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Abstract

:

Beryl mineralization in the Nugrus-Sikait domain in the South Eastern Desert (SED) of Egypt occurs as disseminated crystals in granitic pegmatite and quartz, as well as pegmatite veins crosscutting mélange schist and ophiolitic rocks. When granitic pegmatite comes into contact with the ophiolitic rocks, phlogopite and amphibole schists are formed due to K metasomatism. The ophiolitic mélange is intruded by leucogranite and related pegmatite along the NNW to NW Nugrus shear zone. Beryl samples have been collected from Um Sleimat, Madinat Nugrus, Wadi Abu Rusheid, and Wadi Sikait. Major oxides and in situ trace and rare earth elements (REEs) of beryl and associated minerals were analyzed through EPMA and LA-ICP-MS, respectively. The investigated beryl, based on its color and chemical compositions, can be classified into the two following types: pegmatitic beryl (type I) and schist-related beryl (type II). The former is colorless to pale green, and is mainly restricted in pegmatite veins; it is poor in Cr2O3 (up to 0.03 wt%) and MgO (Nil). The latter, deep green in color, is rich in Cr2O3 (up to 0.27 wt%) and MgO (up to 2.71 wt%), and occurs within quartz veins, phlogopite schists, and tremolite schists. The abundant beryl mineralization in phlogopite schists and their related quartz veins suggests that granite and associated pegmatite are the source rocks for the Be-bearing fluids that migrate along the NW-SE trending deep-seated tectonic zone, such as the Nugrus shear zone. Therefore, the formation of beryl in schists is attributed to the interaction of granitic/pegmatitic-derived Be-bearing fluids with serpentinite and gabbro interlayered with mélange schists. Variations in the trace and REE contents of both beryl types (I and II) indicate their two-stage formation from different compositions of Be-rich fluids, where light REEs, Zr, Nb, Ba, and Th decrease from type I beryl to type II. These two phases of beryl could be attributed to the magmatic/hydrothermal fluids associated with the pegmatite emplacement. The early phase of the late-stage magmatic-derived fluids was closely related to magma evolution and pegmatite formation, forming euhedral type I beryl. The late phase of pegmatite-derived fluids was mixed with serpentinite/schist-derived fluids that cause high V and Cr content in type II beryl. The composition of parent magmas of felsic rocks, the high degree of magma fractionation or the late stage melts, fluid compositions (rich in Be, Li, Cs, Rb, K), and alkali metasomatism, as well as the linear NW-SE trending deep-seated shear zone, are all factors possibly influencing beryl mineralization in the SED of Egypt.
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1. Introduction


Beryl (K, Na, Cs, H2O)(Al, Sc, Fe, Mg)2(Be, Li)3(Si6 O18) is the main beryllium mineral, and is found mainly in felsic rocks [1]. It is the principal source of beryllium (Be) metal that is utilized in many versatile applications, such as alloys, telecommunications, nuclear reactors, space shuttles, vehicles, computers, and military equipment [1,2]; in alloys including copper or nickel, beryllium is used to create non-sparking tools, electrical contacts, gyroscopes, and spot-welding electrodes [2,3,4,5,6,7]. The ancient beryl mines in Egypt were found where the stream erosion exposed a concentration of emerald along the intrusive contact zone. Since the time of the Pharaohs, emerald (green beryl) and other colored varieties of beryl have been valued as rare gemstones in Egypt. Recently, beryl and its gem varieties have attracted the interest of many researchers due to their economic significance [2,3,4,5,6,7].



Beryl deposits from various geological settings worldwide can be classified into the following categories: (1) emerald-related schists; (2) beryl-bearing highly fractionated granite (S-type) and associated pegmatites; (3) hydrothermal beryl deposits related to metasomatized granite (e.g., greisen); (4) volcanogenic rock-hosted beryllium ore deposits; and (5) carbonate-hosted beryllium ore deposits [2,8]. High silica crustal granite and its related rocks, such as pegmatites and aplites, as well as quartz veins, are the most common sources of Be [3,9,10]. The beryllium (Be) concentration in such felsic rocks can reach up to 200 ppm [3,8], and is commonly associated with other lithophile metals, such as W, Sn, Mo, U, Nb, Ta, Th, and Li. The Be-bearing granitoids in Egypt can be distinguished into three types as follows [11,12]: (i) metasomatized Be-rich granite; (ii) Be-rich, Li-albite granite; and (iii) emerald associated with muscovite leucogranite. For the first and second types, Be mineralization is spatially and genetically related to post-orogenic granitoids, while, for the third category, beryl mineralization is closely related to the post-orogenic muscovite leucogranite and pegmatite in their contact aureoles.



The beryl deposits in Precambrian rocks in Egypt are divided into the following categories: (1) emerald in mica schists and (2) beryl in granitoid rocks and associated pegmatites [2]. Emerald is the green to pale green gem variety and the most common type of beryl. Its green color is attributed to the presence of trace amounts of Cr3+ and V3+ [13]. Mafic-ultramafic rocks and black shale are the main source of Cr and V in green emerald [3,14]. Emerald and other beryl deposits in Egypt are restricted in the South Eastern Desert (SED) and in south Sinai. The beryl mineralization in the SED occurs in the two small following belts: the Homret Akarem-Homret Mikpid (HA-HM) district and Zabara- Um Kabu (Z-UK) district [7,15,16]. These two belts are related to the Pan-African event, which involves a period of strong thermal activity and magmatism [17,18]. Beryl in the HA-HM district occurs as pockets, lenses, and disseminated crystals in alkali-feldspar granite, greisen, and albitized granite, as well as zones between quartz veins and metasediment [19]. The genesis of this beryl mineralization is interpreted as a result of metasomatism by the emanation of volatiles exsolved from a deep-seated highly evolved felsic magma source [20].



The spatial distribution of beryl mineralization in Z-UK is restricted in a defined zone with a NW-SE trend (Najd fault system), which is characterized by anomalous radioactivity, intense metamorphism, metasomatism, and mineralization, caused by acidic intrusions [16]. This extensive district coincides with the major Nugrus shear zone, which is linked to the Najd strike-slip shear-zone (NW-SE) system. The beryl mineralization in the Z-UK district occurs as disseminated crystals in quartz veins, pegmatites, and phlogopite schists [3,6,7,9,10]. This beryl occurrence reflects how the genesis of beryl mineralization in the Z-UK district is related to interactions between highly evolved felsic magma (of muscovite leucogranite and associated pegmatites) and the pre-existing mafic-ultramafic rocks embedded in a mélange matrix (e.g., schist). This melt–rock interaction involves the addition of some elements (Be, F, B, P, alkalis), which characterize a highly evolved granitic assemblage, to the ultramafic assemblage, which is quite high in Mg, Ti, Cr, Ni, and Cu. Consequently, phlogopite (K-metasomatism) was formed at the expense of earlier actinolite (Mg, Ca metasomatism), which released Cr and/or V, thus providing the green to deep green color of beryl [3,6,7,9,10].



The coexistence of Be with other incompatible elements (Li, Rb, Cs, Sr, B, K) and the genesis of beryl in the SED of Egypt are important subjects, and are still the matter of debate. The current study discusses the geology and mineral chemistry (major and in situ traces and REEs) of beryl and associated mineral assemblages in order to understand the genesis and elucidate distribution of beryl mineralization in the SED of Egypt. It is the first time in situ traces and REEs of beryl in Egypt have been determined using LA-ICP-MS, which provides more accurate and precise data for the evaluation of the geochemical features of beryl mineralization. Four localities from the Z-UK district in the SED have been selected for the present study, including Wadi Sikait, Wadi Abu Rusheid, Madinat Nugrus, and Um Sleimat. This study also provides evidence for the role of the Najd shear zone in beryl mineralization in the Eastern Desert of Egypt.




2. Geologic Setting


The Zabara- Um Kabu (Z-UK) belt in the SED of Egypt (Figure 1a), which is part of the Arabian Nubian Shield (ANS), extends in a NW-SE (Najd fault trend) direction (45 km long and 10 km wide), relating to the Nugrus shear zone [3,6,7,9,10]. It is located 70 km southwest of the Marsa Alam city, and is delineated by latitudes of 24° 47′ 00′′ to 24° 34′ 16′′ N and longitudes of 34° 40′ 00′′ N to 34° 55′ 00′′ E. The emerald-bearing schists and rare metal-bearing rocks in the SED of Egypt are confined to this NW-SE linear belt [21]. The Z-UK district comprises three geologic areas as follows: Zabara, Nugrus-Sikait, and Um Kabu-Um Addebaa. The Nugrus-Sikait domain (the study area) is located at the central part of the Z-UK belt, and includes, from North to South, Wadi Sikait, Wadi Abu Rusheid, Wadi Nugrus, and Wadi El Gemal (Figure 1b). The area looks like a lenticular-shaped body with a wider NW end and a narrow SE end [21]. This linear distribution of beryl mineralization (Figure 1b) in the investigated region arranges along the NW-SE trend, where the distribution of the emerald mines occur. This beryl mineralization is possibly attributed to the effect of the NW-SE shear zone (Figure 1b). The rock units exposed in the Z-UK district include, from the oldest to youngest, the following: dismembered ophiolitic rocks (e.g., serpentinite, talc carbonate, and metagabbro), volcanogenic metasediment such as schists (forming a mélange matrix), granitic gneiss (orthogneiss), biotite granite, alkali-feldspar granite, and muscovite leucogranite with related pegmatites (Figure 1b). The district is dissected by post-orogenic pegmatite veins, quartz veins, and lamprophyre dykes [22] (Figure 1b). The ophiolitic rocks and associated metasediments were intruded by mica granite and related pegmatites along their contacts, forming mineralized zones enriched with beryl and rare metals [2].



The dismembered ophiolite in the Nugrus-Sikait area is mainly represented by ultramafic rocks (serpentinite and talc-carbonate) and ophiolitic metagabbro. The ophiolitic mélange is composed of fragments and blocks of ultramafic rocks, tectonically embedded in a fine- to coarse-grained matrix. The mélange matrix is mainly schistose rocks that include boudinage pegmatites, extending parallel to the foliation planes. These schistose rocks in Wadi Sikait comprise talc schists, graphite schists, mica schists, garnet-mica schists, and quartzo-feldspathic schists. The beryl mineralization is mainly hosted by mica schists, besides elongate crystals disseminated in amphibole schists [23].



The ophiolitic mélange is thrusted over orthogneiss by a low-angle thrust fault (Nugrus ductile shear zone), trending NW-SE and dipping 30° SW. The age of thrusting plausibly falls between 682 Ma (the time of emplacement of the older granitoid) and 600 Ma, which is the upper time limit of the granite intrusion [24]. Recently, this NW-SE thrust fault, which is related to the Najd fault system, yielded 620–540 Ma [25], and this is possibly the time of beryl mineralization. The thrust contact between gneiss and overthrusted ophiolitic mélange rocks is characterized by strong deformation, forming several folds in serpentinite in the ophiolitic mélange. It acts as a zone of weakness or a pathway for the intruded felsic magma (leucogranite and related pegmatite) and magma-derived fluids. The granitic pluton elongated in the NW-SE direction (12 km in length) and thinned in the NE-SW direction (3 km in width), forming a nearly spherical-like shape with cataclastic rocks at its core [26]. The granitic rocks are represented by porphyritic biotite granite, alkali-feldspar granite, and muscovite leucogranite, which occurs as small masses in Um Sleimat, W. Sikait, and Abu Rusheid. This leucogranite (sometimes acting as the host of beryl-rich veins) exists as offshoots, emplacing into the ophiolitic mélange and metagabbro in Madinat Nugrus and Um Sleimat. It also occurs as dike-like injected bodies, emplacing into porphyritic biotite granite in W. Sikait.



The ophiolitic rocks and orthogneiss underwent progressive metamorphism and deformation along the NW-SE shear zone. The serpentinite was transformed into talc-carbonate, while the metagabbro is thrusted over the ophiolitic mélange, forming a sheeted mass [23]. The deformed orthogneiss is represented by mylonite, and contains blocks of mafic-ultramafic rocks and bands of tremolite–actinolite. The mylonitic rocks are highly foliated, and include pegmatitic and quartz veins (host of beryl), which are parallel to the foliation planes. These rocks are highly tectonized and foliated with minor to major folds. They are cut by two shear zones, showing NW-SE and NE-SW trends [22].
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Figure 1. (a) Geological map of the Eastern Desert of Egypt, showing the distribution of basement rocks and the study areas (Modified after Stern and Ali [27]). (b) Geological map of the Nugrus-Sikait area in the SED of Egypt, including four locations of beryl: (1) Wadi Abu Rusheid, (2) Wadi Sikait, (3) Madinat Nugrus, and (4) Um Sleimat. 
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3. Sample Description and Beryl Mineralization


The beryl deposits in the Z-UK district were mined from Wadi Sikait, the oldest emerald mine in the world, in addition to several other sites within a 15 km radius of Wadi Sikait, including Gebel Zabara, Wadi Nugrus and Um Sleimat, Wadi Abu Rusheid, Wadi Umm Kabu, Wadi Um Addebaa, and Wadi El Gemal (Figure 1b). More than 200 ancient tunnels for emerald mining are recorded along Z-UK [7,28]. Some of these mining activities began in Pharaonic times, and continued into the Roman and Byzantine periods [19]. Beryl samples for this study were collected from four areas in the Z-UK district, including Um Sleimat, Wadi Nugrus (Madinat Nugrus), Wadi Abu Rusheid, and Wadi Sikait (Figure 1b). The beryl mineralization in the Z-UK district is confined to the contact between orthogneiss (granite gneiss) and the overthrusted ophiolitic mélange rocks along the major Nugrus shear zone (NW-SE) and related structures [11,28]. However, Khaleal et al. [6] stated that, in the Z-UK district, the beryl mineralization occurs at the intrusive contact between the ophiolitic mélange rocks and the intruding felsic magma of muscovite leucogranite and related pegmatite.



There are ancient beryl mining sites in Wadi Um Sleimat (Figure 1b), with trends of N-S and NNW-SSE. Um Sleimat beryl mineralization is found in phlogopite schists, tourmaline schists, and in quartz veins at the intrusive contact between the ophiolitic mélange and muscovite granites (Figure 2a,b). Phlogopite zones around beryl-bearing quartz veins extend in the NW-SE direction, and dip 35°–65° to the NE [7,23,28]. The unmineralized quartz veins (beryl-free veins) are not surrounded by phlogopite schists and/or cut the ultramafic rocks. In addition, some pegmatite veins in Um Sleimat intrude metagabbro in some places.



Beryl mining sites in the Wadi Sikait-Nugrus domain show striking NW-SE and NNW-SSE trends. The beryl mineralization occurs as disseminated crystals, either in phlogopite schists and its related quartz veins (Figure 2c,d) or in pegmatite veins related to muscovite leucogranite (Figure 2e,f). The occurrence of beryl is intimately linked with the Be-enriched milky quartz [3,29]. The beryl deposits in this domain mainly occur as vein-type deposits at the intrusive contact between ophiolitic ultramafic rocks and the granite intrusions [30,31] (Figure 2c,d), and/or occur along the contact zone between biotite schists, pegmatites, and quartz veins [2]. All these beryl-bearing rocks are confined to the Nugrus ductile shear zone, trending in the NW-SE direction. The pegmatite/quartz veins intruded all older rock units in the Nugrus-Sikait domain; they vary from few centimeters up to one meter in thickness, and usually host Be, Th, U, Li, and Nb-Ta mineralization. Beryl in phlogopite schists is almost monomineralic, consisting essentially of coarse phlogopite flakes (Figure 2c,d), and is characterized by a silky sheen surface in hand specimens.



Several old beryl mines are observed in Wadi Abu Rusheid, where mineralization follows a NNW-SSE trend. Abu Rusheid beryl deposits occur at the contact between the ophiolitic mélange and both orthogneiss (granitic gneiss) and biotite granites. They are mainly found as disseminated crystals in pegmatite-related quartz veins, pegmatite veins (Figure 2g,h), and granitic pegmatite, but are rarely found in phlogopite schists.



In summary, beryl shows variations in color, from colorless, pale green to deep transparent green, and is mainly embedded in white milky quartz, especially when in contact with phlogopite schist. Beryl also varies in size and occurs as individual crystals (up to 4 cm in length) and/or aggregates either in phlogopite schists (Figure 2a,b) or in pegmatite/quartz veins (Figure 2e–h). In addition, coarse hexagonal prismatic beryl grains in pegmatite veins occur as euhedral crystals and are homogenous in color with high relief, but beryl crystals in quartz veins are corroded or dissected by quartz strings.




4. Methodology


The major element contents of phlogopite (14 points) with the number of oxygen per formula (n.O.p.f, 22) within quartz and pegmatite veins hosted by granites and schists are as follows: biotite (9 points; n.O.p.f, 22), muscovite (4 points; n.O.p.f, 22), beryl (35 points; n.O.p.f, 18), plagioclase (4 points; n.O.p.f, 8), amphibole (6 points; n.O.p.f, 23), rutile (5 points; n.O.p.f, 2), chlorite (1 point; n.O.p.f, 28), orthopyroxene (1 point; n.O.p.f, 6), and titanite (1 point; n.O.p.f, 5) (Supplementary Table S1a). These values were determined using an electron probe microanalyzer (EPMA) with wavelength dispersive X-ray spectrometry (JEOL JXA-8600SX, JEOL Ltd., Tokyo, Japan), all housed at Niigata University, Japan. The operating conditions were 15 kV accelerating voltage, 13 nA beam current, and ~1 mm beam diameter. The data were corrected through the use of oxide ZAF matrix correction. Calibrations were performed using natural and synthetic standards at Niigata University; these standards were wollastonite for SiO2 and CaO, corundum for Al2O3, olivine for Mg, Jadeite for Na2O, eskolaite for Cr2O3, hematite for FeO, MnOFe2O3 for MnO, nickel oxide for NiO, rutile for TiO2, KTiOPO4 for K2O, and SrBaNb4 for BaO. The measurements of Si, Al, Mg, and Na were determined using channel 1 TAP, but Cr, Fe, Mn, and Ni were measured using channel 2 LIF. In addition, Ti, Ca, K, and Ba were determined using channel 3 PET. Beryl and associated mica were carried out using scanning electron microscopy (SEM)–energy dispersive X-ray spectroscopy (EDS) at Niigata University, Japan. The operating conditions included a 20 kV accelerating voltage and a working distance (WD) of 10 mm. To estimate the H2O in beryl at Niigata University, the coarse beryl crystals have been picked from crushed granitic pegmatite and quartz. These crystals were ground up to 63 microns, forming beryl powders. The experimental measurement H2O values were estimated via gradually heating beryl powders to 1000 °C (for 12 h) and determining the weight loss before and after heating a definite amount of the powder. The BeO was calculated after adding these H2O values to other EPMA components of beryl (Table 1) and assuming a total of 100 wt%. Then, BeO wt% was estimated at 100% minus the sums of other EPMA beryl components.



The trace-element concentrations of beryl (32 points), phlogopite (3 points), and muscovite (1 point) (Supplementary Table S1b) within quartz and pegmatite veins hosted by granites and schists were determined in situ using laser-ablation (193 nm ArF excimer: MicroLas GeoLas Q-plus)–inductively coupled plasma mass spectrometry (LA-ICP-MS) at Kanazawa University, Japan. Analyses were achieved through the use of ablating 60 μm diameter spots. All analyses were carried out at 6 Hz with an energy density of 8 J/cm2 per pulse. The total time of the data acquisition for one spot was 105 s, including laser ablation for 45 s and the analysis of the background before and after, for 40 s each. NIST 612 glass [32] was used as an external standard for the calibration of trace element concentrations, and 29Si was used as an internal standard for all silicates based on the SiO2 concentration obtained using electron microprobes. The precision or reproducibility is better than 4% for most elements, except Sc, Cr, and Ni, for which it is better than 12%. The accuracy and data quality were calculated based on reference material NIST 614.




5. Petrography


Representative samples of beryl-bearing quartz and granitic pegmatite lenses/veins, as well as their host mélange schist and granite in the study area, were selected for the petrographic study. The mélange matrix generally consists of phlogopite schists, amphibole schists, and biotite schists. Quartz lenses are essentially formed from quartz (55–65 vol.%) and beryl (30–40 vol.%), together with phlogopite (Figure 3 and Figure 4). The beryl occurs as euhedral to subhedral crystals with high relief, homogenous in color (Figure 3a,b and Figure 4a,b), and ranges in size from medium (<1 mm in diameter) to coarse (>1 mm in diameter) grains. Typical six-sided euhedral beryl is also observed in some quartz parts in pegmatite, showing a distinct triple junction boundary with serrated quartz (Figure 3a,b). In some quartz veins, beryl exists as coarse fractured crystals with open spaces partially filled with phlogopite (Figure 3c) or quartz strings (Figure 4a,b). Cracked beryl crystals corroded by quartz (Figure 4a,b) are also recorded in some samples. Beryl is generally homogenous in color under polarized light or scanning electron microscopy (SEM) images (Figure 4a,b). Quartz occurs either as undulatory megacrysts (Figure 3a) or as medium interlocked crystals with serrated boundaries around the euhedral beryl crystals (Figure 3d). The investigated granitic pegmatite is mainly composed of plagioclase (30–40 vol.%), quartz (20–25 vol.%), K-feldspar (10–20 vol.%), and beryl (8–20 vol.%), together with muscovite, deformed phlogopite, and apatite (Figure 3e,f and Figure 4a–e). Beryl is also found in the form of aggregated euhedral megacrysts sieved with fine muscovite and phlogopite blebs (Figure 3d,e). The granitic pegmatites found as elongated masses along the NW–SE Nugrus belt are composed of megacrysts of plagioclase, quartz, and K-feldspar, with subordinate muscovite, biotite, garnet, chlorite, zircon, apatite, euhedral beryl, and other rare metals.



The studied phlogopite schist is mainly composed of phlogopite and beryl together with minor chlorite and quartz. Beryl occurs as coarse hexagonal prismatic crystals (euhedral, early phase) wrapped by phlogopite; it is also found as fractured or tectonized crystals (subhedral, late phase) with open spaces partially filled with phlogopite (Figure 4c–e). Phlogopite frequently exists as flakes within coarse beryl crystals (Figure 4c–e). The amphibole schist comprises tremolite–actinolite, plagioclase, beryl, and titanite. The biotite schist is mainly composed of biotite and plagioclase together with rutile and minor quartz. Mylonite rocks are also observed along the NNW–SSE Nugrus shear zone, showing mylonitic fabric due to Nugrus ductile and brittle deformations. They comprise quartz, feldspar, and mica, such as muscovite and biotite, with subordinate chlorite and rare metals.




6. Results


6.1. Mineral Chemistry


6.1.1. Major Oxides


Representative microprobe analyses of the investigated beryl and mica are provided in Table 1 and Table 2, respectively. The chemical analyses of gangue minerals such as amphibole, plagioclase, quartz, rutile, titanite, and chlorite are listed in Supplementary Table S1a.



 





Table 1. Representative EMPA of beryl in the study area.
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Location

	
Madinat Nugrus

	
Um Sleimat

	
Sikait

	
Abu Rusheid




	
Rock Type

	
Phlogopite Schist

	
Quartz Vein

	
QUARTZ VEIN

	
Quartz Vein

	
Tremolite Sch.

	
Pegmatite Vein




	
Sample No.

	
D1

	
D2

	
S2

	
K1

	
K2

	
1MK




	
Spot No.

	
224

	
226

	
231

	
258

	
263

	
265

	
288

	
283

	
278

	
239

	
234

	
236

	
238

	
9

	
12

	
241

	
245

	
246

	
247






	
SiO2

	
66.24

	
66.24

	
66.13

	
65.16

	
65.68

	
65.23

	
65.78

	
66.62

	
66.81

	
65.093

	
65.72

	
64.51

	
65.78

	
66.00

	
65.23

	
64.75

	
65.27

	
66.03

	
65.025




	
TiO2

	
0.057

	
0

	
0

	
0

	
0.004

	
0

	
0.032

	
0

	
0

	
0

	
0

	
0

	
0.023

	
0.00

	
0.00

	
0

	
0

	
0.028

	
0




	
Al2O3

	
14.73

	
15.13

	
14.47

	
14.94

	
14.17

	
14.83

	
15.01

	
14.545

	
15.113

	
15.047

	
14.6

	
14.72

	
14.56

	
12.68

	
13.32

	
17.78

	
16.72

	
17.89

	
16.676




	
Cr2O3

	
0.021

	
0

	
0.043

	
0.074

	
0.266

	
0.062

	
0.035

	
0.014

	
0.013

	
0.126

	
0.089

	
0.059

	
0.208

	
0.57

	
0.44

	
0.014

	
0

	
0

	
0.034




	
FeO

	
0.553

	
0.558

	
0.432

	
0.574

	
0.609

	
0.516

	
0.548

	
0.767

	
0.771

	
0.425

	
0.59

	
0.465

	
0.627

	
0.65

	
0.66

	
0.816

	
2.026

	
0.249

	
1.937




	
MnO

	
0.031

	
0.008

	
0.003

	
0.014

	
0

	
0.006

	
0.032

	
0.013

	
0

	
0.013

	
0.025

	
0.053

	
0.047

	
0.00

	
0.00

	
0

	
0.03

	
0

	
0.008




	
MgO

	
2.405

	
2.358

	
2.383

	
2.344

	
2.599

	
2.194

	
2.226

	
2.709

	
2.301

	
2.123

	
2.29

	
2.296

	
2.242

	
2.10

	
2.28

	
0.005

	
0.001

	
0

	
0.002




	
CaO

	
0.026

	
0.017

	
0.014

	
0.026

	
0.031

	
0.009

	
0.023

	
0.035

	
0.028

	
0.031

	
0.02

	
0.047

	
0.019

	
0.06

	
0.03

	
0

	
0.005

	
0

	
0.001




	
Na2O

	
0.838

	
1.019

	
1.062

	
1.051

	
1.397

	
1.33

	
1.595

	
1.842

	
1.521

	
1.214

	
1.11

	
1.215

	
1.313

	
2.35

	
2.12

	
0.177

	
0.212

	
0.418

	
0.242




	
K2O

	
0.032

	
0.019

	
0.025

	
0.054

	
0.08

	
0.025

	
0.031

	
0.07

	
0.042

	
0.022

	
0.023

	
0.031

	
0.006

	
0.03

	
0.02

	
0

	
0.015

	
0.002

	
0.024




	
NiO

	
0.014

	
0

	
0

	
0.006

	
0

	
0

	
0

	
0.014

	
0

	
0.025

	
0

	
0

	
0.061

	
0

	
0

	
0

	
0

	
0

	
0




	
BaO

	
0.025

	
0.068

	
0

	
0

	
0.047

	
0.026

	
0

	
0

	
0

	
0.035

	
0

	
0.011

	
0

	
0

	
0

	
0

	
0

	
0.018

	
0




	
Total

	
84.97

	
85.41

	
84.56

	
84.24

	
84.88

	
84.23

	
85.31

	
86.63

	
86.60

	
84.15

	
84.47

	
83.40

	
84.89

	
84.44

	
84.11

	
83.55

	
84.28

	
84.63

	
83.95




	
BeO*

	
12.63

	
12.19

	
13.04

	
13.96

	
13.32

	
13.97

	
13.47

	
12.15

	
12.18

	
13.36

	
13.04

	
14.11

	
12.63

	
13.10

	
13.43

	
13.96

	
13.22

	
12.87

	
13.55




	
H2O*

	
2.4

	
2.4

	
2.4

	
1.8

	
1.8

	
1.8

	
1.22

	
1.22

	
1.22

	
2.49

	
2.49

	
2.49

	
2.49

	
2.46

	
2.46

	
2.5

	
2.5

	
2.5

	
2.5




	
Si

	
5.91

	
5.92

	
5.89

	
5.77

	
5.84

	
5.77

	
5.81

	
5.92

	
5.92

	
5.81

	
5.86

	
5.75

	
5.89

	
5.92

	
5.85

	
5.73

	
5.82

	
5.85

	
5.79




	
Ti

	
0.004

	
0.000

	
0.000

	
0.000

	
0.000

	
0.000

	
0.002

	
0.000

	
0.000

	
0.000

	
0.000

	
0.000

	
0.002

	
0.000

	
0.000

	
0.000

	
0.000

	
0.002

	
0.000




	
Al

	
1.547

	
1.592

	
1.518

	
1.558

	
1.483

	
1.547

	
1.561

	
1.522

	
1.578

	
1.582

	
1.535

	
1.545

	
1.536

	
1.341

	
1.407

	
1.855

	
1.758

	
1.867

	
1.751




	
Cr

	
0.001

	
0.000

	
0.003

	
0.005

	
0.019

	
0.004

	
0.002

	
0.001

	
0.001

	
0.009

	
0.006

	
0.004

	
0.015

	
0.041

	
0.032

	
0.001

	
0.000

	
0.000

	
0.002




	
Fe

	
0.041

	
0.042

	
0.032

	
0.042

	
0.045

	
0.038

	
0.040

	
0.057

	
0.057

	
0.032

	
0.044

	
0.035

	
0.047

	
0.049

	
0.049

	
0.060

	
0.151

	
0.018

	
0.144




	
Mn

	
0.002

	
0.000

	
0.000

	
0.001

	
0.000

	
0.000

	
0.002

	
0.001

	
0.000

	
0.001

	
0.001

	
0.003

	
0.003

	
0.000

	
0.000

	
0.000

	
0.002

	
0.000

	
0.000




	
Mg

	
0.320

	
0.314

	
0.316

	
0.309

	
0.344

	
0.290

	
0.293

	
0.359

	
0.304

	
0.282

	
0.305

	
0.305

	
0.299

	
0.281

	
0.305

	
0.001

	
0.000

	
0.000

	
0.000




	
Ca

	
0.002

	
0.002

	
0.001

	
0.002

	
0.003

	
0.001

	
0.002

	
0.003

	
0.003

	
0.003

	
0.002

	
0.004

	
0.002

	
0.006

	
0.003

	
0.000

	
0.000

	
0.000

	
0.000




	
Na

	
0.145

	
0.176

	
0.183

	
0.180

	
0.241

	
0.228

	
0.273

	
0.317

	
0.261

	
0.210

	
0.192

	
0.210

	
0.228

	
0.408

	
0.369

	
0.030

	
0.037

	
0.072

	
0.042




	
K

	
0.004

	
0.002

	
0.003

	
0.006

	
0.009

	
0.003

	
0.003

	
0.008

	
0.005

	
0.003

	
0.003

	
0.004

	
0.001

	
0.003

	
0.003

	
0.000

	
0.002

	
0.000

	
0.003




	
Ni

	
0.001

	
0.000

	
0.000

	
0.000

	
0.000

	
0.000

	
0.000

	
0.001

	
0.000

	
0.002

	
0.000

	
0.000

	
0.004

	
0.000

	
0.000

	
0.000

	
0.000

	
0.000

	
0.000




	
Ba

	
0.001

	
0.002

	
0.000

	
0.000

	
0.002

	
0.001

	
0.000

	
0.000

	
0.000

	
0.001

	
0.000

	
0.000

	
0.000

	
0.000

	
0.000

	
0.000

	
0.000

	
0.001

	
0.000




	
Be

	
2.704

	
2.614

	
2.788

	
2.967

	
2.844

	
2.971

	
2.856

	
2.591

	
2.592

	
2.861

	
2.795

	
3.018

	
2.714

	
2.824

	
2.891

	
2.967

	
2.832

	
2.738

	
2.900




	
Total

	
10.67

	
10.66

	
10.73

	
10.83

	
10.82

	
10.85

	
10.84

	
10.77

	
10.71

	
10.79

	
10.74

	
10.87

	
10.73

	
10.87

	
10.90

	
10.64

	
10.60

	
10.54

	
10.63








BeO* was calculated after adding the H2O values to the EPMA data and assuming a total of 100 wt%. H2O* was experimentally estimated by determining the weight loss of beryl powders.













The studied beryl is essentially composed of SiO2 (63.0–67.13 wt%) and Al2O3 (12.68–17.89 wt%) (Table 1). The BeO (12.1–14.76 wt%) content of the analyzed beryl was calculated based on the standard formula of beryl (e.g., [33]) after experimentally measuring the H2O values (1.2–2.5 wt%) and assuming a total of 100 wt%. The beryl in the Abu Rusheid pegmatite and pegmatitic quartz vein was depleted in Cr2O3 (0.0–0.03 wt%), MgO (0.0–0.01 wt%), and Na2O (0.18–0.42 wt%), but was enriched in Al2O3 (16.68–17.89 wt%) relative to beryl in other areas, i.e., Cr2O3: 0.01–0.27 wt%, MgO: 2.12–2.71 wt%, Na2O: 0.84–1.84 wt%, and Al2O3: 14.14–15.36 wt%. The subordinate content of Cr2O3 (up to 0.27 wt%) provides the green color chromophore of beryl crystals in Um Sleimat, Sikait, and Madinat Nugrus. Other major oxides such CaO (up to 0.05 wt%), K2O (up to 0.08 wt%), TiO2 (up to 0.06 wt%), and MnO (up to 0.05 wt%) are low in concentration. The average contents of BeO (13.2 wt%), FeOt, Cr2O3, and MgO in the studied beryl are similar to contents of most emerald minerals in Africa [34,35].



The Al2O3 of Um Sleimat beryl in quartz veins is negatively correlated with all MgO, FeO, and Na2O (Figure 5a–c), suggesting the partial ionic substitution of octahedral Al by Mg and Na. In Sikait beryl, the Al2O3 shows a strong negative correlation with both MgO and FeO (Figure 5d,e), but a weak positive correlation with Na2O (Figure 5f). Moreover, in Madinat Nugrus, the Al2O3 exhibits a strong negative correlation with MgO (Figure 5g), and a weak correlation with both FeO and Na2O (Figure 5h,i). In addition, Al2O3 of Abu Rusheid beryl is strongly correlated with FeO (Figure 5k), but weakly correlated with both Na2O and MgO (Figure 5j,l).



The major chemical composition of the studied mica (Table 2) shows a wide range of SiO2 (38.57–51.15 wt%), Al2O3 (10.7–31.24 wt%), FeO (5.85–10.7 wt%), MgO (0.04–20.65 wt%), and K2O (6.52–11.0 wt%). According to the classification scheme of Foster [36], the analyzed mica spots have compositions between phlogopite and magnesio-biotite, except Abu Rusheid mica, which is mainly plotted in the ferro-muscovite field (Figure 6a). In addition, the studied mica plots are found in the phlogopite field (Figure 6b,c), based on Aliv vs. Fe/Fe+Mg and Alvi vs. Mg/Mg+Fe binary diagrams [37,38]. Using the Mg-Ti-Na triplot diagram that discriminates between primary and secondary mica, the investigated phlogopite occupies the field of secondary mica, while Abu Rusheid muscovite is considered primary mica (Figure 6d).



The analyzed amphibole (Supplementary Table S1a) is a calcic amphibole, with B(Na) < 0.5 and B(Na+Ca) > 1.5. Following the classification scheme of Hawthorne et al. [39], the analyzed amphibole has a composition between magnesiohornblende in orthogneiss and actinolite–tremolite in amphibole schists (Supplementary Figure S1a). It has Mg/(Mg+Fe) and Si cations ranging from 0.94–1.0 to 7.0–8.29, respectively. According to Huang et al. [40], the composition of the investigated magnesiohornblende is consistent with primary amphibole, while tremolite is compatible with secondary amphibole. The analyzed plagioclase ranges in composition from oligoclase in orthogneiss to andesine in biotite schists (Supplementary Table S1a and Figure S1b). According to the classification scheme of Hey [41], the chlorite in phlogopite schists is a Mg-chlorite and is classified as a penninite.
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Figure 6. Mica chemistry from pegmatites and mica schists. (a) (Alvi +Ti +Fe+3)-Mg-(Fe+2+Mn) ternary diagram [36]. (b) Fe/(Fe+Mg) vs. Aliv [37]. (c) Mg/(Fe+Mg) vs. Alvi [37]. (d) Mg-Ti-Na ternary classification diagram [42]. 
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6.1.2. In Situ Trace Element Analysis


In situ analyses of beryl using LA-ICP-MS are given in Table 3 and Supplementary Table S1b. The trace element abundance in the studied beryl is highly variable, even within the same rock sample. Beryl in the Abu Rusheid pegmatite/quartz vein shows notable depletion in Cr (0.2–4.6 ppm) and V (1.7–3.1 ppm), which are rich in beryl from other areas, i.e., Cr: 54–3926 ppm and V: 66–466 ppm. This value of Cr and V is similar to that of emerald from Wadi Nugrus (average Cr: 800 ppm and av. V: 349 ppm) and emeralds from Pakistan (av. Cr: 6635 ppm and av.V: 433 ppm) [2]. In addition, Abu Rusheid beryl is enriched in Zr (31 ppm), ∑REE (7.95 ppm), Th (0.6 ppm), and U (0.3 ppm), compared to those recorded in beryl from other areas (Zr: 0.05–7 ppm; ∑REE: 0.06–2 ppm; Th: 0.0–0.2 ppm; U: 0.01–0.07). The average concentrations of Li (133 ppm), Cs (114 ppm), Rb (73 ppm), and Ni (33 ppm) are higher in Um Sleimat beryl when compared to those of beryl from other areas (Li: 67–79 ppm; Cs: 28–76 ppm; Rb: 7.5–21 ppm; and Ni: 0.7–13.4 ppm). The Cr contents of beryl in Sikait, Madinat Nugrus, and Um Sleimat areas exhibit strong positive correlations with V (Figure 7a–c). In addition, the sum of the V+Cr value is positively correlated with large ion lithophile elements (LILEs: Sr+Rb+Ba+Cs) in Sikait and Madinat Nugrus, while this value exhibits a strong negative correlation with LILEs in Um Sleimat beryl (Figure 7d–f).



The concentration of trace elements changes from core to rim in the zoned beryl crystals (Supplementary Table S1b). In Abu Rusheid beryl, the concentration of Li, Zn, and Rb increases from the core (757 ppm, 536 ppm, and 23 ppm, respectively) to the rim (1014 ppm, 655 ppm, and 32 ppm, respectively). The high concentration of Li (up to 1014 ppm) in Abu Rusheid beryl resembles the highest Li content (average 983 ppm) in emerald from Zimbabwe [43]. On the other hand, in Um Sleimat, the rims of zoned crystals are quite rich in Cr (av. 717 ppm) and Li (av. 134 ppm), but are depleted in V (av. 202 ppm), Cs (av. 115 ppm), and Ti (11 ppm) relative to the cores (av. Cr, 603 ppm; av. Li, 112 ppm; av. V, 246 ppm; av. Cs, 134 ppm; and av. Ti, 19 ppm). In addition, the rims of the zoned beryl crystals in Sikait are enriched in Cr (av. 1989 ppm), V (av. 764 ppm), Li (av.140 ppm), Ni (av. 49 ppm), Zn (av. 27 ppm), Ti (av. 26 ppm), and B (av. 16 ppm), but are poor in Cs (av. 58 ppm) content when compared with the cores (av. Cr, 1208 ppm; av. V, 379 ppm; av. Li, 85 ppm; av. Ni, 10 ppm; av. Zn,13; av. Ti, 13 ppm; av. B, 8; and av. Cs, 108 ppm).



The analyzed beryl shows a wide variation in the concentration of REEs (∑REEs) among the studied area and even within the same site. For example, the ∑REEs of beryl are 0.04–6.96 ppm in Um Sleimat, 0.04–0.028 ppm in Madinat Nugrus, 0.04–0.07 ppm in Sikait, and 0.03–20 ppm in Abu Rusheid, suggesting a different source of beryl. Chondrite (CI)-normalized REE patterns, using the normalizing values of McDonough and Sun [44], are shown in Figure 8. The investigated beryl crystals exhibit two different REE patterns, classifying them into two types. The first type (type I, Figure 8a) of beryl is enriched in REE (∑REE), between 3 and 8 times of chondrite, and displays enrichment in LREE relative to flat HREE patterns with (La/Yb)N = 8.47 in Um Sleimat and 8.29 in Abu Rusheid, but its (Gd/Yb)N ratio is 1.93 of the former and 1.36 of the latter. The type II beryl (Figure 8c,d) is depleted in ∑REE relative to chondrite, and exhibits a concave REE pattern with a positive slope either towards LREEs or HREEs. The abundance of ∑REE increases from type II (0.03–0.23 ppm) to type I beryl (7.0–20 ppm). Likewise, the incompatible elements, including Th and U, pertaining to each type exhibit different distribution patterns (Figure 8b,d).



The in situ trace element analyses of mica (Table 3) indicate that phlogopite in Um Sleimat pegmatite is rich in Rb (165 ppm), Li (113 ppm), Zr (28 ppm), and ∑REE (7.3 ppm) relative to phlogopite in Madinat Nugrus (Rb: 25–41 ppm, Li: 36–66 ppm, Zr: 0.05–1.8 ppm, and ∑REE: 0.4–1 ppm). The trace and REE compositions of the studied phlogopite are comparable to those of metamorphic biotite in metasedimentary rocks (Figure 9a,b). In addition, the spider and REE patterns (Figure 9c,d) of Abu Rusheid muscovite resemble those of magmatic muscovite in leucogranite in Spain [45].
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Figure 8. In situ trace and REE elements in emerald/beryl from pegmatites. (a,c) Chondrite (C1)-normalized REE patterns. (b,d) Chondrite (C1)-normalized compatible elements. C1-normalized values follow McDonough and Sun [44]. The field of beryl in Ebrahim-Attar granite is from Azizi et al. [46], the field of beryl in Velasco pegmatite is from Sardi and Heimann [47], and the field of psammitic gneiss is from Hilmy et al. [48]. 






Figure 8. In situ trace and REE elements in emerald/beryl from pegmatites. (a,c) Chondrite (C1)-normalized REE patterns. (b,d) Chondrite (C1)-normalized compatible elements. C1-normalized values follow McDonough and Sun [44]. The field of beryl in Ebrahim-Attar granite is from Azizi et al. [46], the field of beryl in Velasco pegmatite is from Sardi and Heimann [47], and the field of psammitic gneiss is from Hilmy et al. [48].



[image: Minerals 14 00465 g008]










7. Discussion


7.1. Pressure-Temperature Condition of Beryl Formation


To obtain a clear insight into the Be mineralization process, it is important to understand the physicochemical conditions under which hydrothermal fluids originate and evolve. The investigated secondary phlogopite can be used to decipher the physicochemical conditions that can be attributed to the hydrothermal systems [50,51,52], and may consequently provide valuable information regarding the coexisting Be mineralization and alteration conditions [51,53,54]. According to Luhr et al. [55], the calculated temperature of the investigated phlogopite ranges from 592 °C to 702 °C. This temperature range is possibly for the studied beryl, where the temperature for maximum beryl solubility is ~535 °C at 300 MPa and increases to approximately 600 °C at 800 MPa, according to experimental studies on the phase equilibria of the beryl system [56]. In addition, experimental studies conducted on beryl-bearing pegmatites yielded crystallization P-T conditions between 600 and 720 °C at about 2 kbar [57,58]. Also, the crystallization temperature of the Ebrahim-Attar granitic pegmatite-hosted beryl ranges from 586 to 755 °C (average = 629 °C) [8]. This is consistent with the temperature range, 592 °C–702 °C, of the studied beryl and associated phlogopite. The oxidizing/reducing conditions of phlogopite formation can be determined based on its oxygen fugacity (fO2), which can be estimated using the Fe3+/Fe2+ ratio (Table 2; [59]). This oxygen fugacity (fO2) was calculated based on MagMin_PT (Excel-based mineral sheet) following Gündüz and Asan [60]. The values of estimated fO2 (–21 to –17) and the elevated temperature range suggest that the studied phlogopite is formed under oxidizing and hydrous conditions.



The temperature of tremolite can be estimated using the empirical equation suggested by Gerya et al. [61] as follows: T °C = 389 + [5098.36 * Ti (p.f.u)] for Ti < 0.05 (p.f.u). The investigated tremolite associated with beryl was formed at temperatures ranging from 415 to 451 °C, suggesting its secondary origin after primary amphibole (e.g., magnesiohornblende). This tremolite was formed after type I beryl, and can possibly be associated with the formation of type II beryl at a temperature range of 400–450 °C. This is consistent with the laboratory work that has estimated beryl temperature’s of 400 °C in the presence of H2O and more hydrous conditions [62].




7.2. Genesis of Beryl and Source of Beryllium


The genesis of beryl is controversial, whereas several deposits are hosted by metamorphic rocks. Most beryl deposits require the coexisting of Cr (±V) and Be. Beryllium is a typical incompatible rare element and tends to be concentrated in late-stage crystallization [63], especially in pegmatites and quartz veins (Figure 2 and Figure 3). The BeO, FeOt, Cr2O3, and MgO contents of the studied beryl (Table 1) resemble those of beryl from Egypt [35]. Based on the FeOt-Cr2O3-MgO ternary diagram (Figure 10a), the Abu Rusheid beryl is plotted in the granite-related field, while beryl from Sikait, Madinat Nugrus, and Um Sleimat lies in the schist-related field. All beryl data are plotted in the overlap field of magmatic and hydrothermal beryl (Figure 10b). Therefore, the composition of the investigated beryl deposits (Figure 10a), as well the as geological features of their host rocks, indicate two types of beryl mineralization in the studied area as follows: (1) granite-related beryl (type I; Figure 8a,b) in Abu Rusheid pegmatites and pegmatite-related quartz-bearing beryl, arising from the exsolution of pegmatitic-derived fluids in Um Sleimat (Figure 2), and (2) schist-related emerald in quartz veins from Sikait, Um Sleimat, and Madinat Nugrus (type II; Figure 8c,d). These two types of beryl are similar in morphology and chemical compositions to some beryl samples from across the globe. Fe–Rb, Fe–Cs, Rb–Cs, and Li–Fe discrimination diagrams (Figure 11) can be used to observe if there is a match between the genesis and composition of the studied beryl and those of the beryl from across the world [64]. The analyzed beryl spots from Madinat Nugrus, Um Sleimat, and Sikait fall within the field of Brazil beryl in the four binary diagrams (Figure 11). The formation of beryl deposits in Brazil have been attributed to the interaction of pegmatitic fluids and metamorphic mafic-ultramafic rocks [64,65]. Abu Rusheid beryl data only occupy the Brazil beryl field based on the Rb-Cs (Figure 11c) variation diagram, while, in the other three diagrams, beryl spots are distributed among China, Zambia, Brazil, Afghanistan, and Madagascar beryl (Figure 11a,b,d). In addition, the Na, Cs, and Li contents of beryl can be used to indicate the geochemical features and genesis of its source fluids [66]. On the Li/Cs–Na/Li variation diagram (Figure 12), Abu Rusheid beryl is different in composition from beryl in Sikait and Madinat Nugrus. In Abu Rusheid, Li/Cs shows a significant positive correlation with Na/Li, while beryl from other places is negatively correlated with Na/Li, suggesting compositionally different fluids. Furthermore, the enrichment of the Li/Cs ratio in Abu Rusheid beryl relative to other beryl analyses could be ascribed to the fractional crystallization of the parental melts (e.g., [67]).



The beryl (type I; Figure 8a,b) in Abu Rusheid pegmatites and pegmatitic quartz veins is typically euhedral with six-sided crystals, and forms a triple junction boundary with other silicates (Figure 3a,b), suggesting a magmatic-related origin. It shows notable depletion in MgO (up to 0.01 wt%) and Cr2O3 (up to 0.03 ppm), but is rich in REEs that exhibit almost flat patterns (Figure 8a,b) relative to beryl compositions in other places (Figure 1b), reflecting its granitic origin (e.g., [68]). This Abu Rusheid beryl is not only rich in LREE relative to HREE (Figure 8a), but also rich in Ba, Rb, Th, and U (Figure 8b). In contrast, the beryl core is rich in Cs and Ti, being inherited features from its primitive source. This beryl is also enriched in FeO (up to 2.0 wt%) relative to type II beryl, and this is consistent with the considerably high degree of Fe+2 substitution at the octahedral site in beryl (Figure 5k). The high REE (11.7–20 ppm; Supplementary Table S1b) and FeO contents of Abu Rusheid euhedral six-sided beryl are slightly similar to those of magmatic beryl (∑REE: ~4.9 ppm; FeO: ~1.18 wt%) in the Ebrahim-Attar granitic pegmatite [8], which crystallized from the primary poor evolved magma produced via the partial melting of the upper continental crust and beryl-bearing (rich in Fe, Na, and H2O) granitoids in the Eastern Desert of Egypt [63]. Moreover, on the FeO vs. Na2O binary diagram (Figure 5b), most Abu Rusheid beryl crystals are plotted outside the metasomatic and hydrothermal fields, reflecting their magmatic nature. Only two beryl crystals near the metasomatic field indicate their formation through the mobilization of pre-existing magmatic beryl with late pegmatitic fluids [9,10,69]. The Abu Rusheid euhedral beryl in granitic pegmatite possibly originates from the early phase of the late-stage magmatic-derived fluids (Be-rich fluids) from granite and related pegmatites during the rock–fluid interaction (Figure 8a,b). The REEs, Nb, Ta, Rb, Be, Li, and Cs in these late stage fluids/melts increase gradually during the progress of the crystal fractionation from granite to pegmatite (e.g., [70]). Abu Rusheid pegmatite is directly connected to the apical part of the granitic batholith (Figure 13).



On the other hand, two genetic models have been proposed for schist-related emerald mineralization in the SED of Egypt, including the following: (1) metamorphic [71,72,73] origin and (2) exometamorphic origin [11,19,74]. Grundmann and Morteani [71,72] suggested a pure metamorphic origin for the Egyptian schist-related emerald deposits. Their presumption was based on geochemical and microstructural features, as well as geological investigations, where emerald deposits are restricted to blackwall zones developed at the contact between the tectonically juxtaposed schist and ultramafic rocks during low grade regional metamorphism. However, the absence of significant Be concentration in schists [31] may exclude the formation of beryl during regional metamorphism. Moreover, the very low content of Be in gneiss (1.9–2.2 ppm; [75]) excludes any genetic relation of beryl to being of gneiss origin (metamorphic origin). Furthermore, the geological and geochemical features of the emerald deposits in Egypt argue against such a pure metamorphic origin, emphasizing the role of pegmatitic-derived fluids for beryl mineralization [2,6,7,11,18,63,72,75,76].



The exometamorphic model has also been proposed for schist-related emeralds in the SED of Egypt [11,19], where the crystallization of emerald is a result of the interaction of hydrothermal fluids from parental magmas of felsic rocks and Cr-bearing mafic-ultramafic rocks [31,76]. The mode of the occurrence and chemical composition (Figure 8c,d) of the studied emerald in phlogopite schists (Figure 2c,d) associated with ophiolitic rocks in Sikait, Madinat Nugrus, and Um Sleimat suggest that this emerald origin is possibly related to the interaction of granitic/pegmatitic-derived Be-bearing fluids with pre-existing mafic-ultramafic rocks (e.g., gabbro, serpentinite, talc carbonate) (Figure 1b) in the ophiolitic mélange. The investigated quartz veins in the mélange schists in Sikait, Madinat Nugrus, and Um Sleimat are spatially related to the proximal garnet muscovite leucogranite (Figure 13). Accordingly, the frequent beryl mineralization in these quartz veins suggests that granite and associated pegmatites are the source rocks for the Be-bearing fluids. This is consistent with the significant concentration of Be in granitic pegmatites (604–1700 ppm; [77]) and peraluminous granite (6 ppm; [7,27]) in the studied area. The granitic rocks and spatially related pegmatites intrude the pre-existing ophiolitic metagabbro and volcaniclastic metasediment (e.g., schist as a matrix of mélange), including slices of serpentinite. The emplacement of these granitic plutons is syn-tectonic with respect to the major ductile Nugrus shear zone, along which the mélange schist and underlying orthogneiss are highly folded. Moreover, Soliman [76] related most of the beryl mineralization to pneumatolytic hydrothermal Be-bearing fluids associated with the episodic emplacement of granites during the Precambrian age along NW-SE trending deep-seated shear zones, such as the Nugrus thrust fault (Figure 1b).



The high MgO content (up to 2.71 wt%; Supplementary Table S1a) of emerald in schists from Sikait, Um Sleimat, and Madinat Nugrus suggests an exometamorphic environment for the genesis of beryl in these areas (e.g., [78]). In addition, on the FeO vs. Na2O binary diagram (Figure 10b), beryl from Sikait, Um Sleimat, and Madinat Nugrus occupies the overlap between hydrothermal and metasomatic fields that crosscut with the magmatic one, suggesting its source as a magmatic-derived hydrothermal fluid. This is further indicated by the metasomatic substitution of the octahedral Al3+ site in beryl by Fe, Mg, and Na (Figure 5). The main source of Mg and Fe is the adjacent serpentinite and schistose rocks, while Na originated from the beryliferous granite crosscutting these rocks. In addition, the significant enrichment of the studied pegmatites in K (K2O/Na2O = 2.5–6; [79]), as well as the restriction of post-magmatic alterations, such as albitization (Figure 4d), dominant phlogopite, and muscovite blebs (Figure 3c–f and Figure 4d,e), and the greisenization to the apical parts of leucogranite batholith [11] (Figure 13), all suggest dominant K-metasomatism. This is supported by the high contents of fluid mobile elements (∑Li+Rb+Cs+Sr: 73–980 ppm; Supplementary Table S1b) of the investigated beryl, reflecting the role of the alkali solution and alkali metasomatism during the emerald formation. The K-rich fluids are possibly related to the leucogranite emplacement (Figure 13) and are responsible for the formation of emerald (Cr-beryl) in quartz veins crosscutting both schist (Figure 2a,b) sequences and intercalated serpentinite bands in Sikait, Madinat Nugrus, and Um Sleimat. The K-rich fluids interact with Be-rich leucogranites, which intruded into schists and carry Be with them. Such Be-bearing fluids infiltrate into the adjacent permeable schists, causing the pervasive metasomatism of serpentinites and schists into talc carbonate and phlogopite schists, with the liberation of Li, Fe, Ca, Mg, Cr, and V into hydrothermal fluids, causing the formation of green emerald (Figure 13). The circulation of these hydrothermal fluids may enhance along the shear zones and thrust faults, like the Nugrus NW-SE trend of the studied area (Figure 1b). Therefore, numerous lenticular beryl-bearing pegmatite pods and quartz veins crosscut the schists along the NW trending shear zone.



The geochemical behavior of the REEs of the investigated beryl, as well as its associated phlogopite, can be used to constrain the evolution of magmatic and hydrothermal systems. The different REE patterns of beryl (Figure 8) and phlogopite (Figure 9a,b) between the different sites in the studied area, and even within the same place, indicate two-stage beryl formation and different compositions of Be-bearing fluids (two heterogeneous fluid cycles). The early phase of the late-stage magmatic-derived fluids was enriched in REEs, U, Th, and LILEs (ex., Cs, Rb, Ba, and Sr, Figure 8a,b; Supplementary Table S1b) when compared with the late phase of these fluids when intermixed with the metamorphic fluids. Type I beryl may have been formed from the early phase of the late-stage magmatic-derived fluids associated with pegmatite formation/emplacement. Some of these fluids (Be-rich fluids) interact with pegmatites, forming in situ beryl, as indicated in Abu Rusheid type I beryl, which may be a magmatic phase associated with pegmatite crystallization (Figure 8a,b). During the formation of this pegmatite, volatile phases, comprising F, Li, H2O, and CO2, play a vital role in the accumulation of Be and the formation of beryl [11]. Fluorine forms stable complexes with Be, potentially leading to the accumulation of beryl in the late crystallization stage [80,81]. The volatile F is produced from the decomposition of biotite or amphibole during the partial melting of the lower crust [82,83], and this explains why our beryl mineralization is mainly associated with mica in F-rich phases (Figure 3 and Figure 4). For the formation of Abu Rusheid beryl II, the late phase of the late-stage magmatic-derived fluids of pegmatite emplacement was diluted in compositions with other metamorphic fluids, and becomes more depleted in REEs, U, Th, and LILEs. These resultant hydrothermal fluids react again with Abu Rusheid pegmatites, forming type II beryl (Figure 8c,d) in some Abu Rusheid samples. This is consistent with the petrographic investigation of desilicated pegmatite in Abu Rusheid. In the other places, such as Wadi Sikait, Madinat Nugrus, and Um Sleimat (Figure 1b), the late phase of the late-stage magmatic-derived fluids (highly Be-rich) was intermixed with the serpentinite/schist-derived fluids during the rock–fluid interaction, forming Cr-rich beryl or emeralds (type II; Figure 8c,d) and the associated K-rich phlogopites in the studied mica schists.




7.3. Factors Controlling Beryl Distribution in the SED


Beryl mineralization is relatively rare, and may be classified into beryl related to granitic intrusions, or beryl related to schists without pegmatites (e.g., [78,84]). Following this classification scheme, two modes of beryl occurrences are recognized in the SED of Egypt as follows: (1) schist-related emerald and (2) granite-related beryl of the Neoproterozoic age [2,6,7,11,18,63,68,72,75,85,86].



Beryl mineralization in the SED of Egypt is restricted to the intrusive contact between orthogneiss and/or biotite granite and the overlying phlogopite schist. The most studied beryl deposits are closely related to pegmatite veins crosscutting schists (Figure 2), and are controlled by tectonic structures, such as thrust faults and shear zones, like the studied beryl along the Nugrus shear zone (Figure 1b). For instance, the beryl-bearing schist zone (dominant in this study) extends for some 45 km in the NW trend along the Nugrus thrust [87] (Figure 1b). The beryl is commonly restricted in the mica schist as a mélange matrix, in which subordinate slices of amphibolite and serpentinite are imbricated. Beryl also occurs in quartz and pegmatite veins (Figure 2), where numerous lenticular pegmatite pods and quartz veins crosscut schists along the NW trending shear zone. In some places, garnet-muscovite-leucogranitic plutons and spatially related aureoles of pegmatitic veins intruded this sequence along the Nugrus shear zone with NNW to NW-SE trends [87] (Figure 1b).



Granite-related beryl is also recorded in Abu Rusheid; this beryl mineralization is associated with post-orogenic granitoids that are enriched in Li, Rb, Cs, Be, Nb, Ta, REEs, Sn, U, Th, Zr, and Y. These granitoids were formed either through autometasomatic, postmagmatic alteration processes (e.g., apogranite, [88]), or by fractional crystallization from melts enriched in F and Li (e.g., Li-albite granites; [89]). The granite-related disseminated beryl occurs in pegmatoidal lenses and veins, greisens, and quartz veins (Figure 2).



The distribution of beryl deposits is controlled by several factors, including the following: (1) the type of geologic environment, whether magmatic or metamorphic; (2) the type of host rocks; (3) the degree of metamorphism; (4) the style of mineralization; and (5) the type, composition, temperature, and pressure of the fluids [3,72]. These factors can explain why the distribution of beryl deposits in the SED of Egypt is not haphazard. The beryl mineralization in the SED is restricted to definite rock types (schistose matrix of ophiolitic mélange and pegmatites; Figure 1 and Figure 2) and associated mineral assemblages (quartz, phlogopite, biotite, muscovite, amphibole, chlorite, fluorite, tourmaline...etc.; Figure 3). These host rocks and mineral assemblages of beryl are in agreement with the most frequent source rocks of Be, which are high silica crustal granite and their related rocks, such as pegmatites and aplites (e.g., [3,9,10]). Most of the mineral assemblages associated with beryl are secondary minerals, such as phlogopite with high Mg/Fe (>1.5) [38] and actinolite and chlorite, which originate from alkali hydrothermal metasomatism. The Mg/Fe ratio (3.23–5.96) of the investigated phlogopite argues against its magmatic nature (Mg/Fe < 1) and suggests a hydrothermal origin (Mg/Fe > 1.5) [38]. Consequently, the investigated beryl is enriched in fluid mobile elements (FMEs: Sum of Li, Rb, Cs, Sr: 73–980 ppm; Supplementary Table S1b), especially alkaline elements. The FMEs and hydrous conditions play a critical role in increasing the solubility of Be, which has high solubility in melts/fluids that are rich in H2O, Cs, Rb, Li, F, and B [58]. This is evidence of the role of hydrothermal fluids and K-metasomatism for beryl formation (e.g., [6,11]). The beryl in the phlogopite schist (Figure 2c,d) occurs close to the contact (about 10 cm) between ultramafic rocks and the intruded pegmatite veins [11,29]. At this contact, significant minerals can be yielded according to metasomatism varieties [6]. Actinolite and phlogopite can be produced via Mg–Ca-metasomatism and K-metasomatism, respectively. The high beryl accumulation along the contact zones of pegmatite with the metasediment matrix (Schist) reflects that beryl is formed from two different fluid circulations, i.e., Be-rich magmatic-derived fluids from muscovite granite/pegmatitic melts, and hydrothermal fluids enriched in Mg, Cr, and V from mafic-ultramfics and schists [2]. These hydrothermal fluids may form emerald within some quartz veins. In addition, the composition of the parent magmas of felsic rocks with highly magmatic-derived fluids (rich in F, Li, W, B, U, Th, Cl, Cs, Rb, Be, and H2O) and a high degree of magma fractionation (more evolved magma), or late stage melts (forming pegmatite veins) are other factors which possibly influence beryl mineralization. The dominant alkali metasomatism is also essential for the emerald formation (see the previous discussion section). Pegmatites (Figure 2) were formed in the late stage from the more evolved hydrous magmas/melts with enriched Be. The restriction of beryl in quartz veins and pegmatites (Figure 2) supports this conclusion. This is in agreement with the formation of beryl that requires high Be contents during magmatic differentiation and/or hydrothermal processes because of the low Be content (1.9–3.1 ppm) in the crust [90].



The beryl deposits in the Eastern Desert of Egypt are located along faults, thrusts, and shear zones, where Cr- and V-bearing ultramafic rocks are emplaced [91]. This occurrence consists in the investigated beryl mineralization confined to the Nugrus thrust (Figure 1b), which is a ductile shear zone. This major shear zone separates the medium-grade gneiss in the footwall from the low-grade ophiolitic mélange in the hanging wall [92]. For instance, beryl mineralization in the SED is generally attributed to a NW–SE trending deep-seated tectonic zone of the Precambrian age, and is concentrated in two small belts as follows: (1) the Homret Akarem-Homret Mikpid (HA-HM) district and (2) the Zabara- Um Kabu (Z-UK; Figure 1b) district [7,15,16]. This large area is affected by the Najd strike-slip shear-zone (NW–SE) and its related structure, such as the Nugrus thrust/or shear zone, trending in a NW–SE direction. This Najd shear zone (or the Nugrus shear zone) is not only controlling the distribution of beryl mineralization in the SED of Egypt, but also structurally controls the occurrence and accumulation of garnet mineralization, rare metal-bearing granite, and gold concentrations of the Sukari gold mine; this is because this zone is considered a channels for hydrothermal fluids and alterations [93,94,95,96,97]. The Nugrus faults and shear zone (Figure 1b), with the NNW to NW-directed wrench corridor [87], may serve as conduits for the migration and circulation of hydrothermal fluid, which intensifies the hydrothermal alteration of granites and promotes mineral accumulation in a specific zone. This major shear zone enhances the emplacement of mineralized granite plutons and controls an extensive alkali metasomatism, followed by postmagmatic fluids [72,98]. Finally, the occurrence of beryl within major suture or shear zones does not necessarily rule out any connection with the granitic intrusion and its magma-derived fluids (e.g., [99,100]).





8. Conclusions


	
Beryl mineralization collected from Um Sleimat, Madinat Nugrus, Wadi Abu Rusheid, and Wadi Sikait is mainly restricted along the NW–SE Nugrus-Sikait shear zones in the SED of Egypt, providing evidence of structurally controlling the occurrence and distribution of beryl.



	
The beryl mainly occurs as individual crystals and/or aggregates in pegmatites and quartz, as well as pegmatite veins crosscutting the mélange schist and ophiolitic rocks. There are two types of beryl mineralization in the studied area as follows: (1) granite-related beryl (type I) in Abu Rusheid granitic pegmatites and pegmatitic quartz veins, and (2) schist-related emerald (type II) in quartz veins in Sikait, Um Sleimat, and Madinat Nugrus. The granite-related beryl (pegmatitic type) in Wadi Abu Rusheid ranges in color form colorless to pale green, and is mainly restricted in pegmatite veins; it is poor in Cr2O3 and MgO (˂0.03 wt%). The schist-related beryl from other places is deep green in color and rich in Cr2O3 (up to 0.27 wt%) and MgO (up to 2.71 wt%); it is found in quartz veins, phlogopite schists, and amphibole schists.



	
The investigated mica associated with beryl are mainly phlogopites of hydrothermal origin (K metasomatism) and biotites and ferro-muscovites of magmatic nature. Beryl is also enriched in alkali fluid mobile elements (∑Li, Rb, Cs, and Sr: 73–980 ppm), providing evidence of the role of hydrothermal fluids and K metasomatism in beryl formation and distribution.



	
The change of REE patterns and REE concentrations, including 0.04–6.96 ppm in Um Sleimat, 0.04–0.028 ppm in Madinat Nugrus, 0.04–0.07 ppm in Sikait, and 0.03–20.0 ppm in Abu Rusheid, and the abundance of U, Th, and REEs, which increases from type II to type I beryl, reflect the different sources of beryl and the different compositions of Be-rich fluids which interact with rocks to form beryl deposits.



	
The change in some trace elements in beryl from the core to the rim, where the rims are mainly rich in Li, Rb, and B (fluid mobile elements), not including Cr and Zn, reflects the addition of these mobile elements from hydrothermal fluids to beryl during the formation. In contrast, the beryl core is rich in Cs and Ti, which are inherited features from the primitive fluid/melt sources.



	
Beryl mineralization is related to the interaction between granitic/pegmatitic-derived Be-bearing fluids, which are associated with the episodic emplacement of granite along the NW-SE deep-seated shear zone, and the preexisting ophiolite rocks interlayered with the mélange schist. The euhedral type I beryl crystal in Abu Rusheid may have been formed in situ from the early phase of the late-stage magmatic-derived fluids associated with the pegmatite formation/emplacement, representing a magmatic phase associated with pegmatite crystallization. In the late stage of pegmatite emplacement, the composition of these fluids dilutes with other metamorphic fluids, and then becomes more depleted in REEs, U, Th, and LILEs. These diluted hydrothermal fluids react again with pegmatites, forming type II beryl in Abu Rusheid. In other places, such as Wadi Sikait, Madinat Nugrus, and Um Sleimat, the late phase of the late-stage Be-rich fluids related to granitic pegmatites or granite was mixed with serpentinite/schist-derived fluids during felsic rock intrusions in the ophiolitic mélange, forming emerald in the mica schist. The two beryl types (I and II) reflect two heterogeneous fluid cycles and compositions.



	
The composition of the parent magmas of felsic rocks with highly magmatic-derived fluids (rich in F, Li, W, B, U, Th, Cl, Cs, Rb, Be, and H2O) and a high degree of magma fractionation (more evolved magma) or the late stage melts (forming pegmatite veins) and fluid compositions (rich in Be, Li, Cs, Rb, K), as well as alkali metasomatism, are other factors possibly holding influence on beryl mineralization. In addition, beryl mineralization is concentrated along linear NW–SE faults, thrusts, and shear zones, such as the Nugrus shear zone, which controls the distribution of beryl mineralization in the SED of Egypt. The Nugrus shear zone may serve as a conduit for the migration and circulation of hydrothermal fluids, which enhance the hydrothermal alteration of granites and promote beryl accumulation in a specific zone.
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Figure 2. Field photographs of beryl mineralization in basement rocks from the Nugrus-Sikait domain, in the SED of Egypt. (a) Post-orogenic granite (younger granite, 550–640 Ma) intruded in the foliated ophiolitic mélange, including the mine dump and old beryl mines in Wadi Um Sleimat. (b) Hand specimen of anhedral beryl crystals hosted by quartz veins and phlogopite schists, belonging to the ophiolitic mélange in Wadi Um Sleimat. (c) The ancient tunnels and dumps of beryl at the contact between the ophiolitic mélange and biotite granites in Wadi Sikait. (d) Hand specimen of beryl-bearing phlogopite schists belonging to the ophiolitic mélange, Wadi Sikait. (e) Beryl-bearing quartz veins cutting in the ophiolitic mélange (e.g., volcanogenic metasediments), Madinat Nugrus. (f) Hand specimen of euhedral olive-green beryl and pale green beryl in Madinat Nugrus. (g) Beryl-bearing pegmatite veins cutting the ophiolitic mélange in Wadi Abu Rusheid. (h) Hand specimen of pale green anhedral to euhedral beryl crystals in Wadi Abu Rusheid. 
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Figure 3. Photomicrographs in cross-polarized light of the studied pegmatites, except (b) is a scanning electron microscope (SEM) image. (a) Clear hexagonal euhedral beryl (Brl) crystal in a matrix of quartz (Qz) megacrysts; Abu Rusheid quartz vein. (b) Homogenous six-sided euhedral beryl (emerald) crystals in a matrix of interlocked quartz grains. (c) Coarse columnar beryl crystal including interstitial phlogopite (Phl) and muscovite (Ms) flakes, and invaded by quartz veinlets; Sikait quartz vein. (d) Inclusions of fine phlogopite blebs or fibers within coarse emerald crystal embedded in serrated quartz; Madinat Nugrus phlogopite schist. (e) Fine muscovite blebs and interstitial subhedral flake of muscovite-corroding homogeneous megacrysts of euhedral beryl, forming sharp contact with apatite (Ap) and plagioclase (Plg); Abu Rusheid pegmatite. (f) K-feldspar (K-Fs) megacrysts with perthitic texture, including phlogopite (Phl) and muscovite (Ms) flakes; Abu Rusheid pegmatite. 
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Figure 4. Scanning electron microscopy (SEM) images with the EDS spectrum analysis of beryl and associated phlogopite, quartz, and albite in pegmatite and quartz veins. (a) Subhedral beryl crystals dissected by quartz veins, showing homogenous composition without zonation. (b) Coarse subhedral beryl crystal veined with quartz string. (c,d) Anhedral to subhedral phlogopite plates with altered rims (secondary origin), showing a sharp boundary with subhedral beryl crystals in quartz and an albite matrix of pegmatite veins. (e) Deformed phlogopite flake (secondary origin) with clear bending due to deformation in beryl-bearing quartz veins. 
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Figure 5. Substitution diagrams of beryl from granitic pegmatites. (a–c) Al2O3 vs. MgO, FeO, and Na2O in Um Sleimat beryl. (d–f) Al2O3 vs. MgO, FeO, and Na2O in Sikait beryl. (g–i) Al2O3 vs. MgO, FeO, and Na2O in Madinat Nugrus beryl. (j–l) Al2O3 vs. MgO, FeO, and Na2O in Abu Rusheid beryl. 
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Figure 7. In situ trace elements in emerald from pegmatites. (a–c) Cr vs. V in Um Sleimat, Madinat Nugrus, and Sikait, respectively. (d–f) (Cr+V) vs. LILEs (Ba+Rb+Cs+Sr) in Um Sleimat, Madinat Nugrus, and Sikait, respectively. 
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Figure 9. In situ trace and REE elements in phlogopite and muscovite from pegmatites. (a,c) Patterns of primitive mantle (PM)-normalized trace and REE elements. (b,d) Chondrite (C1)-normalized compatible elements. PM- and C1-normalized values follow McDonough and Sun [44]. The field of metamorphic biotite in metasedimentary rocks is from Samadi et al. [49], and the field of muscovite in Belvis de Monroy leucogranite (Spain) is from Merino et al. [45]. 
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Figure 10. Beryl chemistry from pegmatites. (a) MgO-FeOt-Cr2O3 triplot [35]. The schist-related and granite-related fields are from Mokhtar et al. [68]. (b) Na2O vs. FeO (wt%), from Merino et al. [45]. 
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Figure 11. Trace and minor elements (ppm) of beryl. (a) Fe vs. Rb binary diagram. (b) Fe vs. Cs. (c) Rb vs. Cs. (d) Li vs. Fe. The binary discrimination diagrams show the relationships of trace and minor elements (ppm) of the studied beryl in the SED in Egypt and beryl from various localities [64]. Compositional fields of beryl from various occurrences: 1—Colombia; 2—China; 3—Brazil; 4—Zambia; 5—Afghanistan; 6—Madagascar; 7—Ethiopia; 8—Russia (Urals). 
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Figure 12. The Li/Cs versus Na/Li variation diagram indicates beryl genesis and its source fluids [46]. Beryl in apogranites in the Eastern Desert of Egypt [63] and schist-hosted emerald [43] are used for comparison. Abu Rusheid euhedral beryl (type I) is different in origin from beryl-related schists (type II) in other places. 
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Figure 13. Schematic sketch showing the genetic model for the genesis of beryl in the studied area (modified after Giuliani et al. [3]). The model is based on the emplacement in the leucogranite massif, with its beryl-bearing pegmatite in M-UM rock units represented by mica schists and serpentinites. The fluid circulations from the granite into the surrounding rocks and granitic dykes (arrows), preferentially along the contacts between the pegmatite transform the schistose rocks into a magnesium-rich biotite schist and the pegmatite into a desilicated pegmatite. 
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Table 2. Representative EMPA (wt%) of mica associated with beryl.
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Location

	
Um Sleimat

	
Madinat Nugrus

	
Abu Rusheid

	
Sikait




	
Rock Type

	
Quartz Vein

	
Phlogopite Schist

	
Pegmatite Vein

	
Biotite Schist




	
Mineral Type

	
Phlogopite

	
Muscovite

	
Biotite




	
Sample No.

	
S2

	
S4

	
S14

	
D1

	
D3

	
1MK

	

	
T50




	
Spot No.

	
285

	
286

	
14

	
21

	
22

	
225

	
230

	
3

	
6

	
243

	
248

	
15

	
35

	
37

	
38

	
41

	
42

	
44

	
45






	
SiO2

	
43.12

	
43.72

	
47.10

	
46.96

	
49.15

	
41.30

	
41.30

	
49.00

	
46.54

	
51.15

	
50.35

	
47.24

	
39.44

	
38.57

	
40.02

	
39.36

	
39.15

	
39.47

	
39.36




	
TiO2

	
0.78

	
0.73

	
0.71

	
0.92

	
0.91

	
0.99

	
0.99

	
0.68

	
0.67

	
0.09

	
0.10

	
0.09

	
1.63

	
1.83

	
1.70

	
1.61

	
1.55

	
1.23

	
1.15




	
Al2O3

	
13.24

	
13.42

	
12.54

	
12.93

	
11.96

	
14.67

	
14.67

	
10.70

	
11.29

	
30.60

	
28.60

	
29.25

	
18.11

	
18.10

	
18.93

	
18.07

	
18.19

	
18.59

	
18.35




	
Cr2O3

	
0.00

	
0.05

	
0.05

	
0.10

	
0.08

	
0.00

	
0.00

	
0.12

	
0.11

	
0.00

	
0.00

	
--

	
0.00

	
0.01

	
0.02

	
0.00

	
0.00

	
0.03

	
0.05




	
FeO

	
10.48

	
9.91

	
9.09

	
8.60

	
7.53

	
9.64

	
9.64

	
8.22

	
6.03

	
5.85

	
7.60

	
7.57

	
9.08

	
9.45

	
9.51

	
8.84

	
9.00

	
9.34

	
8.90




	
MnO

	
0.14

	
0.05

	
0.13

	
0.11

	
0.11

	
0.03

	
0.03

	
0.08

	
0.06

	
0.01

	
0.00

	
0.90

	
0.08

	
0.06

	
0.08

	
0.08

	
0.12

	
0.09

	
0.04




	
MgO

	
20.07

	
19.74

	
19.73

	
16.57

	
15.94

	
20.65

	
20.65

	
15.63

	
20.15

	
0.05

	
0.06

	
0.04

	
17.60

	
18.24

	
18.45

	
18.23

	
18.60

	
18.65

	
19.27




	
CaO

	
0.00

	
0.01

	
0.18

	
0.18

	
0.18

	
0.04

	
0.04

	
0.29

	
0.09

	
0.00

	
0.00

	
0.13

	
0.03

	
0.01

	
0.05

	
0.01

	
0.01

	
0.02

	
0.10




	
Na2O

	
0.32

	
0.42

	
0.39

	
0.76

	
0.81

	
0.20

	
0.20

	
1.03

	
0.65

	
0.04

	
0.03

	
0.45

	
0.46

	
0.50

	
0.50

	
0.42

	
0.56

	
0.44

	
0.55




	
K2O

	
9.35

	
8.91

	
6.52

	
8.28

	
8.35

	
9.24

	
9.24

	
9.83

	
11.02

	
10.33

	
9.98

	
9.83

	
8.92

	
8.91

	
8.80

	
9.29

	
8.89

	
9.34

	
8.63




	
BaO

	
0.09

	
0.06

	
0.17

	
0.14

	
0.12

	
0.20

	
0.20

	
0.13

	
0.10

	
0.00

	
0.01

	
--

	
0.20

	
0.18

	
0.22

	
0.24

	
0.14

	
0.14

	
0.22




	
NiO

	
0.02

	
0.04

	
--

	
--

	
--

	
0.00

	
0.00

	
--

	
--

	
0.00

	
0.00

	
--

	
0.03

	
0.00

	
0.03

	
0.05

	
0.05

	
0.08

	
0.08




	
Total

	
97.62

	
97.04

	
96.61

	
96.53

	
96.10

	
96.97

	
96.97

	
96.69

	
96.71

	
98.11

	
96.73

	
95.50

	
95.57

	
95.85

	
98.32

	
96.20

	
96.25

	
97.40

	
96.68




	
Si

	
6.08

	
6.16

	
6.50

	
6.60

	
6.87

	
5.86

	
5.86

	
6.91

	
6.52

	
6.69

	
6.74

	
6.48

	
5.65

	
5.54

	
5.58

	
5.62

	
5.58

	
5.57

	
5.57




	
Aliv

	
1.92

	
1.84

	
1.50

	
1.40

	
1.13

	
2.14

	
2.14

	
1.09

	
1.48

	
1.31

	
1.26

	
1.52

	
2.35

	
2.46

	
2.42

	
2.38

	
2.42

	
2.43

	
2.43




	
Alvi

	
0.28

	
0.38

	
0.54

	
0.74

	
0.84

	
0.31

	
0.31

	
0.69

	
0.38

	
3.41

	
3.26

	
3.21

	
0.71

	
0.60

	
0.69

	
0.65

	
0.63

	
0.66

	
0.63




	
Ti

	
0.08

	
0.08

	
0.07

	
0.10

	
0.10

	
0.11

	
0.11

	
0.07

	
0.07

	
0.01

	
0.01

	
0.01

	
0.18

	
0.20

	
0.18

	
0.17

	
0.17

	
0.13

	
0.12




	
Cr

	
0.00

	
0.01

	
0.01

	
0.01

	
0.01

	
0.00

	
0.00

	
0.01

	
0.01

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.01




	
Fe

	
1.24

	
1.17

	
1.05

	
1.01

	
0.88

	
1.14

	
1.14

	
0.97

	
0.71

	
0.64

	
0.85

	
0.87

	
1.09

	
1.13

	
1.11

	
1.05

	
1.07

	
1.10

	
1.05




	
Mn

	
0.02

	
0.01

	
0.02

	
0.01

	
0.01

	
0.00

	
0.00

	
0.01

	
0.01

	
0.00

	
0.00

	
0.10

	
0.01

	
0.01

	
0.01

	
0.01

	
0.01

	
0.01

	
0.01




	
Mg

	
4.22

	
4.14

	
4.06

	
3.47

	
3.32

	
4.37

	
4.37

	
3.29

	
4.21

	
0.01

	
0.01

	
0.01

	
3.76

	
3.90

	
3.83

	
3.88

	
3.95

	
3.92

	
4.07




	
Ni

	
0.00

	
0.00

	
0.02

	
0.02

	
0.01

	
0.00

	
0.00

	
0.01

	
0.01

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.01

	
0.01

	
0.01

	
0.01




	
Ca

	
0.00

	
0.00

	
0.03

	
0.03

	
0.03

	
0.01

	
0.01

	
0.04

	
0.01

	
0.00

	
0.00

	
0.02

	
0.00

	
0.00

	
0.01

	
0.00

	
0.00

	
0.00

	
0.02




	
Na

	
0.09

	
0.11

	
0.10

	
0.21

	
0.22

	
0.06

	
0.06

	
0.28

	
0.18

	
0.01

	
0.01

	
0.12

	
0.13

	
0.14

	
0.14

	
0.12

	
0.16

	
0.12

	
0.15




	
K

	
1.68

	
1.60

	
1.15

	
1.48

	
1.49

	
1.67

	
1.67

	
1.77

	
1.97

	
1.72

	
1.70

	
1.72

	
1.63

	
1.63

	
1.56

	
1.69

	
1.61

	
1.68

	
1.56




	
Ba

	
0.01

	
0.00

	
--

	
--

	
--

	
0.01

	
0.01

	
--

	
--

	
0.00

	
0.00

	
--

	
0.01

	
0.01

	
0.01

	
0.01

	
0.01

	
0.01

	
0.01




	
OH*

	
4.00

	
4.00

	
4.00

	
4.00

	
4.00

	
4.00

	
4.00

	
4.00

	
4.00

	
4.00

	
4.00

	
4.00

	
4.00

	
4.00

	
4.00

	
4.00

	
4.00

	
4.00

	
4.00




	
Total

	
19.62

	
19.51

	
19.03

	
19.08

	
18.90

	
19.67

	
19.67

	
19.15

	
19.55

	
17.81

	
17.84

	
18.06

	
19.52

	
19.62

	
19.54

	
19.60

	
19.62

	
19.65

	
19.63




	
Fe/Fe+Mg

	
0.23

	
0.22

	
0.21

	
0.23

	
0.21

	
0.21

	
0.21

	
0.23

	
0.14

	
0.98

	
0.99

	
0.99

	
0.22

	
0.23

	
0.22

	
0.21

	
0.21

	
0.22

	
0.21




	
XFe

	
0.26

	
0.27

	
0.28

	
0.34

	
0.34

	
0.25

	
0.25

	
0.34

	
0.20

	
1.00

	
1.00

	
1.00

	
0.32

	
0.31

	
0.32

	
0.31

	
0.30

	
0.31

	
0.29




	
Mg/(Mg+Fe)

	
0.77

	
0.78

	
0.79

	
0.77

	
0.79

	
0.79

	
0.79

	
0.77

	
0.86

	
0.02

	
0.01

	
0.01

	
0.78

	
0.77

	
0.78

	
0.79

	
0.79

	
0.78

	
0.79




	
T °C

	
594

	
593

	
597

	
621

	
633

	
617

	
617

	
600

	
624

	

	

	

	
687

	
702

	
687

	
690

	
680

	
642

	
640




	
fO2

	
−20.7

	
−20.7

	
−20.6

	
−19.6

	
−19.2

	
−19.8

	
−19.8

	
−20.4

	
−19.5

	

	

	

	
−17.2

	
−16.7

	
−17.2

	
−17.1

	
−17.5

	
−18.8

	
−18.9











 





Table 3. Representative in situ analyses (ppm) of beryl, phlogopite, and musovite.






Table 3. Representative in situ analyses (ppm) of beryl, phlogopite, and musovite.





	
Location

	
Um Sleimat

	
Madinat Nugrus

	
Sikait

	
Abu Rusheid




	
Rock Type

	
Pegmatite-Related Quartz v.

	
Phlogopite Schist

	
Quartz Vein

	
Pegmatite Vein




	
Sample No.

	
S2

	
D1

	
K1

	
1MK

	
Mk

	
1MK




	
Spot No.

	
Eu.gr.286

	
288

	
287

	
224

	
226

	
225

	
227

	
234

	
235

	
236

	
241

	
244

	
246

	
248




	
Mineral

	
Beryl

	
Phlogopite

	
Beryl

	
Phlogopite

	
Beryl

	
Beryl

	
Muscovite






	
Li

	
177.27

	
84.22

	
112.86

	
90.61

	
76.05

	
36.26

	
65.65

	
73.97

	
62.33

	
66.06

	
65.50

	
14.69

	
68.15

	
30.97




	
B

	
3.67

	
1.15

	
3.39

	
1.91

	
1.41

	
1.01

	
1.87

	
2.00

	
1.49

	
2.35

	
6.13

	
12.08

	
1.19

	
33.68




	
Sc

	
9.00

	
281.60

	
6.60

	
348.88

	
286.85

	
2.43

	
18.57

	
171.11

	
208.33

	
274.40

	
10.43

	
5.98

	
38.06

	
12.53




	
Nb

	
3.29

	
0.05

	
2.83

	
0.04

	
0.11

	
0.92

	
1.36

	
0.04

	
0.03

	
0.01

	
0.65

	
1.06

	
0.03

	
0.22




	
Ti

	
1594.0

	
333.7

	
1203.0

	
441.7

	
330.2

	
433.7

	
713.5

	
244.4

	
232.5

	
266.1

	
196.9

	
259.4

	
200.6

	
634.2




	
Cr

	
54.07

	
247.09

	
45.10

	
153.80

	
265.84

	
12.79

	
98.59

	
270.7

	
481.2

	
354.7

	
3.29

	
4.59

	
0.20

	
0.53




	
V

	
65.93

	
348.80

	
54.82

	
269.10

	
278.97

	
10.32

	
17.42

	
258.4

	
349.0

	
293.5

	
1.79

	
3.14

	
0.76

	
5.19




	
Co

	
20.48

	
2.07

	
14.68

	
2.66

	
2.08

	
4.28

	
7.89

	
1.22

	
1.49

	
1.99

	
0.17

	
0.36

	
0.08

	
0.20




	
Ni

	
105.19

	
9.68

	
76.51

	
10.60

	
7.34

	
25.94

	
34.05

	
7.95

	
19.17

	
12.99

	
0.42

	
0.81

	
0.13

	
0.64




	
Rb

	
244.54

	
18.79

	
165.00

	
6.53

	
9.08

	
25.36

	
40.87

	
3.99

	
5.03

	
10.11

	
19.49

	
26.31

	
8.03

	
40.49




	
Sr

	
11.80

	
0.19

	
12.17

	
0.35

	
0.31

	
30.28

	
3.52

	
0.02

	
0.03

	
0.18

	
18.72

	
30.23

	
0.08

	
0.32




	
Y

	
1.19

	
0.03

	
1.21

	
0.04

	
0.10

	
0.13

	
0.16

	
0.05

	
0.05

	
0.01

	
2.10

	
3.39

	
0.01

	
0.34




	
Zr

	
27.21

	
0.25

	
27.54

	
0.47

	
5.91

	
1.78

	
0.05

	
0.09

	
0.01

	
b.d.l

	
46.75

	
76.47

	
0.10

	
0.14




	
Cs

	
25.96

	
160.42

	
18.68

	
64.06

	
81.90

	
3.95

	
36.69

	
36.65

	
80.29

	
61.63

	
22.90

	
1.95

	
15.30

	
58.19




	
Ba

	
329.11

	
3.97

	
273.46

	
1.39

	
8.46

	
116.27

	
127.89

	
0.07

	
0.14

	
b.d.l

	
107.36

	
180.30

	
0.31

	
20.36




	
La

	
1.486

	
0.023

	
1.545

	
0.058

	
0.026

	
0.406

	
0.157

	
0.002

	
0.003

	
0.000

	
2.523

	
4.142

	
0.007

	
1.381




	
Ce

	
2.659

	
0.034

	
2.977

	
0.009

	
0.089

	
0.046

	
0.015

	
0.004

	
0.007

	
b.d.l

	
4.611

	
8.551

	
0.015

	
0.256




	
Pr

	
0.329

	
0.004

	
0.349

	
0.017

	
0.001

	
0.083

	
0.031

	
0.001

	
0.001

	
b.d.l

	
0.565

	
0.940

	
0.002

	
0.449




	
Nd

	
1.356

	
0.015

	
1.313

	
0.075

	
0.017

	
0.371

	
0.117

	
0.003

	
0.003

	
b.d.l

	
2.204

	
3.544

	
0.008

	
1.320




	
Sm

	
0.264

	
0.003

	
0.260

	
0.011

	
0.002

	
0.057

	
0.023

	
0.001

	
0.003

	
0.004

	
0.402

	
0.696

	
0.001

	
0.229




	
Eu

	
0.072

	
0.001

	
0.068

	
0.001

	
0.001

	
0.012

	
0.015

	
0.001

	
0.000

	
0.001

	
0.098

	
0.184

	
0.001

	
0.008




	
Gd

	
0.284

	
0.003

	
0.206

	
0.005

	
0.002

	
0.030

	
0.033

	
0.005

	
0.003

	
0.005

	
0.347

	
0.548

	
0.001

	
0.124




	
Tb

	
0.027

	
n.d

	
0.028

	
0.000

	
0.001

	
0.003

	
0.003

	
0.003

	
0.001

	
b.d.l

	
0.050

	
0.084

	
b.d.l

	
0.018




	
Dy

	
0.188

	
0.008

	
0.185

	
0.007

	
0.008

	
0.017

	
0.019

	
0.004

	
0.012

	
0.002

	
0.315

	
0.517

	
b.d.l

	
0.080




	
Ho

	
0.038

	
0.000

	
0.041

	
0.001

	
0.002

	
0.003

	
0.003

	
0.001

	
0.002

	
b.d.l

	
0.070

	
0.110

	
0.001

	
0.013




	
Er

	
0.115

	
0.003

	
0.110

	
0.002

	
0.018

	
0.012

	
0.003

	
0.007

	
0.006

	
b.d.l

	
0.210

	
0.327

	
b.d.l

	
0.040




	
Tm

	
0.020

	
0.002

	
0.015

	
0.002

	
0.005

	
0.003

	
n.d

	
0.001

	
0.001

	
0.001

	
0.039

	
0.043

	
b.d.l

	
0.006




	
Yb

	
0.119

	
0.029

	
0.142

	
0.050

	
0.085

	
0.024

	
0.007

	
0.014

	
0.020

	
0.022

	
0.207

	
0.341

	
0.001

	
0.045




	
Lu

	
0.018

	
0.008

	
0.020

	
0.015

	
0.022

	
0.006

	
0.002

	
0.005

	
0.008

	
0.010

	
0.034

	
0.049

	
b.d.l

	
0.008




	
Hf

	
0.711

	
0.011

	
0.791

	
0.064

	
0.558

	
0.152

	
0.015

	
0.001

	
b.d.l

	
0.009

	
1.165

	
1.907

	
0.034

	
0.607




	
Ta

	
0.156

	
0.003

	
0.118

	
0.008

	
0.005

	
0.041

	
0.375

	
0.001

	
0.003

	
0.002

	
0.064

	
0.111

	
0.074

	
0.070




	
Pb

	
5.56

	
0.07

	
4.59

	
0.03

	
0.11

	
0.79

	
1.12

	
0.02

	
0.02

	
0.00

	
2.63

	
6.54

	
0.02

	
1.46




	
Th

	
0.582

	
0.005

	
0.621

	
0.015

	
0.012

	
0.057

	
0.599

	
0.001

	
0.003

	
b.d.l

	
0.804

	
1.468

	
0.003

	
0.060




	
U

	
0.216

	
0.002

	
0.214

	
0.004

	
0.026

	
0.083

	
0.160

	
0.004

	
0.006

	
b.d.l

	
0.308

	
0.680

	
0.005

	
0.092




	
∑REE

	
6.98

	
0.13

	
7.26

	
0.25

	
0.28

	
1.07

	
0.43

	
0.05

	
0.07

	
0.04

	
11.67

	
20.08

	
0.04

	
3.98




	
∑LREE

	
6.45

	
0.08

	
6.72

	
0.18

	
0.14

	
1.01

	
0.39

	
0.02

	
0.02

	
0.01

	
10.75

	
18.60

	
0.03

	
3.77




	
∑HREE

	
0.53

	
0.05

	
0.54

	
0.08

	
0.14

	
0.07

	
0.04

	
0.03

	
0.05

	
0.03

	
0.92

	
1.47

	
0.00

	
0.21




	
(La/Yb)N

	
8.465

	
0.520

	
7.394

	
0.799

	
0.207

	
11.732

	
15.417

	
0.100

	
0.090

	
0.002

	
8.292

	
8.257

	
4.577

	
20.747




	
(Gd/Yb)N

	
1.928

	
0.093

	
1.175

	
0.079

	
0.015

	
1.046

	
3.857

	
0.268

	
0.139

	
0.185

	
1.359

	
1.302

	
0.405

	
2.224




	
Eu/Eu*

	
0.800

	
1.172

	
0.902

	
0.586

	
1.571

	
0.862

	
1.716

	
2.790

	
0.455

	
0.452

	
0.803

	
0.905

	
1.873

	
0.151








n.d: not analyzed; b.d.l: below detection limits; Eu.gr: Euhedral grain.
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