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Abstract

:

During the Late Precambrian, the North Eastern Desert of Egypt underwent significant crustal evolution in a tectonic environment characterized by strong extension. The Neoproterozoic alkali feldspar granite found in the Homret El Gergab area is a part of the Arabian Nubian Shield and hosts significant rare metal mineralization, including thorite, uranothorite, columbite, zircon, monazite, and xenotime, as well as pyrite, rutile, and ilmenite. The geochemical characteristics of the investigated granite reveal highly fractionated peraluminous, calc–alkaline affinity, A-type granite, and post-collision geochemical signatures, which are emplaced under an extensional regime of within-plate environments. It has elevated concentrations of Rb, Zr, Ba, Y, Nb, Th, and U. The zircon saturation temperature ranges from 753 °C to 766 °C. The formation of alkali feldspar rare metal granite was affected by extreme fractionation and fluid interactions at shallow crustal levels. The continental crust underwent extension, causing the mantle and crust to rise, stretch, and become thinner. This process allows basaltic magma from the mantle to be injected into the continental crust. Heat and volatiles were transferred from these basaltic bodies to the lower continental crust. This process enriched and partially melted the materials in the lower crust. The intrusion of basaltic magma from the mantle into the lower crust led to the formation of A-type granite.
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1. Introduction


The Arabian Nubian Shield (ANS) is widely distributed throughout East African Orogen (EAO) and Western Arabia, including Egypt, Sudan, Ethiopia, Eritrea, Somalia, Saudi Arabia, Yemen, Oman, Jordan, and Palestine. In contrast, the southern part of the ANS is located along the Mozambique Belt (Figure 1a). The Eastern Desert of Egypt is a part of the ANS and can be subdivided into three major structural tectonic provinces, according to Stern and Hedge [1], as follows: (1) the South Eastern Desert (SED) is the oldest and most highly deformed province, and it is distinguished by the predominance of compressional and extrusion-related structures having WNW–ESE to NW–SE trends in the western part and N–S to NE–SW trends in the eastern part; (2) the Central Eastern Desert (CED) is characterized by prominent transpressional and extensional related structures having NW–SE and WNW–ESE trends, dissected by younger shearing NE–SW trend; (3) the Northern Eastern Desert (NED) is dominated by the so-called younger granite (c. 580 Ma), with extensional structures E–W and NE–SW trends. These three provinces are separated from each other by major tectonic discontinuities: the Qena–Safaga Shear Belt between the NED and CED, and most likely, the Wadi Kharit–Wadi Hodein Shear Belt between the CED and SED. The Eastern Desert of Egypt is a part of the northern ANS [2], and it is characterized by a pronounced distribution of post- to late-collisional granites containing rare metals mineralization. This region is dated between 620 and 580 Ma [3,4,5,6,7].



Rare metals mineralization has a markedly wide distribution in granite and associated pegmatite, mylonite, and rhyolite flow tuffs, as well as in lamprophyre and felsite dikes and quartz veins, which could have originated from magmatic and/or metasomatic processes [8,9,10,11,12,13,14]. Rare metal granite is widely distributed in the Eastern Desert (Figure 1b). It is highly evolved granite that is distinguished by calc–alkaline, alkaline to peralkaline affinities, and A-type granite. They are widespread in orogenic belts. These rocks are subdivided into metaluminous granite (Nb, Zr, and Y rich), peraluminous granite (Ta is the most predominant one, followed by Nb, Sn, W, Be, and Li), and metasomatized granite (Nb is the most abundant, followed by Ta, Sn, Zr, Y, U, Be, and W) [15,16,17,18].



The distribution of alkali feldspar granite in the North Eastern Desert of Egypt has several favorable implications. First, crustal growth occurred, whereas the magma was derived from the mantle, then ascended through the crust, and crystallized as granite. Second, intracontinental rifting processes, which are characterized by fragmentation and splitting of continents without the involvement of plate boundaries, likely occurred. Third, the study of alkali feldspar granite can provide insights into the petrogenesis and melting processes occurring within the ANS. Fourth, heat and fluid transfers within the lithospheric layer occurred. Finally, the distribution and characteristics of alkali feldspar granite can provide insights into the tectonic setting and regional geology of the ANS. Further research and geodynamic modeling can provide deeper insights into these implications and their significance in the broader context of the ANS.



The main objective of the present work is to study the geochemical and mineralogical features of alkali feldspar granite in the ANS to understand the petrogenesis of the granite and its tectonic evolution in the studied area. This knowledge can improve our understanding of the geological and geochemical signatures of A-type granite as a good resource for rare metals mineralization in the ANS. Therefore, we proposed a geodynamic model in order to explain the origin of the Homret El Gergab alkali feldspar granite.




2. Geologic Setting


This study area is characterized by the presence of basement rocks, which are predominantly covered by Dokhan Volcanics, alkali feldspar granite, and post-granite dikes and veins, including microgranite, basaltic–andesite dikes, and quartz veins (Figure 2). The term “Dokhan Volcanics” is used to refer to a thick sequence of multicolored stratified lava flows with their pyroclastics. These rocks are hard, massive, fine-grained, and vary in color from black to greenish gray to dark gray, and from buff, pinkish-red, to reddish-brown. The pyroclastics include ash tuffs, lapilli tuffs, and agglomerates with purple ignimbrite [19,20,21]. They are mainly composed of basalt, andesite, rhyolite, rhyodacite, and dacite. They were dissected by quartz veins (Figure 3a).



The Homret El Gergab granite is hard, blocky, medium- to coarse-grained, and varies in color from pink to reddish-pink and crimson. The granitic pluton occurs in the central western part of the study area and has a semicircular shape with rough terrain. It has moderately to highly elevated peaks that rise to a height of 433 m above sea level. The alkali feldspar granite intruded the Dokhan Volcanics with a markedly sharp intrusive contact (Figure 3b). Exfoliation structures are prominent features resulting from stress release, especially along the margins of the granitic pluton (Figure 3c). It is composed essentially of K-feldspar, quartz, plagioclase, and biotite. The alkali feldspar granite is cut by microgranite, basaltic, and andesite dikes and is strongly affected by faults and shear zones having E–W, NW–SE, NE–SW, and N–S trends. It shows well-defined joints and fractures. Locally, the joints and fracture planes show reddish-brown or brick-red staining, probably due to mineral solutions enriched in iron oxides. Pegmatite pockets and quartz veins are very present in the studied granite. The feldspars found in the study area are derived from alkali feldspar granite [22], specifically the Homret El Gergab pluton, which covers approximately 10 km2 (Figure 3d–f).




3. Petrography


The alkali feldspar granite exhibits a medium- to coarse-grained hypidiomorphic texture. It is composed mainly of K-feldspar, quartz, plagioclase, and biotite. The alteration products are kaolinite, sericite, chlorite, and muscovite. Zircon, accompanied by opaque Fe-Ti oxides, are the main accessory minerals (Figure 4a–f). Perthite, a component of alkali feldspar granite, is present as well-defined crystals, in which albite lamellae are bound by/or enclosed in the perthite crystals (Figure 4a,b). The mantle is dominated by patchy and flame textures (Figure 4a). Plagioclase crystals occur as medium- to coarse-grained, subhedral to anhedral, tabular, and some show signs of erosion and are trapped within perthite. Some plagioclase crystals are displaced from their original positions and show discoloration due to the presence of iron oxides. Quartz exists as anhedral to subhedral crystals that occupy the interstitial spaces between various mineral components. In particular, it displays prominent strain patterns, including cracking and waviness, with a tendency toward undulating extinction. Biotite occurs as subhedral to anhedral crystals, and certain flakes have been partially or completely altered to chlorite and muscovite (Figure 4c,d). Zircons occur as high-relief prismatic crystals, exhibiting zonation, and are poikilitically enclosed in quartz, biotite, and opaque materials (Figure 4e,f).




4. Materials and Analytical Methods


Twenty samples were collected from the host alkali feldspar granite, and then twenty polished thin sections were obtained to identify rare metals mineralization. This work was carried out using a scanning electron microscope (FEI, Eindhoven, The Netherlands, 2006), which was mounted on the base of the analytical complex Pegasus 4000 (EDAX, Mahwah, NJ, USA). Microanalyses were performed using an electron microprobe equipped with a CAMECA SX 100 (CAMECA, Courbevoie, Île-de-France, France). The diameter of the analyzed spot on the surface of the sample was less than 1 µm at the standard temperature (15 nA beam current, 15 kV acceleration potential, 10 s counting time for peak and 5 s counting time for background; sample: iron oxide; volume: 3 × 10−19 m3; mass: 2 × 10−12 g). The electron microprobe was equipped with five automated wavelength dispersive spectrometers (WDS) and an energy dispersive spectrometer (EDS). The WDS diffraction crystals included LiF, PET, TAP, PC0, PC1, PC2, and PC3, while the spectrometer could vary from 0.22 to 0.83 and the sin-theta had a resolution of 10−5. The following natural standards were used: orthoclase for Si (Kα), albite for Al (Kα), olivine for Mg (Kα), hematite for Fe (Kα), wollastonite for Ca (Kα), and monazite for Yb (Lα). The synthetic compounds used include ThO2, UO2, PbCrO4, ZrO2, CePO4, NdPO4, SmPO4, GdTiGe, DyRu2Ge2, and YPO4, which are the corresponding standards for Th (Mα), U (Mβ), Pb (Mα), Zr (Lα), Ce (Lα), Nd (Lα), Sm (Lα), Gd (Lα), Dy (Lα), and Y (Lα), respectively.



Ten granitic samples were selected and then crushed into ten mesh particles. These particles were finely ground to a size of 200 mesh. Major oxides and trace elements were analyzed by X-ray fluorescence using an ARL 9800 f. ARL X-ray spectrometer at the Central Laboratories of St. Petersburg State University, St. Petersburg, Russia. For XRF analyses, granite powder samples were prepared with Mowiol II polyvinyl alcohol and fused with tetraborate pellets. The detection limits are 0.01% for major oxides and 1–4 ppm for trace elements.




5. Geochemistry


Whole-rock chemical compositions of the major and trace element concentrations in the Homret El Gergab alkali feldspar granite are listed in Table 1. The geochemical behavior of the major element oxides in the studied granitic samples shows that the SiO2 content ranges from 71.2 to 74.7 wt%, the Al2O3 content ranges from 13.7 to 15.4 wt%, the Na2O content ranges from 3.7 to 4.7 wt%, and the K2O content ranges from 4.9 to 6.1 wt%. On the other hand, Fe2O3, CaO, MgO, and TiO2 have low concentrations, reaching 1.8, 1.2, 0.6, and 0.3 wt%, respectively (Table 1). The Harker variation diagrams (Figure 5) illustrate a marked decrease in Al2O3, Fe2O3, and Na2O contents with increasing SiO2, but TiO2, K2O, and CaO contents show a scattered distribution of the analyzed samples.



Among the analyzed trace elements, alkali feldspar granite has a high concentration of large-ion lithophile elements (LILEs) and high-field strength elements (HFSEs), such as Rb, Zr, Ba, Y, Nb, and Th, reaching 289, 202, 180, 89, 84, and 68 ppm, respectively (Table 1). The Harker variation diagrams show a marked increase in trace elements, especially Rb, Y, Nb, Ba, and U, with increasing SiO2, but a marked decrease in Sr, Zr, and Cr (Figure 5).



Many geochemical classifications have been proposed for igneous rocks using various geochemical parameters. The normative An-Ab-Or (anorthite-albite-orthoclase) diagram by Barker [23] shows that the analyzed samples plot in the granite field (Figure 6a). SiO2 versus (Na2O + K2O) the classification diagram by Middlemost [24] (Figure 6b) reveals the studied samples plot in the alkali feldspar granite field.



The concentrations of multiple elements were normalized to those of the primitive mantle values of Sun and McDonough [25], which could provide a general indication of the source and tectonic affinities of the studied granite (Figure 7). The analyzed alkali feldspar granite is strongly enriched in Rb, as a large ion lithophile element (LILE), when compared with high-field strength elements (HFSE; Nb, Zr, Y), but depleted in Ba, Sr, P, and Ti elements with marked troughs. The negative anomalies in P and Sr elements could mark fractionation of apatite and feldspars at the source or during differentiation. The differences in trace element contents in the studied granite may be a clue to the different degrees of partial melting or fractional crystallization. Ti depletion could be related to the fractionation of biotite or titanomagnetite.



Figure 8 illustrates the geochemical behavior of U and Th in the studied alkali feldspar granite. The histograms show that Th ranges from 33 to 46 ppm and U ranges from 21 to 29 ppm (Table 1). The Th/U ratio of the analyzed alkali feldspar granite ranges from 0.48 to 3.8, which is lower than the upper crust value of 3.8 [26]. Thorium is an immobile element; therefore, this ratio mainly depends on the content of uranium, which is a mobile element. The analyzed granite samples have a lower Th/U ratio, which could be related to U enrichment.




6. Mineral Chemistry


6.1. Radioactive Minerals


6.1.1. Uranothorite


It usually occurs as tiny individual crystals (<10 µm) that are anhedral and are often associated with monazite (Figure 9a). The EPMA data show that uranothorite is composed essentially of ThO2, ranging from 53.74 to 54.24 wt%; SiO2, from 15.66 to 16.27 wt%; and UO2, from 13.25 to 14.21 wt%. LREEs, including La, Ce, Nd, and Sm, have been reported, and ΣLREE2O3 (La–Sm) ranges from 3.71 to 4.45 wt%. Fe2O3, CaO, and P2O5 are well documented in small amounts (Table 2).




6.1.2. Thorite


Th-silicate minerals are abundant and predominant in the investigated alkali feldspar granite in the study area. These grains occur as fine individual crystals and/or adjacent thin films (bright colors) along the peripheries of zircon crystals (Figure 9b–e). It consists of anhedral crystals that are <10 μm in length, is accompanied by zircon, xenotime, and rutile, and is always enclosed in feldspar and quartz crystals. It occurs as bright microinclusions and/or adjacent to zircon crystals (Figure 9b–e). The analyzed EPMA data (Table 3) show that thorite is essentially composed of ThO2 ranging from 51.27 to 52.73 wt% and SiO2 ranging from 16.17 to 18.35 wt%. UO2 is well represented in thorite, with higher concentrations reaching up to 7.1 wt% (Table 3). Y2O3-bearing thorite is present and ranges from 2 to 3.2 wt%. The higher concentrations of ΣREE2O3 (La–Er) range from 9.35 to 14.1 wt%. Ce2O3 is the most abundant REE and reaches up to 4.3 wt% of the other elements. Moreover, CaO, P2O5, Fe2O3, and Al2O3 are well represented in the analyzed thorite at low concentrations (Table 3).





6.2. Columbite


Columbite occurs as tabular, subhedral to anhedral crystals that are massive and vary in size from 100 to 400 μm (Figure 9f,g). They are commonly enclosed in K-feldspar, quartz, and plagioclase crystals, whereas others are commonly dispersed as microinclusions in zircon crystals (Figure 9f,g). The EPMA data show that columbite is composed of Nb2O5 at concentrations ranging from 66.49 to 74.7 wt% and Fe2O3 at concentrations ranging from 17.27 to 26.42 wt%, whereas MnO has a lower concentration ranging from 0.5 to 5.78 wt%. TiO2, Ta2O5, and Y2O3 have low concentrations (Table 4). The radioactive elements uranium and thorium have low contents in the analyzed columbite, reaching 3.09 wt% for UO2 and 1.53 wt% for ThO2.




6.3. Zircon


Zircon crystals occur in various shapes, ranging from prismatic to subhedral or anhedral crystals (Figure 9 and Figure 10). Zircon inclusions can range in size from being as small as microinclusions in K-feldspar crystals to larger single crystals that can reach up to 50 μm in size. Some of these zircon crystals appear to be heavily corroded and contain dark patches. In addition, bright xenotime and thorite can be found at the edges of the zircon crystals. The EPMA data show that the zircon crystals are composed of ZrO2, which ranges from 58.05 and 61.1 wt%, and SiO2, which ranges from 29.1 and 32.67 wt%. Other elements present include HfO2, which ranges from 1.43 to 3.61 wt%, and Sc2O3, which from 0.26 to 0.64 wt%. Al2O3, CaO, MnO, and Fe2O3 are recorded in low concentrations (Table 5). The two radioactive elements reached 4.38 wt% for UO2 and 3.89 wt% for ThO2.




6.4. REE Phosphates


Phosphate minerals are recorded in alkali feldspar granite. They include monazite and xenotime, and they are considered good sources of LREEs and HREEs, respectively, as well as Y (Section 6.4.2).



6.4.1. Monazite-Ce


Monazite-Ce is a common LREE phosphate mineral that occurs as euhedral to anhedral and fine- to medium-grained (Figure 10b,e,f). From the analyzed EPMA data, monazite chemistry reveals that P2O5 ranges from 27.37 to 29.84 wt%, with a marked enrichment in LREEs, while the ∑REE2O3 (La2O3–Gd2O3) concentration ranges from 59.15 wt% to 65.75 wt% (Table 6). Ce2O3 is the most abundant LREE in the analyzed monazite grains, reaching 30.51 wt%, followed by Nd2O3, reaching 16.76 wt%, La2O3, reaching 12.93 wt%, and others (Table 6). Gd2O3 is the only recorded HREE in the analyzed monazite and ranges from 1.29 to 3.19 wt%. Enrichment in ThO2 was clearly observed in the monazite grains, ranging from 4.85 to 10.41 wt% (Table 6). CaO was recorded in smaller amounts, ranging from 0.69 to 3.37 wt%. The average empirical formula for monazite is (Ce0.42Nd0.19La0.15Pr0.05Sm0.06Gd0.03Th0.07)(P0.98)O4. Monazite has shown a predominance of Ce (0.42 apfu) over other REEs corresponding to monazite-Ce. The geochemical compositions of the monazite crystals are remarkably similar, and the chemical reactions are carried out by the following substitutions:


Th4+ + Si4+ ↔ REE3+ + P5+










Th4+ + Ca2+ ↔ 2REE3+











As recorded by Watt [27], Abd El Ghaffar [28], and Abdel Gawad [29].




6.4.2. Xenotime


Xenotime is anhedral to subhedral, fine-grained, and often enclosed in K-feldspar crystals. It is predominantly accompanied by zircon, thorite, and rutile (Figure 9b,c and Figure 10c,d). EPMA data show that the analyzed xenotime is a good source of HREEs (Table 7). The chemical data show that P2O5 ranges from 30.23 to 32.15 wt%, Y2O3 ranges from 45.22 to 48.64 wt%, and ∑HREE2O3 (Gd2O3–Lu2O3) ranges from 15.45 to 17.9 wt%. In addition, xenotime has higher concentrations of Dy2O3, Er2O3, and Yb2O3 (Table 7). It has higher concentrations of radioactive elements, especially ThO2, which ranges from 1.55 to 5.44 wt%, whereas UO2 reaches up to 1.51 wt%. CaO and Fe2O3 were presented as minor constituents.





6.5. Other Accessory Minerals


Pyrite occurs as coarse-grained, equant plates, euhedral to subhedral, and encloses rutile microinclusions (gray to black colors) (Figure 10g). It is enclosed in feldspar. The analyzed EPMA data show that pyrite is essentially composed of Fe ranging from 46.25 to 47 wt% and S ranging from 53 to 53.75 wt%.



Rutile is the most abundant accessory mineral. It occurs as anhedral to subhedral, fine- to medium-grained microinclusions in ilmenite and is associated with thorite, zircon, monazite, xenotime, and ilmenite (Figure 9b and Figure 10c,h). The EMPA data indicate that rutile is composed of TiO2 in the range of 98.12 to 99.9 wt%, Fe2O3 from 0.61 to 3.66 wt%, and Nb2O5 from 3 to 4.62 wt%.



Ilmenite occurs along the periphery of rutile and is enclosed in feldspars. It is associated with monazite and zircon. The EMPA data show that ilmenite is mainly composed of TiO2, ranging from 46.25 to 47.66 wt%; Fe2O3, from 51.01 to 53.2 wt%; and MnO, from 0.45 to 0.87 wt%.





7. Discussion


7.1. Magma Type and Tectonic Setting Signature


Several discrimination diagrams have been proposed and used to elucidate the magma types of igneous rocks. Maniar and Piccoli [30] used (Al2O3)/(Na2O + K2O + CaO) versus (Al2O3)/(Na2O + K2O) to distinguish between peraluminous, metaluminous, and peralkaline rocks. Figure 11a shows the granite under study concentrated in the peraluminous field. For the subalkaline rocks, Rickwood [31] used the K2O versus SiO2 discrimination diagram (Figure 11b) to differentiate between the shoshonite series, high-K calc–alkaline series, medium-K calc–alkaline series, and low-K tholeiites. The studied granite samples plot in the calc–alkaline series high-K field.



Several tectonic setting discrimination variation diagrams have been proposed for granites. Rb versus (Y + Nb) and Nb versus Y discrimination diagrams by Pearce et al. [32] are used to distinguish between volcanic arc granite (VAG), syn-collision granite (Syn-COLG), ocean ridge granite (ORG), and within-plate granite (WPG). The figures show that the study samples are plotted in the within-plate regime field (Figure 12a,b). By utilizing various diagrams, Whalen et al. [33] distinguished between two groups of granites with different tectonic settings. Granites are subdivided into (1) those generated during the evolution of fold belts (orogenic), such as I-, S-, and M-types [34,35,36], and (2) those associated with uplift and major strike-slip faulting (anorogenic), such as A-types [37,38,39]. In Figure 12c,d, the plotting of 10,000*Ga/Al versus K2O/MgO and Nb indicates that the studied alkali feldspar granite is plotted in A-type granite.




7.2. Petrogenesis of Homret El Gergab Alkali Feldspar Granite


The relationships between Rb, Sr, and Ba are helpful in inferring the origin of granites, either from partial melting or fractional crystallization. The K/Rb ratio is considered a good petrogenetic indicator that decreases during magmatic fractionation. K2O concentration could reflect the enrichment of Rb in igneous rock types. K2O versus Rb discrimination diagram shows that the alkali feldspar granite samples plot in the field of the Ras ed Dome ring complex, Sudan [37]. In addition, the analyzed granite samples plotted very closely to the pegmatitic-hydrothermal trend of Shaw [40] (Figure 13a), and some samples that deviated could be post-magmatic and/or auto-metasomatic alterations [41]. The behavior of these elements in granitic systems is strongly controlled by plagioclase, K-feldspar, and mica. A binary discrimination diagram of Rb versus Sr (Figure 13b) confirms the role of K-feldspar fractionation in the studied granite. The average Ba/Rb ratio in the crust is approximately 4.4 [42]. Figure 13c shows that the studied granite samples occurred between 1 and 0.4 and are strongly enriched in Rb, which indicates the contribution of crustal material to the magmatic differentiation in the studied rock.




7.3. Zircon-Saturation Temperatures


The relationship between zircon solubility and the temperature of the melt is important for the Zr geothermometer. This approach could help determine the temperature and amount of Zr required for zircon formation in specific granite samples. Experimental research conducted by Watson and Harrison [43] on zircon saturation in various igneous rocks provides valuable data. The zircon saturation temperatures for the granite samples are listed in Table 1. The average estimated temperature for the alkali feldspar granite samples is close to 778 °C. The higher temperatures could suggest that the granite formed from a hotter magmatic source, potentially indicating the involvement of more evolved silica-rich melts. This could be crucial for understanding the most important conditions under which alkali feldspar granite has formed.




7.4. Insights into Rare Metals Mineralization


The enriched rare metal mineralization could being attributed to be crystallized from late magmatic melts. In addition, the higher concentrations of high-field strength elements (HFSEs) in the Homret El Gergab granite are considered good indicators of late-stage differentiation. Thorite can be crystallized from a melt of Th-Y-Zr-rich silicate. Abdel-Karim [44] and Abdel Gawad [29] stated that during the progressive phase of magmatic crystallization, the residual melts of SiO2 could have forced most of the monazite to crystallize in the early phase. Radioactive minerals such as uranothorite and thorite have been recorded in the investigated granite. They were of syngenetic origin during the emplacement of the alkali feldspar granite. The total oxide content of the analyzed uranothorite and thorite from alkali feldspar granite in the study area is approximately close to ~90 wt% (Table 2 and Table 3), which could be related to the hydration processes and/or extensive metamictization [45,46]. Some thorite grains are spread in hematite (Figure 9b,e), which could indicate an extensive alteration. The presence of REEs in uranothorite and thorite could be related to their similarity in ionic radii compared to U and Th. This is responsible for allowing the REEs to occupy the same structural sites in these minerals. The crystallization of monazite may remove thorium from the residual melts, and the substitution in A-site could involve a marked replacement of P and REEs by Si and Th and/or replacement of REEs by Ca and Th as recorded by Williams et al. [47] as follows:


P5+ + REE3+ ↔ Si4+ + Th4+










2REE3+ ↔ Ca2+ + Th4+











It is important to know the relationship occurring between the metallogenitic stages of valuable rare metals mineralization. Nb-, Ta-rich minerals are often associated together, whereas Nb+5 and Ta+5 are very close to each other. Hydrothermal fluids rich in Nb and Ta could be responsible for the formation of columbite. The Ta/(Ta + Nb) ratios of the analyzed columbite spots ranged from 0.01 to 0.03, whereas the Mn/(Mn + Fe) ratios showed a much wider range, varying from 0.02 to 0.28 (Table 4). These ratios indicate a marked enrichment of iron in the analyzed columbite, revealing its typical ferrocolumbite composition according to Černý and Ercit [48].



Zircons are considered valuable carriers of rare metal ores such as Nb, Ta, Y, REEs, Hf, U, and Th. It is well noted that some thorite and xenotime grains occur in the form of fine grains along the rims of zircon crystals (Figure 9c,d and Figure 10c,d). The spatial association of zircon with thorite and xenotime could suggest that they were crystallized from a highly fractionated fluid-rich magma. Additionally, xenotime (Y) is found in association with zircon and can vary in morphology from euhedral, igneous-like grains to irregular secondary grains formed by the dissolution of zircon in the presence of phosphorus-bearing fluids [49]. The average hafnium content in zircon (approximately 3.6; Table 5) is relatively higher than the normal value (approximately 1%). The presence of hafnium-rich zircons in the El Gergab granite is significant because it could be suggested that these rocks have undergone extensive differentiation and fractionation processes that occurred during their formation. This could be related to prolonged magma cooling and crystallization, as well as fractional crystallization [15]. EPMA data for zircons (Table 5) and their pleochroic halos indicate their enrichment in radioactive elements, especially U and Th. However, a detailed study of zircon grains revealed multistage zonation accompanied by changes in morphology. Some interstitial zircons associated with xenotime are evidence of subsequent formation by hydrothermal fluids (Figure 9 and Figure 10). The presence of a combination of zircon, xenotime, and thorite could suggest an intermediate solid solution reaction, whereas the presence of zircon, columbite, and xenotime with anhedral habits could be related to the effect of fluorine on high-field strength elements, which increases their solubility [18].



Monazite and xenotime are the main sources of phosphatic-REE minerals. Igneous and hydrothermal monazite have been distinguished by their ThO2 contents, vary from 3 to >5 wt% for igneous monazite and <1 wt% for hydrothermal ones [50]. The EPMA data show that the Th content is consistent with its igneous or magmatic origin (Table 6). Xenotime is considered the main source of Y and HREEs, and is distinguished by its Th concentration, which is similar to that of Cínovec granite [51].




7.5. Geodynamic Evolution


The geodynamic evolution of granites remains a subject of debate, and many studies have been conducted to understand the origin of different granitic rock types. Several petrogenetic schemes have been reconstructed to explain the origin of granites, including the following: (1) dehydration melting of tonalite-granodiorte rocks [52]; (2) fractional crystallization of basaltic magma that is derived from the mantle [53]; (3) partial melting of the residual sources after I-type granite extraction [33]; (4) low-pressure melting of the calc–alkaline magmas at the upper crust [54]; and (5) hybridization of the mantle-derived magmas with those of crustal melts [55].



In the ANS region, several models have been proposed in which A-type granites could originate from mantle derived magmas and the partial melting of the lower continental crust. In addition, extreme fractionation of the basaltic source magma has been proposed for A-type granites from El Ineigi [56]. In general, the lithospheric delamination process could have played a markedly useful role in the formation of A-type post-collision granite in response to the upwelling of asthenospheric magmas [20,39]. The heat required for partial melting can arise from various sources, and fluids such as water or carbon dioxide can lower the melting temperature of rocks, which could facilitate the partial melting processes. Once the magma forms, it could undergo further compositional changes during its ascent, contributing to the diversity of granites.



Figure 14 shows a simple petrogenetic model for the Homret El Gergab alkali feldspar A-type granite. This model suggests that the continental lithosphere underwent extension, resulting in upwelling, stretching, and thinning of both the mantle and crust. This model proposes the following: (1) The continental lithosphere underwent a markedly wide extension, which is responsible for the rising, stretching, and thinning of both the mantle and lower crust. This process is accompanied by basaltic magma injection, which is derived from the mantle into the continental lower crust. (2) The transfer of heat and fluids rich in volatiles percolation from basaltic magma into the continental lower crust could have led to a partial melting process of the lower crust materials. (3) The A-type granite could have resulted from the intrusion of the basaltic magma from the mantle into the lower crust [57,58,59].





8. Conclusions


Detailed petrological, geochemical, and mineralogical investigations indicate that the Homret El Gergab alkali feldspar granite is peraluminous, calc–alkaline series high-K, and emplaced within-plate environments. The alkali feldspar rare metal granite in the study area is distinguished by the higher content of alkali feldspar minerals, which form at higher temperatures and are more insoluble than others, indicating a greater degree of differentiation.



Mineralogical studies have identified various minerals, including uranothorite, thorite, columbite, zircon, monazite, and xenotime, as well as other accessory minerals. The close proximity of zircon to thorite and xenotime indicates that they could be formed from fluid-rich magmas and underwent a significant degree of fractionation.



Basaltic magmas play two main roles: (1) they supply the necessary heat to melt the Earth’s crust, and (2) they provide volatile substances that seep into the lower continental layers, resulting in the formation of A-type granite by partial melting of the crust.
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Figure 1. (a) Geologic map showing the Arabian Nubian Sheild (ANS). (b) Geological map showing the distribution of the Neoproterozoic basement rocks in the Eastern Desert, Egypt [2]. 
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Figure 2. Geologic map of Homret El Gergab, North Eastern Desert, Egypt, modified after Abd El-Hadi [22]. 
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Figure 3. (a) Quartz vein (Qz) cutting the Dokhan Volcanics (DV). (b) Sharp intrusive contact between the alkali feldspar granite (Gr) and Dokhan Volcanics (DV). (c) Exfoliation in alkali feldspar granite, (d,e). Open cut in granite for prospecting feldspars. (f) Distribution of alkali feldspar granite at Wadi Abu Masananah. 
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Figure 4. Photomicrographs of the studied alkali feldspar granite at Homret El Gergab, North Eastern Desert of Egypt, clarifying that (a) flame and patchy perthites are associated with antiperthite; (b) perthite encloses plagioclase; (c) biotite is highly altered to ferrichlorite and is associated with quartz; (d) fine muscovite flacks are associated with quartz; (e) quartz encloses euhedral zircon crystal; and (f) zircon is enclosed in iron oxides. Abbreviations: Per, perthite; Ant, antiperthite; Plg, plagioclase; Bt, Biotite; Qz, quartz; Mus, muscovite; Kfs, K-feldspar; Zrn, zircon; Irx, iron oxide. 
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Figure 5. Harker variation diagrams illustrate the distributions of major oxides and trace elements in relation to silica in the studied granite. 
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Figure 6. Geochemical discrimination diagrams present the nomenclature of the studied granite. (a) Ternary An–Ab–Or normative diagram by Barker [23]. (b) Binary diagram shows the total alkalis versus silica, according to Middlemost [24]. 
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Figure 7. Normalized multi-element pattern according to Sun and McDonough [25] of the studied granite. 
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Figure 8. Histograms showing the concentrations of U and Th in the studied granitic samples from Homret El Gergab, North Eastern Desert, Egypt. 
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Figure 9. Back-scattered images (BSE) of radioactive minerals associated with other accessory minerals from alkali feldspar granite, Homret El Gergab, North Eastern Desert, Egypt. (a) Fine-grained uranothorite is associated with monazite and is enclosed in feldspar. (b) Fine-grained xenotime and thorite are associated with rutile. (c) Fine-grained xenotime and thorite occur along the rims of zircon. (d) Thin films of thorite occur along the periphery of zircon. (e) Thorite and zircon are enclosed in biotite. (f) Columbite crystals are enclosed in quartz. (g) Highly deformed columbite crystals are enclosed in K-feldspar. (h) Large zircon crystals enclose microinclusions of columbite. Abbreviations: uthr, uranothorite; thr, thorite; Zrn, zircon; Mnz, monazite; Xtm, xenotime; Col, columbite; Rt, rutile; Qz, quartz; Ab, Albite; Kfs, K-feldspar; Bt, Biotite. 
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Figure 10. Back-scattered images (BSE) of Zr and REE minerals associated with other accessories from alkali feldspar granite, Homret El Gergab, North Eastern Desert, Egypt. (a) Zoned zircon crystals are enclosed in feldspar. (b) Fine-grained monazite and zircon are enclosed in feldspar. (c) Xenotime is overgrown along the rims of zircon. (d) Fine-grained xenotime is adjacent to zircon. (e) Hematite is along the periphery of monazite. (f) Quartz encloses monazite. (g) Pyrite encloses rutile. (h) Quartz encloses rutile. Abbreviations: Zrn, zircon; Mnz, monazite; Xtm, xenotime; Rt, rutile; Hem, hematite; Qz, quartz; Ab, Albite; Kfs, K-feldspar. 
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Figure 11. Magma-type discrimination diagrams of the studied granite. (a) Binary molar Al2O3/(Na2O + K2O) versus Al2O3/(CaO + Na2O + K2O) diagram of Maniar and Piccoli [30]. (b) Binary K2O versus SiO2 diagram of Rickwood [31]. 
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Figure 12. Tectonic setting discrimination diagrams of the studied granite. (a) Binary Rb versus (Y + Nb) diagram of Pearce et al. [32]. (b) Binary Nb versus Y diagram of Pearce et al. [32]. (c) Binary discrimination K2O/MgO versus 10,000*Ga/Al diagram of Whalen et al. [33]. (d) Binary discrimination Nb versus 10,000*Ga/Al diagram of Whalen et al. [33]. 
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Figure 13. Petrogenesis discrimination diagrams show the distribution of the analyzed alkali feldspar granite samples. (a) Binary K2O versus Rb diagram, where MT refers to the magmatic trend and PH refers to the pegmatitic hydrothermal trend, according to Shaw [40]. The shaded area illustrates the field of the Ras ed Dome ring complex, Sudan, according to O’Halloran [37]. (b) Binary Rb versus Sr diagram. (c) Binary Ba versus Rb diagram of Mason [42]. 






Figure 13. Petrogenesis discrimination diagrams show the distribution of the analyzed alkali feldspar granite samples. (a) Binary K2O versus Rb diagram, where MT refers to the magmatic trend and PH refers to the pegmatitic hydrothermal trend, according to Shaw [40]. The shaded area illustrates the field of the Ras ed Dome ring complex, Sudan, according to O’Halloran [37]. (b) Binary Rb versus Sr diagram. (c) Binary Ba versus Rb diagram of Mason [42].



[image: Minerals 14 00583 g013]







[image: Minerals 14 00583 g014] 





Figure 14. Simplified geodynamic model for the origin of the Homret El Gergab alkali feldspar granite modified after Tavakoli et al. [59]. 
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Table 1. Whole-rock major element oxides (wt%), calculated CIPW norm and trace elements (ppm) of the analyzed Alkali feldspar granite, Homret El Gergab, North Eastern Desert, Egypt.
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Samples

	
G1

	
G2

	
G3

	
G4

	
G5

	
G6

	
G7

	
G8

	
G9

	
G10






	
SiO2

	
72.9

	
72.3

	
73.4

	
74.7

	
72.6

	
72.9

	
72.4

	
73.5

	
71.9

	
71.2




	
Al2O3

	
14.4

	
14.8

	
14.5

	
13.7

	
15.4

	
14.9

	
14.9

	
14.6

	
14.8

	
15.2




	
K2O

	
6.10

	
5.90

	
4.90

	
5.60

	
5.10

	
5.20

	
5.30

	
5.10

	
5.70

	
5.00




	
Na2O

	
3.66

	
4.17

	
4.12

	
4.04

	
4.41

	
4.4

	
4.52

	
4.32

	
4.23

	
4.66




	
Fe2O3

	
1.35

	
1.78

	
1.44

	
1.21

	
1.25

	
1.33

	
1.39

	
1.10

	
1.52

	
1.61




	
CaO

	
0.89

	
0.47

	
0.91

	
0.52

	
0.78

	
0.71

	
0.8

	
0.76

	
1.05

	
1.16




	
MgO

	
0.29

	
0.20

	
0.40

	
0.07

	
0.19

	
0.23

	
0.26

	
0.16

	
0.14

	
0.58




	
TiO2

	
0.24

	
0.22

	
0.15

	
0.12

	
0.12

	
0.15

	
0.14

	
0.15

	
0.17

	
0.29




	
MnO

	
0.04

	
0.03

	
0.02

	
0.02

	
0.01

	
0.02

	
0.02

	
0.02

	
0.03

	
0.06




	
P2O5

	
0.01

	
0.03

	
0.02

	
0.03

	
0.02

	
0.01

	
0.05

	
0.01

	
0.04

	
0.03




	
L.O.I.

	
0.20

	
0.10

	
0.20

	
0.10

	
0.10

	
0.20

	
0.20

	
0.30

	
0.20

	
0.10




	
Total

	
100

	
99.9

	
100

	
99.9

	
99.9

	
100

	
100

	
100

	
99.7

	
99.9




	
Q

	
26.0

	
24.3

	
28.2

	
28.6

	
25.5

	
25.6

	
23.9

	
27.0

	
23.2

	
21.7




	
C

	
0.20

	
0.80

	
0.80

	
0.10

	
1.30

	
0.80

	
0.40

	
0.60

	
0.00

	
0.10




	
Or

	
36.0

	
34.9

	
29.0

	
33.1

	
30.1

	
30.7

	
31.3

	
30.1

	
33.7

	
29.5




	
Ab

	
31.0

	
35.3

	
34.9

	
34.2

	
37.3

	
37.2

	
38.2

	
36.6

	
35.8

	
39.4




	
An

	
4.40

	
2.10

	
4.40

	
2.40

	
3.70

	
3.50

	
3.60

	
3.70

	
4.60

	
5.60




	
Di

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00




	
Hy

	
0.70

	
0.50

	
1.00

	
0.20

	
0.50

	
0.60

	
0.60

	
0.40

	
0.30

	
1.40




	
Mt

	
0.00

	
0.00

	
0.00

	
0.10

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00




	
Il

	
0.10

	
0.10

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.10

	
0.10




	
Hm

	
1.40

	
1.80

	
1.40

	
1.20

	
1.30

	
1.30

	
1.40

	
1.10

	
1.50

	
1.60




	
Tn

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.30

	
0.00




	
Ru

	
0.20

	
0.20

	
0.10

	
0.00

	
0.10

	
0.10

	
0.10

	
0.10

	
0.00

	
0.20




	
Ap

	
0.00

	
0.10

	
0.00

	
0.10

	
0.00

	
0.00

	
0.10

	
0.00

	
0.10

	
0.10




	
Trace elements (ppm)




	
V

	
48.0

	
46.0

	
36.0

	
26.0

	
26.0

	
38.0

	
34.0

	
31.0

	
29.0

	
63.0




	
Cr

	
44.0

	
23.0

	
15.0

	
11.0

	
17.0

	
19.0

	
18.0

	
8.00

	
19.0

	
37.0




	
Co

	
26.0

	
15.0

	
10.0

	
19.0

	
9.80

	
66.0

	
12.0

	
26.0

	
7.00

	
39.0




	
Cu

	
3.00

	
10.0

	
18.0

	
8.00

	
11.0

	
75.0

	
6.00

	
28.0

	
16.0

	
7.00




	
Zn

	
18.0

	
28.0

	
21.0

	
14.0

	
32.0

	
11.0

	
14.0

	
11.0

	
18.0

	
18.0




	
As

	
5.00

	
2.00

	
7.00

	
5.00

	
4.00

	
9.00

	
6.00

	
2.00

	
6.00

	
5.00




	
Zr

	
185

	
202

	
127

	
112

	
138

	
142

	
145

	
142

	
196

	
139




	
Mo

	
13.0

	
9.00

	
5.00

	
22.0

	
9.00

	
8.00

	
6.00

	
10.0

	
8.00

	
6.00




	
Cd

	
21.0

	
14.0

	
5.00

	
4.00

	
12.0

	
23.0

	
18.0

	
23.0

	
31.0

	
12.0




	
Sn

	
5.00

	
21.0

	
8.00

	
4.00

	
3.00

	
7.60

	
19.0

	
5.90

	
5.00

	
4.70




	
Pb

	
15.0

	
14.0

	
14.0

	
9.00

	
12.0

	
9.00

	
15.0

	
12.0

	
11.0

	
11.0




	
U

	
25.0

	
23.0

	
27.0

	
21.0

	
26.0

	
29.0

	
27.0

	
23.0

	
25.0

	
22.0




	
Th

	
34.0

	
39.0

	
42.0

	
44.0

	
33.0

	
45.0

	
43.0

	
36.0

	
46.0

	
45.0




	
Rb

	
224

	
202

	
269

	
281

	
289

	
252

	
232

	
245

	
277

	
210




	
Sr

	
37.0

	
41.0

	
27.0

	
16.0

	
16.0

	
35.0

	
27.0

	
21.0

	
26.0

	
39.0




	
Ni

	
5.30

	
4.60

	
3.00

	
6.50

	
6.00

	
8.00

	
4.00

	
9.00

	
5.00

	
3.00




	
Nb

	
74.0

	
66.0

	
84.0

	
59.0

	
74.0

	
66.0

	
71.0

	
80.0

	
52.0

	
59.0




	
Ga

	
16.0

	
22.0

	
26.0

	
15.0

	
8.00

	
19.0

	
23.0

	
9.50

	
28.0

	
22.0




	
Y

	
67.0

	
54.0

	
89.0

	
69.0

	
73.0

	
82.0

	
44.0

	
73.0

	
71.0

	
60.0




	
Hf

	
2.30

	
3.10

	
0.90

	
2.10

	
0.80

	
0.70

	
2.10

	
3.50

	
3.90

	
4.40




	
Ba

	
115

	
120

	
143

	
180

	
98.0

	
150

	
144

	
167

	
84.0

	
139




	
TZr °C

	
795

	
805

	
767

	
753

	
775

	
775

	
773

	
775

	
794

	
766




	
Th/U

	
0.74

	
0.59

	
0.64

	
0.48

	
0.79

	
0.64

	
0.63

	
0.64

	
0.54

	
0.49




	
Rb/Sr

	
6.05

	
4.93

	
9.96

	
17.56

	
18.06

	
7.20

	
8.59

	
11.67

	
10.65

	
5.38








TZr °C (zircon saturation temperature).













 





Table 2. Representative EMPA of uranothorite (oxides in wt%) from Alkali feldspar granite at Homret El Gergab, North Eastern Desert, Egypt.
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ThO2

	
53.85

	
53.79

	
54.24

	
53.74




	
SiO2

	
15.98

	
16.01

	
16.27

	
15.66




	
UO2

	
13.25

	
14.21

	
14.12

	
13.92




	
La2O3

	
0.25

	
0.31

	
0.34

	
0.27




	
Ce2O3

	
1.78

	
1.86

	
1.91

	
1.81




	
Nd2O3

	
1.24

	
1.61

	
1.58

	
1.31




	
Sm2O3

	
0.44

	
0.67

	
0.53

	
0.46




	
CaO

	
1.53

	
1.78

	
1.12

	
1.45




	
P2O5

	
0.84

	
0.68

	
0.61

	
0.43




	
Fe2O3

	
1.49

	
1.57

	
1.56

	
1.61




	
Total

	
90.65

	
92.49

	
92.28

	
90.66




	
ΣLREE2O3

	
3.71

	
4.45

	
4.36

	
3.85




	
Calculated formulae (apfu)




	
Th

	
0.71

	
0.70

	
0.70

	
0.72




	
Si

	
0.92

	
0.91

	
0.93

	
0.92




	
U

	
0.17

	
0.18

	
0.18

	
0.18




	
La

	
0.01

	
0.01

	
0.01

	
0.01




	
Ce

	
0.04

	
0.04

	
0.04

	
0.04




	
Nd

	
0.03

	
0.03

	
0.03

	
0.03




	
Sm

	
0.01

	
0.01

	
0.01

	
0.01




	
Ca

	
0.09

	
0.11

	
0.07

	
0.09




	
P

	
0.04

	
0.03

	
0.03

	
0.02




	
Fe

	
0.06

	
0.07

	
0.07

	
0.07




	
Sum

	
2.07

	
2.09

	
2.07

	
2.08








Calculated chemical formula based on 4 oxygen (apfu) for uranothorite.













 





Table 3. Representative EMPA of thorite (oxides in wt%) from alkali feldspar granite at Homret El Gergab, North Eastern Desert, Egypt.
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ThO2

	
51.35

	
51.27

	
52.73

	
52.17

	
51.33

	
52.22




	
SiO2

	
18.35

	
17.27

	
17.73

	
16.17

	
17.33

	
16.22




	
UO2

	
2.94

	
5.66

	
3.16

	
7.1

	
4.73

	
2.93




	
La2O3

	
0.54

	
1.31

	
1.23

	
1.24

	
1.29

	
1.76




	
Ce2O3

	
1.98

	
1.32

	
1.51

	
1.92

	
0.96

	
4.30




	
Nd2O3

	
1.29

	
1.17

	
1.33

	
1.66

	
1.45

	
2.30




	
Sm2O3

	
1.32

	
1.29

	
1.37

	
1.40

	
1.46

	
1.48




	
Gd2O3

	
1.74

	
1.61

	
1.81

	
1.87

	
1.94

	
1.97




	
Dy2O3

	
2.10

	
2.15

	
1.99

	
2.00

	
1.94

	
1.97




	
Er2O3

	
0.54

	
1.19

	
0.73

	
0.66

	
0.31

	
0.32




	
Y2O3

	
3.20

	
2.51

	
1.84

	
2.59

	
2.89

	
2.01




	
P2O5

	
1.73

	
1.28

	
1.08

	
1.65

	
1.58

	
2.06




	
CaO

	
0.77

	
0.92

	
0.78

	
1.04

	
1.04

	
0.74




	
Fe2O3

	
1.69

	
1.76

	
2.02

	
1.39

	
1.34

	
1.22




	
Al2O3

	
0.91

	
0.87

	
0.76

	
0.69

	
0.85

	
0.94




	
Total

	
90.45

	
91.58

	
90.07

	
93.55

	
90.44

	
92.44




	
ΣREE2O3

	
9.51

	
10.04

	
9.97

	
10.75

	
9.35

	
14.1




	
Calculated formulae (apfu)




	
Th

	
0.61

	
0.62

	
0.65

	
0.64

	
0.63

	
0.64




	
Si

	
0.96

	
0.92

	
0.96

	
0.87

	
0.93

	
0.87




	
U

	
0.03

	
0.07

	
0.04

	
0.09

	
0.06

	
0.03




	
La

	
0.01

	
0.03

	
0.02

	
0.02

	
0.03

	
0.03




	
Ce

	
0.04

	
0.03

	
0.03

	
0.04

	
0.02

	
0.08




	
Nd

	
0.02

	
0.02

	
0.03

	
0.03

	
0.03

	
0.04




	
Sm

	
0.02

	
0.02

	
0.03

	
0.03

	
0.03

	
0.03




	
Gd

	
0.03

	
0.03

	
0.03

	
0.03

	
0.03

	
0.03




	
Dy

	
0.04

	
0.04

	
0.03

	
0.03

	
0.03

	
0.03




	
Er

	
0.01

	
0.02

	
0.01

	
0.01

	
0.01

	
0.01




	
Y

	
0.09

	
0.07

	
0.05

	
0.07

	
0.08

	
0.06




	
P

	
0.08

	
0.06

	
0.05

	
0.08

	
0.07

	
0.09




	
Ca

	
0.04

	
0.05

	
0.05

	
0.06

	
0.06

	
0.04




	
Fe

	
0.07

	
0.07

	
0.08

	
0.06

	
0.05

	
0.05




	
Al

	
0.06

	
0.05

	
0.05

	
0.04

	
0.05

	
0.06




	
Sum

	
2.10

	
2.11

	
2.10

	
2.10

	
2.10

	
2.11








Calculated chemical formula based on 4 oxygen (apfu) for thorite.













 





Table 4. Representative EMPA of columbite (oxides in wt%) from alkali feldspar granite at Homret El Gergab, North Eastern Desert, Egypt.
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Nb2O5

	
70

	
69.21

	
70.09

	
74.7

	
70.95

	
72.8

	
66.49

	
67.76

	
70.84




	
Ta2O5

	
0.77

	
n.d.

	
n.d.

	
n.d.

	
3.44

	
3.44

	
3.03

	
n.d.

	
2.55




	
TiO2

	
2.67

	
0.80

	
1.73

	
2.82

	
1.78

	
0.63

	
2.84

	
1.33

	
1.51




	
Fe2O3

	
23.56

	
23.39

	
25.35

	
20.93

	
19.44

	
17.27

	
23.91

	
26.42

	
22.6




	
MnO

	
1.58

	
0.57

	
1.01

	
1.46

	
1.25

	
5.78

	
n.d.

	
0.68

	
0.50




	
Y2O3

	
n.d.

	
2.92

	
n.d.

	
n.d.

	
n.d.

	
n.d.

	
2.46

	
1.74

	
1.93




	
ThO2

	
0.44

	
1.53

	
0.64

	
n.d.

	
n.d.

	
n.d.

	
1.40

	
1.11

	
n.d.




	
UO2

	
1.00

	
1.53

	
1.24

	
n.d.

	
3.09

	
n.d.

	
n.d.

	
0.98

	
n.d.




	
Total

	
100

	
100

	
100

	
100

	
100

	
100

	
100

	
100

	
100




	
Calculated formulae (apfu)




	
Nb

	
1.69

	
1.71

	
1.70

	
1.78

	
1.76

	
1.80

	
1.62

	
1.65

	
1.72




	
Ta

	
0.01

	

	

	

	
0.05

	
0.05

	
0.04

	

	
0.04




	
Ti

	
0.11

	
0.03

	
0.07

	
0.11

	
0.07

	
0.03

	
0.12

	
0.05

	
0.06




	
Fe

	
0.95

	
0.96

	
1.02

	
0.83

	
0.80

	
0.71

	
0.97

	
1.07

	
0.91




	
Mn

	
0.07

	
0.03

	
0.05

	
0.07

	
0.06

	
0.27

	

	
0.03

	
0.02




	
Y

	

	
0.08

	

	

	

	

	
0.07

	
0.05

	
0.06




	
Th

	
0.01

	
0.02

	
0.01

	

	

	

	
0.02

	
0.01

	




	
U

	
0.01

	
0.02

	
0.01

	

	
0.04

	

	

	
0.01

	




	
∑cation

	
2.85

	
2.85

	
2.85

	
2.79

	
2.78

	
2.85

	
2.84

	
2.88

	
2.81




	
Ta/(Ta + Nb)

	
0.01

	

	

	

	
0.03

	
0.03

	
0.02

	

	
0.02




	
Mn/(Mn + Fe)

	
0.07

	
0.03

	
0.05

	
0.08

	
0.07

	
0.28

	

	
0.03

	
0.02








The chemical formula was calculated for columbite based on 6 oxygen atoms (apfu). n.d. not determined.













 





Table 5. Representative EMPA of zircon (oxides in wt%) from alkali feldspar granite at Homret El Gergab, North Eastern Desert, Egypt.
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SiO2

	
30.09

	
31.2

	
31.04

	
31.75

	
31.12

	
30.11

	
30.07

	
32.16

	
32.13

	
29.56

	
29.97

	
29.1

	
32.67

	
30.5

	
31.14




	
ZrO2

	
58.25

	
60.33

	
59.28

	
59.59

	
61.1

	
58.25

	
58.24

	
59.78

	
58.55

	
58.05

	
58.25

	
58.15

	
59.36

	
61.03

	
59.33




	
HfO2

	
2.84

	
3.61

	
3.57

	
3.25

	
3.53

	
3.02

	
3.31

	
2.91

	
1.90

	
1.43

	
1.51

	
1.52

	
1.76

	
3.60

	
3.57




	
Sc2O3

	
0.38

	
0.31

	
0.41

	
0.26

	
0.28

	
0.34

	
0.38

	
0.35

	
0.29

	
0.31

	
0.38

	
0.64

	
0.39

	
0.42

	
0.41




	
CaO

	
0.84

	
0.76

	
1.12

	
1.05

	
0.62

	
0.92

	
0.69

	
0.81

	
0.97

	
1.01

	
0.85

	
1.15

	
0.81

	
0.76

	
1.12




	
Fe2O3

	
1.53

	
0.7

	
0.79

	
1.06

	
0.56

	
1.02

	
1.09

	
0.97

	
0.89

	
1.04

	
2.27

	
1.46

	
1.03

	
0.70

	
0.79




	
Al2O3

	
0.59

	
0.49

	
0.79

	
0.53

	
0.36

	
0.66

	
0.47

	
0.59

	
0.64

	
0.42

	
0.54

	
0.58

	
0.59

	
0.49

	
0.79




	
MnO

	
0.5

	
0.61

	
0.56

	
0.6

	
0.44

	
0.39

	
0.45

	
0.45

	
0.41

	
0.53

	
0.38

	
0.57

	
0.64

	
0.61

	
0.56




	
ThO2

	
3.89

	
1.32

	
1.15

	
0.97

	
1.12

	
3.29

	
3.35

	
0.91

	
0.85

	
3.31

	
3.41

	
3.57

	
1.25

	
1.21

	
1.05




	
UO2

	
1.17

	
0.67

	
1.33

	
1.00

	
0.93

	
2.00

	
1.95

	
1.10

	
3.46

	
4.38

	
2.44

	
3.27

	
1.59

	
0.67

	
1.33




	
Total

	
100

	
100

	
100

	
100

	
100

	
100

	
100

	
100

	
100

	
100

	
100

	
100

	
100

	
100

	
100




	
Calculated formulae (apfu)




	
Si

	
0.96

	
0.98

	
0.98

	
0.99

	
0.98

	
0.96

	
0.96

	
1.00

	
1.00

	
0.96

	
0.98

	
0.94

	
1.01

	
0.96

	
0.98




	
Zr

	
0.91

	
0.92

	
0.91

	
0.91

	
0.94

	
0.91

	
0.91

	
0.91

	
0.89

	
0.92

	
0.90

	
0.92

	
0.89

	
0.94

	
0.91




	
Hf

	
0.03

	
0.03

	
0.03

	
0.03

	
0.03

	
0.03

	
0.03

	
0.03

	
0.02

	
0.01

	
0.01

	
0.01

	
0.02

	
0.03

	
0.03




	
Sc

	
0.01

	
0.01

	
0.01

	
0.01

	
0.01

	
0.01

	
0.01

	
0.01

	
0.01

	
0.01

	
0.01

	
0.01

	
0.01

	
0.01

	
0.01




	
Ca

	
0.03

	
0.03

	
0.04

	
0.04

	
0.02

	
0.03

	
0.02

	
0.03

	
0.03

	
0.04

	
0.00

	
0.04

	
0.03

	
0.03

	
0.04




	
Fe

	
0.04

	
0.02

	
0.02

	
0.02

	
0.01

	
0.02

	
0.03

	
0.02

	
0.02

	
0.03

	
0.05

	
0.04

	
0.02

	
0.02

	
0.02




	
Al

	
0.02

	
0.02

	
0.03

	
0.02

	
0.01

	
0.02

	
0.02

	
0.02

	
0.02

	
0.02

	
0.02

	
0.02

	
0.02

	
0.02

	
0.03




	
Mn

	
0.01

	
0.02

	
0.01

	
0.02

	
0.01

	
0.01

	
0.01

	
0.01

	
0.01

	
0.01

	
0.01

	
0.02

	
0.02

	
0.02

	
0.01




	
Th

	
0.03

	
0.01

	
0.01

	
0.01

	
0.01

	
0.02

	
0.02

	
0.01

	
0.01

	
0.02

	
0.02

	
0.03

	
0.01

	
0.01

	
0.01




	
U

	
0.01

	
0.00

	
0.01

	
0.01

	
0.01

	
0.01

	
0.01

	
0.01

	
0.02

	
0.03

	
0.02

	
0.02

	
0.01

	
0.00

	
0.01




	
Sum

	
2.04

	
2.03

	
2.04

	
2.04

	
2.03

	
2.04

	
2.03

	
2.03

	
2.04

	
2.04

	
2.03

	
2.05

	
2.04

	
2.03

	
2.04








Calculated chemical formula based on 4 oxygen (apfu) for zircon.













 





Table 6. Representative EMPA of monazite (oxides in wt%) from alkali feldspar granite at Homret El Gergab, North Eastern Desert, Egypt.
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P2O5

	
27.45

	
27.37

	
29.69

	
29.84

	
29.04

	
28.5

	
28.53

	
29.17

	
29.48

	
28.45

	
28.2

	
28.88

	
27.42




	
CaO

	
1.06

	
1.16

	
1.19

	
1.15

	
3.37

	
1.11

	
0.70

	
0.69

	
2.69

	
0.71

	
1.19

	
1.19

	
0.84




	
La2O3

	
8.03

	
12.29

	
11.9

	
11.99

	
12.93

	
9.69

	
10.71

	
8.39

	
10.92

	
8.78

	
7.00

	
10.17

	
8.89




	
Ce2O3

	
28.31

	
29.48

	
28.52

	
29.95

	
29.61

	
28.46

	
30.18

	
28.05

	
30.51

	
28.38

	
28.42

	
27.35

	
28.11




	
Pr2O3

	
3.92

	
4.22

	
3.75

	
2.66

	
4.07

	
4.04

	
3.97

	
2.72

	
2.98

	
3.23

	
3.71

	
3.73

	
3.87




	
Nd2O3

	
14.13

	
11.57

	
10.25

	
9.70

	
11.13

	
15.2

	
13.44

	
15.92

	
11.85

	
15.27

	
13.41

	
15.98

	
16.76




	
Sm2O3

	
4.26

	
4.24

	
3.31

	
3.64

	
3.06

	
4.58

	
3.79

	
4.96

	
2.74

	
4.59

	
4.95

	
3.99

	
5.04




	
Gd2O3

	
2.46

	
1.29

	
1.42

	
1.52

	
1.75

	
2.26

	
2.46

	
2.59

	
1.83

	
3.19

	
3.01

	
1.96

	
3.08




	
ThO2

	
10.41

	
8.46

	
9.92

	
9.14

	
4.85

	
6.15

	
6.19

	
7.60

	
6.65

	
7.39

	
10.18

	
6.85

	
6.00




	
Total

	
100

	
100

	
99.95

	
99.59

	
99.81

	
100

	
100

	
100

	
99.65

	
100

	
100

	
100

	
100




	
ΣREE2O3

	
61.11

	
63.09

	
59.15

	
59.46

	
62.55

	
64.23

	
64.55

	
62.63

	
60.83

	
63.44

	
60.5

	
63.18

	
65.75




	
Calculated formulae (apfu)




	
P

	
0.96

	
0.95

	
1.00

	
1.00

	
0.97

	
0.97

	
0.98

	
0.99

	
0.98

	
0.98

	
0.97

	
0.98

	
0.95




	
Ca

	
0.05

	
0.05

	
0.05

	
0.05

	
0.14

	
0.05

	
0.03

	
0.03

	
0.11

	
0.03

	
0.05

	
0.05

	
0.04




	
La

	
0.12

	
0.19

	
0.17

	
0.18

	
0.19

	
0.14

	
0.16

	
0.12

	
0.16

	
0.13

	
0.11

	
0.15

	
0.13




	
Ce

	
0.43

	
0.44

	
0.41

	
0.43

	
0.43

	
0.42

	
0.45

	
0.41

	
0.44

	
0.42

	
0.42

	
0.4

	
0.42




	
Pr

	
0.06

	
0.06

	
0.05

	
0.04

	
0.06

	
0.06

	
0.06

	
0.04

	
0.04

	
0.05

	
0.05

	
0.05

	
0.06




	
Nd

	
0.21

	
0.17

	
0.15

	
0.14

	
0.16

	
0.22

	
0.19

	
0.23

	
0.17

	
0.22

	
0.19

	
0.23

	
0.25




	
Sm

	
0.06

	
0.06

	
0.05

	
0.05

	
0.04

	
0.06

	
0.05

	
0.07

	
0.04

	
0.06

	
0.07

	
0.06

	
0.07




	
Gd

	
0.03

	
0.02

	
0.02

	
0.02

	
0.02

	
0.03

	
0.03

	
0.03

	
0.02

	
0.04

	
0.04

	
0.03

	
0.04




	
Th

	
0.10

	
0.08

	
0.09

	
0.08

	
0.04

	
0.06

	
0.06

	
0.07

	
0.06

	
0.07

	
0.09

	
0.06

	
0.06




	
Sum

	
2.01

	
2.02

	
1.99

	
1.99

	
2.05

	
2.01

	
2.01

	
1.99

	
2.03

	
2.00

	
2.01

	
2.01

	
2.02








Calculated chemical formula based on 4 oxygen (apfu) for monazite; ΣREE2O3 (La2O3–Gd2O3).













 





Table 7. Representative EMPA of xenotime (oxides in wt%) from studied alkali feldspar granite at Homret El Gergab, North Eastern Desert, Egypt.
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Y2O3

	
48.64

	
45.36

	
46.4

	
45.22

	
46.3




	
Gd2O3

	
2.69

	
2.74

	
2.26

	
2.49

	
2.39




	
Dy2O3

	
4.50

	
4.40

	
3.09

	
4.11

	
4.21




	
Ho2O3

	
1.15

	
0.77

	
0.78

	
1.09

	
0.66




	
Er2O3

	
3.02

	
2.79

	
2.98

	
3.46

	
3.46




	
Tm2O3

	
1.61

	
1.54

	
1.51

	
1.67

	
1.62




	
Yb2O3

	
2.16

	
2.13

	
3.11

	
3.33

	
3.33




	
Lu2O3

	
1.34

	
1.36

	
1.72

	
1.75

	
1.69




	
P2O5

	
30.35

	
30.23

	
31.33

	
32.15

	
31.65




	
CaO

	
1.33

	
1.36

	
1.41

	
1.38

	
1.36




	
Fe2O3

	
0.81

	
0.75

	
0.83

	
0.79

	
0.80




	
ThO2

	
1.55

	
5.44

	
3.07

	
1.64

	
1.64




	
UO2

	
0.93

	
1.13

	
1.51

	
0.94

	
0.94




	
Total

	
100

	
100

	
100

	
100

	
100




	
ΣHREE2O3

	
16.47

	
15.73

	
15.45

	
17.90

	
17.36




	
Calculated formulae (apfu)




	
Y

	
0.91

	
0.85

	
0.86

	
0.83

	
0.85




	
Gd

	
0.03

	
0.03

	
0.03

	
0.03

	
0.03




	
Dy

	
0.05

	
0.05

	
0.03

	
0.05

	
0.05




	
Ho

	
0.01

	
0.01

	
0.01

	
0.01

	
0.01




	
Er

	
0.03

	
0.03

	
0.03

	
0.04

	
0.04




	
Tm

	
0.02

	
0.02

	
0.02

	
0.02

	
0.02




	
Yb

	
0.02

	
0.02

	
0.03

	
0.03

	
0.04




	
Lu

	
0.01

	
0.01

	
0.02

	
0.02

	
0.02




	
P

	
0.90

	
0.91

	
0.92

	
0.94

	
0.93




	
Ca

	
0.05

	
0.05

	
0.05

	
0.05

	
0.05




	
Fe

	
0.02

	
0.02

	
0.02

	
0.02

	
0.02




	
Th

	
0.01

	
0.04

	
0.02

	
0.01

	
0.01




	
U

	
0.01

	
0.01

	
0.01

	
0.01

	
0.01




	
Sum

	
2.08

	
2.06

	
2.06

	
2.05

	
2.06








Calculated chemical formula based on 4 oxygen (apfu) for xenotime; ΣREE2O3 (Gd2O3–Lu2O3).
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