —e $ ° hd
] ; i l o l i £ ] [} ° °
220 - oa0d o P o
-40 1 -40 - . °
'60 L L LI L LI L L L L L '60 v 1 .I 1 v 1 v 1 v 1 v 1 4
57.057.257.457.657.858.058.258.458.658.859.059.259.459.659.8 0 20 40 60 80 100 120 140

Fitted Y (Bqg/kg)

Independent Variable (Bq/kg)

160





media/file2.png
¥blackAswarty

2 redAswan. N

3 dark Rosa )

4 lightRosa

Swyellow Verdi

6 grey Shirka_

7 Gandolla 3. %

8 Forsan ‘

9 red Nefertiti®

10 Royaky
“11t-white Halayeb

34'49'O'E 34’4;')'0'E 34'59'0"E M'S?‘O'E 35‘(2‘0"5 35° {Z'O'E 351 P'O‘E
= R |

§ Younger granite [y N

— N A
B Gabbro S R =/\E
) b . L&
291 || Metavolcanics " M e \k = = &
3 tasediment : W - I 8

al fi [ . o

B £
Y Y Ve -

400N
400N

55
250N

| Nubian sandstone
B Younger granite

[ Metavolcanics
7] Metasediments

2°500N
2'500N

34°400°E  34°450°E  34°S00°E  34°550°E 35°00"E 35°5'0°E 35°100°E

23°450N





media/file20.png
[ ]u-238
8 -
|/
=
>
(o)
o 9
4 4
6 6
24
3
2
0 o T~
0 20 40 60 80 100 120 140 160 0 20 40 60 80 100
o U-238 (Bg/kg) 12 Ra-226 (Bqg/kg)
104
8 -
=
3 61
(©]
4 4
24
0
0 20 40 60 80 100 120 0 200 400 600 800 1000 1200 1400 1600

Th-232 (Bg/kg) K-40 (Ba/kg)





media/file23.jpg
25

I evel ey vl e (1o Activy wtkzation e ()

s o

20 —ft - == = =

index level

0s

00

25

Iindex level

00






media/file24.png
| index level

| index level

2.5

I (evel index (Iy) Il level index (Ia)[__] Activity utilization index (1)

1.5 -

0.5

0.0

)

N

LCriteria for I. |Criteria for Iy and Ioc.‘

F PP FFI IS

I level index (Iy)ll level index ()] Activity utilization index (1)

2.5 -

2.0 +—

0.5

0.0

Criteria for I. |Criteria for Iy and Ioc.‘






media/file1.jpg





media/file0.png





media/file4.jpg
400pm





media/file17.jpg
1604 1600
[aximum

Sample Code





