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Abstract

The article provides a comprehensive analysis of the Magal Gebreel granitic suites (MGGs)
using petrological (fieldwork, petrography, mineral chemistry, and bulk rock analysis)
aspects to infer their petrogenesis and emplacement setting. Our understanding of the
development of the northern portion of the Arabian Nubian Shield is significantly improved
by the Neoproterozoic granitic rocks of the seldom studied MGGs in Egypt’s south Eastern
Desert. According to detailed field, mineralogical, and geochemical assessments, they
comprise syn-collision (granodiorites) and post-collision (monzogranites, syenogranites,
and alkali feldspar rocks). Granodiorite has strong positive Pb, notable negative P, Ti, and
Nb anomalies, and is magnesian in composition. They have high content of LREEs (light
rare-earth elements) compared to HREEs (heavy rare-earth elements) and clear elevation of
LFSEs (low-field strength elements; K Rb, and Ba) compared to HFSEs (high-field strength
elements; Zr and Nb), which are in accord with the contents of I-type granites from the
Eastern Desert. In this context, the granodiorites are indicative of an early magmatic phase
that probably resulted from the partial melting of high K-mafic sources in the subduction
zone. Conversely, the post-collision rocks have low contents of Mg#, CaO, P2O5, MgO,
Fe2O3, Sr, and Ti, and high SiO2, Fe2O3/MgO, Nb, Ce, and Ga/Al, suggesting A-type
features with ferroan affinity. Their P, Nb, Sr, Ba, and Ti negative anomalies are in accord
with the findings for Eastern Desert granites of the A2-type. Furthermore, they exhibit a
prominent negative anomaly in Eu and a small elevation of LREEs in relation to HREEs. The
oxygen fugacity (f O2) for the rocks under investigation can be calculated using the biotite
chemistry. The narrow Fe/(Fe + Mg) ratio range (0.6–0.75) indicates that they crystallized
under moderately oxidizing conditions between ~QFM +0.1 and QFM +1. The A-type
rocks were formed by the partial melting of a tonalite source (underplating rocks) in a
post-collisional environment during the late period of extension via slab delamination.
The lithosphere became somewhat impregnated with particular elements as a result of the
interaction between the deeper crust and the upwelling mantle.
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1. Introduction
The Pan-African orogenic belt spans the Arabian Peninsula and a considerable portion

of northern Africa. From East to West Gondwana, an accretionary orogenic belt formed,
producing the Neoproterozoic crustal material of the Arabian-Nubian Shield (ANS). The
Eastern Desert of the ANS and the greatest East African Orogen comprise the majority
of the Neoproterozoic crystalline rocks [1–4]. In Egypt, these rocks (include accreted arc
and ophiolites assemblages, Dokhan rocks, and various intrusive magmatism) cover over
100,000 km2, particularly in South Sinai and the Eastern Desert. The southern sector of the
Eastern Desert (ED) comprises the largest crystalline rocks, which are less studied due to
absence of banded iron, Dokhan, Hammamat sediments, and roads made of asphalt [5].
The E-W of Yanbu-Allaqi-Gerf suture marks the boundary of the southern sector of the
ED, which is characterized by abundant ophiolitic rocks [6]. According to Bonin [7],
granite is the common igneous rock type in the upper continental crust of the Earth.
Granites (differing in age, mineral content, and chemical components and can be found in
a range of tectonic environments) make up almost 60% of the basement of Egypt’s Nubian
Shield [2,8–15]. Two types of granites were identified by Bentor [16]: younger (post-
to-anorogenic granite; 600–475 Ma) and older syn (I-type)-to-late-orogenic granites (A-
type; 880–610 Ma). The Eastern Desert of Egypt and across the ANS are examples of the
youngest phase of felsic magmatism represented by A-type granites, which are divided
into anorogenic (A1) and post-orogenic (A2) granites. According to Lundmark [17], the
alkaline granite that results from the differentiation of alkali-basaltic magmas is the final
phase of the younger rocks (A1-type), which date to approximately 540 Ma. The high level
of silica, trace elements (Zr, Ce, Nb, Y, Ga, and REEs), and alkalis within A2-type granites
make them a unique class of high-K calc-alkaline granite [18–21]. Additionally, their Ga/Al
and Fe/Mg ratios are high, whereas their Ca and Sr concentrations are low [22,23]. The
associations with significant mineral deposits make A-type granites distinctive. They are
often associated with mineralization that is related to hydrothermal fluids. A-type granites
are characterized by noticeable content of incompatible elements such as REEs, W, U, Th,
Nb, and Sn. Granite has become a common decorative stone in recent years. They attracted
a lot of attention because of their significant financial influence [24,25].

The aim of this research is to incorporate fieldwork, petrography, mineral chemistry,
and bulk rock analysis of the seldom investigated Magal Gebreel granitic suites rocks in
the ANS to infer and understand their petrogenesis, natural type, and geodynamic history.
Additionally, we aim to elucidate the crustal contamination and fractionation processes of
these rocks.

2. Methodology
Several trips were conducted to collect rock samples and investigate the geologi-

cal highlights. Forty-two specimens were collected from the Magal Gebreel area, and
thirty thin sections were cut out at the Nuclear Materials Authority (NMA) to determine
their mineralogical distinctive features. In the Laboratory of Mettallogenic Prediction of
Nonferrous Metals, Central South University, Changsha, China, using EPMA-170/1720H
electron microprobes, the mineral chemistry was elucidated. A 15 kV accelerating voltage,
a probe current between 10 and 20 nA, and a beam diameter of 2 to 3 µm were all used
in the experimental setup. A blend of appropriate synthetic and natural standards for
calibration purposes was also employed. The samples were subjected to geochemical
investigations utilizing a Bruker S2 RANGER X-ray fluorescence. The studies comprised
figuring out the amounts of minor elements (ppm) and main oxides (%) for the 23 samples.
Three grams of fine powder was subjected to 1000 ◦C in order to estimate the loss on
ignition (LOI). Inductively coupled plasma mass spectrometry (ICP-MS) was used to ac-
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complish the REEs + Y concentrations at Kyushu University’s Center, Japan. The analytical
precision, as estimated by duplicate analyses, is between ±5% and ±10% for trace elements,
between ±3% and ±7% for REEs, and superior to ±2% for main elements.

3. Field Observations
The crystalline rocks of the Gabal Magal Gebreel-Wadi Nagieb area, which constitute

a part of the ANS, is situated in the southern region of Egypt’s Eastern Desert, about
240 km southeast of Aswan, which covers about 255 km2 (Figure 1). The topographic
features are mainly controlled by the differences in lithology, structures, and erosional
processes. The prominent peaks are Gabal Magal Gebreal granites (490 m) and Gebel Abu
Swayel (375 m) above sea level.

 

Figure 1. Geologic map of the Gabal Magal Gebreel-Wadi Nagieb area [26].

The study area comprises different types of igneous and metamorphic rocks, including
metasedimentes, metavolcanics (basic and acidic), amphibolite rocks, younger and older
granites, and dikes (acidic dikes and pegmatite) (Figure 2a). The metasedimentes exhibit
foliations, laminations, and primary bedding, and are strongly tectonized (Figure 2b). They
crop out in the southwestern mapped area as isolated masses. These rocks are intruded
by metavolcanics, amphibolite rocks, and older granites with sharp contacts of Wadi
Nagieb. The metavolcanics crop out in the eastern and center area under investigation as
an elongated (with NW–SE) sheet forming low to moderate relief. They are represented by
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metabasalt, metaandesite, and metarhyolite, which are invaded by younger granites. The
amphibolites are (Gabal Abu Swayel) exposed at the southeastern side (covering a small
area) of the investigated area. Their grains are fine-to-medium with a greenish gray to deep
green color.

 

Figure 2. Field photographs showing: (a) panoramic view of the examined area with topography that
is comparatively low-to-moderate, looking to the NE; (b) highly tectonized metasediments injected by
felsic dike, looking NE; (c) younger granites reveal cavernous due to weathering products; (d) smooth
surface as a result of weathering products; and (e) hematitization associated with high radioactive
anomaly, looking NE.

The older granitoids crop out in the northern and extreme eastern sides of the investi-
gated area. They injected the metasediments, metavolcanics, and younger granites. The
topography that characterizes their exposure is comparatively low-medium, sheared, and
shows intensive weathering products. The younger granites are fine-to-medium-grained
with moderate-to-high topography (490 m. a.s.l.) and cover about 95 km2 of the area. These
rocks are deeply jointed and exhibit cavernous, exfoliation weathering, and bouldery ap-
pearance (Figure 2c,d). The field studies indicated that the hydrothermal processes have an
impact on these granites, particularly near faults and zones of shear causing hematitization,
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chloritization, and silicification zones (Figure 2e). These rocks are dissected by several felsic
and mafic dikes, as well as quartz and pegmatite veins.

4. Results
4.1. Petrography

The mineralogy and textural properties were thoroughly described petrographically.
Granodiorite, monzogranites, syenogranites, and alkali feldspar are the four major phases
of MGGs, according to the modal analysis. Hypidiomorphic texture and medium-grained
are the general features of granodiorites. In addition to accessory zircon mineral, it mainly
contains plagioclase (40%–50%), quartz (20%–25%), orthoclase perthite (5%–10%), biotite
(5%–10%), and amphibole (3%–5%). The primary mineral component of granodiorite,
plagioclase, has an unclear surface as a result of saussuritization (Figure 3a). Hornblende is
mostly transformed into opaque minerals and chlorite at the peripheral parts (Figure 3a,b).
Biotite is identified as brown, elongated flaks, and somewhat chloritized flakes (Figure 3b).
On the boundary between plagioclase and biotite, zircon is found as a euhedral crystal
(Figure 3b).

 

Figure 3. Microscopic photos of Magal Gebreel rocks showing: (a) deformed hornblende (Hb) associ-
ating biotite (Bt) flaks (granodiorite); (b) zircon (Zr) is enclosed in periphery of biotite (granodiorite);
(c) metamictized zircon associated with sericite muscovite (monzogranite); (d) euhedral crystals of
quartz (Qz) showing triple junction (syenogranite); (e) pristine albitic plagioclase (Pl) corroded by
quartz crystals; (f) undulose quartz crystals (syenogranite); and (g–i) well-developed zircon crystals
enclosed in quartz grain (alkali feldspar granites).
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Monzogranite is medium-grained and made up of K-feldspar, quartz, and plagioclase,
with trace amounts of muscovite and biotite. K-feldspar (32–35 vol.%) is of subhedral to
anhedral crystal of orthoclase perthite. Sericite and kaolinite have essentially replaced
them (Figure 3c). There are anhedral, interstitial quartz grains (25%–29% vol.%). Usually
found as subhedral crystals, plagioclase (An11–22) can also infrequently be found as laths
(15%–22% vol.%). They have completely changed into saussurite. Subhedral fibers that
are interstitial to quartz and plagioclase are primarily formed by sericitized muscovite
(Figure 3c).

With a minor percentage of muscovite, syenogranites are hypidiomorphic, fine-to-
medium-sized grains, and primarily composed of potassium feldspar, quartz, plagioclase,
and biotite. The primary component that appears as a triple junction with undulose
extinction is quartz (Figure 3d). Plagioclase is found as tabular crystals that range in shape
from euhedral to subhedral and have distinctive lamellar twining (Figure 3e). Most of
them are still fresh, but some are slightly saussuritized (Figure 3f). Although they make up
only 1% of the rock, mafic minerals (biotite) are noticeable in some samples. The subhedral
flakes that primary muscovite often develops are interstitial with quartz and plagioclase.

K-feldspar, plagioclase, and quartz constitute the majority of the medium-sized, hy-
pidiomorphic grains of the Magal Gebreel alkali feldspar rocks, with trace amounts of
muscovite and biotite crystals. K-feldspar (35–39 vol.%), the main constituent, is present in
subhedral crystals as either string perthite or flamy perthite. They are occasionally mildly
kaolinized and cracked. The crystallization of plagioclase (An8–12) (18–22 vol.%) results
in subhedral forms with albite twinning and zoning properties. Anhedral crystals of both
primary and secondary generations of muscovite are found. Zoned zircon is found on the
edges of quartz as a euhedral crystal (Figure 3g–i).

4.2. Mineral Chemistry

Some essential and accessory minerals (from MGGs) such as feldspars, mica, amphi-
bole, zircon, columbite, thorite, monazite, xenotime, and wolframite were analyzed using
electron microprobe analysis (EPMA).

Twenty spot-analyses of K-feldspars and nineteen plagioclase from MGGs were
analyzed from granodiorite, monzogranites, syenogranites, and alkali feldspar rocks
(Supplementary Table S1). The chemical composition of K-feldspars typically changes
very little, with alkali feldspar rocks having low Na2O, intermediate K2O, and relatively
high SiO2. They exhibit a progressive increase in K2O and decrease in Al2O3 from gran-
odiorite to alkali feldspar granites. Notably, there is a progressive increase in orthoclase
content, but albite decrease from granodiorite (av. Or39.83Ab6.28) towards alkali feldspar
granites (av. Or96Ab 3.8), and all of these types are of orthoclase composition [27] (Figure 4a).
In contrast, younger rocks exhibit plagioclase’s sodic albite composition, whereas granodi-
orite rocks (with mean end member Or0.79Ab85.65An13.54) indicate oligoclase (Figure 4a).
Among the investigated granites, granodiorite had the greatest CaO (av. 2.74 wt%) and
anorthite content (av. 13.54 mol%).
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Figure 4. Mineralogy diagrams: (a) feldspar diagram [27]; (b) biotite diagram [27]; (c) ternary biotite
diagram [28]; (d) ternary muscovite diagram [29]; (e) diagram of muscovite (FeO*-TiO2-MgO) [30].
(f) Apfu ratios of muscovite cations [31]; (g) TiC- (Na + K)A diagram; (h) amphibole classification [32];
and (i) binary diagram (SiT-Mg#) for amphiboles [32].

Supplementary Table S2 lists the results of the analysis of the trioctahedral (biotite)
mica under examination. Granodiorite has the lowest average percentage of silica (av.
35.8%) and alumina (av. 17.53%) among the analyzed rocks; however, it has the highest
FeO* (av. 25.54 wt.%), MgO (av. 7.34 wt.%), and TiO2 (av. 3.62 wt.%) contents compared
to other rocks from the studied post-collisional granites. The biotite compositions of the
rocks under study are similar to one another and primarily composed of Fe-biotite [27]
(Figure 4b). Furthermore, by utilizing the Fe# versus AlIV diagram, the examined biotite
demonstrates the siderophyllite composition. The chemistry of the investigated biotite and
the primary biotite are consistent, based on the ternary diagram of Nachit [28] (Figure 4c).

The younger granites are the only ones that include the dioctahedral mineral muscovite
(Supplementary Table S3). The chemical and textural constitution of muscovite is similar
to that of muscovite of primary origin (Figure 4d) [29]. It contains TiO2 (av. 0.32 wt.%),
K2O (av. 9.32 wt.%), MgO (av. 0.32 wt.%), and Na2O (av. 0.22 wt.%). The low TiO2 content
supports a late/post-magmatic [30], (Figure 4e), while the increased Na2O level in the
muscovite under study indicates a paragonite component (Figure 4f).
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The structural formulas of eleven amphibole spots, which are found solely in gran-
odiorites, are listed in Supplementary Table S4. They have average compositions of SiO2

(46 wt.%), FeO* (22.41 wt.%), MgO (7.72 wt.%), CaO (12.75 wt.%), and Al2O3 (6.34 wt.%).
The binary diagram of TiC-Na + KA (Figure 4g) shows that the Ti (apfu) content is above
0.096 and the NaA + KA > 0.65 is above 0.65, indicating primary origin [32,33]. The mean
AlT of ~1 indicates that the examined amphiboles are mainly calcic (Figure 4h). The catego-
rized diagram indicates [32] (Figure 4i) that they are categorized as ferro-edenite. Moreover,
the amphibole binary diagram [34] shows that they fall in the edenite field (Figure 5a).

 

Figure 5. Mineralogy diagrams: (a) amphibole classification [34]; (b) binary Hf-Zr diagram; (c) zircon
type discrimination [35]; (d) discrimination Nb#-Ta# diagram [36]; (e) thorite composition diagrams;
(f) Ce-La-Nd contents for monazite. Symbols are as in Figure 4.
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The most prominent accessory mineral found in the examined MGG rocks is zircon
(Supplementary Table S5). Granodiorite has the highest ZrO2 (av. 67.15 wt.%) content
among the examined zircon, but the lowest SiO2 (av. 28.78 wt.%) and HfO2 (av. 3.1 wt.%)
values. Furthermore, their chemical makeup closely resembles that of other oxides. The
mean zircon under examination has a high Zr/Hf = 31.73 ratio, which is in harmony with
granitic rock zircons (Figure 5b). The studied zircon has a mean Th/U ratio of 2.66, as is
common with igneous zircon, and is primarily found in the magmatic field [35] (Figure 5c).

Nb-Ta minerals are examined and mentioned in Supplementary Table S6, and fre-
quently occur in extremely fractionated magma. High levels of Nb2O5 (avg.
63.65 wt.%), Ta2O5 (avg. 10.98 wt%), FeO* (av. 10.13 wt%), and significant amounts of MgO
(av. 7.91 wt%) and MnO (av. 5.39 wt%) were found in the columbite from both al-
kali feldspar and syenogranites under study. The Mn#-Ta# classification diagram [36]
(Figure 5d) indicates that they are ferro-columbite.

The EPMA that was conducted for thorite is mentioned in Supplementary Table S7.
ThO2 (av. 70.6 wt.%) is notably high in the analyzed thorite, and Y2O3 (av. 4.05 wt.%), CaO
(av. 1.6 wt.%), and FeO* (av. 2.2 wt.%) are also present in significant amounts (Figure 5e).

In addition to significant amounts of traces like ThO2 (5.94–10.69 wt.%), the monazite
analysis shows that they have enrichment of REE oxides such as Ce2O3 (27.03–29.47 wt.%),
Nd2O3 (9.36–10.78 wt.%), La2O3 (15.22–18.14 wt.%), Pr2O3 (3.12–3.89 wt.%), and Sm2O3

(0.52–0.79 wt.%) (Supplementary Table S8). Monazite is classified as Ce-monazite (Figure 5f),
and its composition is comparable to those of Mahdy [37].

Similarly, only syenogranites record xenotime. With significant amounts of HREEs
like Gd2O3 (av. 3.25 wt.%), Dy2O3 (av. 4.45 wt.%), Er2O3 (av. 4 wt.%), Yb2O3

(av. 4.39 wt.%), and Sm2O3 (av. 46.47 wt.%), as well as the absence of LREEs
(Supplementary Table S9), it exhibits a notable enrichment of P2O5 (av. 36.57 wt.%) and
Y2O3 (av. 46.47 wt.%). Furthermore, wolframite is only found in syenogranites. It is
mainly composed of MnO (av. 18.64 wt.%), FeO* (av. 4.33 wt.%), and WO3 (av. 76.74 wt.%)
(Supplementary Table S10).

4.3. Whole-Rock Geochemistry
4.3.1. Classification

We can categorize and verify the names, tectonic setting, and chemical affinities
of each species of the studied rocks utilizing bulk-rock compositions. The whole rock
chemistry of twenty-three samples from the MGGs (five granodiorite, five monzogranites,
five syenogranites, and eight alkali feldspar granites) is shown in Supplementary Table S11.
Different types of granitic rocks can be categorized using different classification diagrams.
The analyzed MGGs rocks fall into the granite and granodiorite field, as revealed in the
Middlemost [38] total alkali silica (TAS) for the granite classification diagram in Figure 6a.
Furthermore, the MGGs samples straddle the granodiorite, monzogranites, syenogranite,
and alkali feldspar domains according to the Q-ANOR normative diagram [39] (Figure 6b).

4.3.2. Compositional Variations

In comparison to other MGGs, the alkali feldspar rocks have the highest total alkalis
(av. 8.78 weight percent), the lowest Fe2O3 + MgO concentration (av. 0.52), the highest
SiO2 (av. 75.3 weight percent), the lowest Fe2O3/MgO ratio (av. 26.31), and the highest
Fe# (av. 0.96). This implies that instead of being magnesian (granodiorite) [40], these rocks
are ferroan (also monzogranites and syenogranites). The granodiorite samples contain
the highest plagioclase (Ab + An) content of 45.19, according to the computed normative
composition, which is supported by the high quantities of Sr (av. 276.6 ppm) and Ba
(av. 509 ppm). On the other hand, the alkali feldspar rocks include minimal amounts of
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Fe2O3 (av. 0.49 weight percent), TiO2 (av. 0.02 wt.%), MgO (av. 0.02 wt.%), and CaO
(av. 0.34 wt.%), but significant amounts of SiO2 (av. 75.31 wt.%) and K2O + Na2O
(av. 8.78 wt.%).

 

Figure 6. Bulk-rock diagrams: (a) binary diagram of Middlemost [38]; (b) Q’-ANOR normative di-
agram [39]; (c) trace elements of granodiorite contrast with those of Sun and McDonough [41];
(d) trace elements of younger granites contrast with those of Sun and McDonough [41]; and
(e,f) REEs contrast with chondrite [41] for granodiorite and younger granites, respectively. I- and
A-types of the Eastern Desert (Homrit Mukpid) [20] and A-type of Yangmeiwan granite [42] are used
for comparison. Symbols are as in Figure 4.
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To show the relationship between the SiO2 content and some chosen elements of the
MGGs, Harker variation diagrams were drawn. Granodiorites exhibit lower abundances of
Fe2O + K2O, Fe2O3

*/Fe2O3
* + MgO, Ta, Rb, and Y than other younger granites, but greater

concentrations of Fe2O3
*, CaO, TiO2, P2O5, MgO, Ba, Sr, and V (Figure 7). Figure 7 shows

that the major and trace elements have obvious linear positive and negative interactions
with SiO2. In the examined MGGs, the alkali feldspar rocks exhibit low levels of Ba and V
and high quantities of Rb, Nb, Sn, Ga, Ta, Th, Y, and U.

 

Figure 7. Harker’s binary diagrams between SiO2 and others (major, trace, and ratios). Symbols are
as in Figure 4.

Granodiorite exhibits strong positive lead anomaly, and considerable negative P,
Nb, and Ti anomalies (Figure 6c) [41]. A noticeable elevation of LILEs (Ba, K, and Rb)
compared to HFSEs (Zr, and Nb), which are consistent with those of the Eastern Desert’s
I-type granites [20]. The syn-tectonic setting is demonstrated by these studies. Conversely,
the younger granites (alkali feldspar granites, monzogranites, and syenogranites) exhibit
negative Ti, Ba, P, Nb, and Sr anomalies that are consistent with those of A-type from the
Eastern Desert [20] and A-type of Yangmeiwan granite [42]. The extreme fractionation of
ilmenite, apatite, and plagioclase is responsible for this (Figure 6d).
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Supplementary Table S11 lists the REE concentrations in the rocks that are being
studied. There is no doubt that the MGGs have different patterns of REEs. Granodiorite
exhibits a significant LREE (av. 79.22 ppm) to HREE (av. 14 ppm) enrichment (Figure 6e),
which is comparable with that of I-type from the Eastern Desert granites [20]. They have
mean ∑REEs (av. 93.2) that are lower than the Hermann [43] global average. From the
other side, the younger granite patterns under study exhibit a very noticeable negative
anomaly in Eu (Figure 6f) and a small elevation in LREEs in relation to HREEs (except
for alkali feldspar samples; Supplementary Table S11). These anomalies are consistent
with Sr and Ba abnormalities, which are most likely related to fractionated plagioclase and
K-feldspar abundance.

5. Discussion
5.1. Lanthanide Tetrads

In particular, the Irber [44] technique is frequently employed to evaluate the tetrad
effect of REEs (fourteen lanthanide elements). Kawabe [45] (Figure 6f) classified lanthanides
into four groups (T1, T2, T3, and T4); because Pm is usually absent and Eu behaves
negatively, it is challenging to identify the second tetrad [46]. The REEs patterns can be
either convex or concave [47].

The mean values of the examined granodiorite (av. 0.89) and monzogranites (av.
0.81) are less than 1.1, indicating that they do not exhibit the convex tetrad type effect
in T1 (Ce/Ce* × Pr/Pr* = T1). With mean values of 1.22 and 1.24, respectively, the
syenogranites and alkali feldspar rocks in T1 display a convex tetrad-type effect (Figure 6f).
However, no concave tetrad-type effect was observed in the rocks under examination, with
T3 (Tb/Tb* × Dy/Dy* = T3) values less than 0.9. The mean tetrad intensities (TE1,3) vary
from 0.89 (granodiorite) to 1.19 (syenogranites).

According to Jahn [48], the chondritic values of the La/Nb and La/Ta ratios are 0.96–1
and 16–18, respectively. According to Irber [44], the La/Nb ratios of the examined samples
are not in the range of chondritic value, suggesting a non-CHARC nature. This points to
fluid-rich processes.

5.2. Thermobarometry Crystallization Conditions

Temperatures, depths, and pressures can be determined for the investigated felsic
plutonic rocks using bulk chemistry and mineral chemistry data in order to understand
their evolution. Basak and Goswami [49] assert that there is no question that the distinctive
features of the magma and mineral assemblages are intimately linked throughout the
stages of crystallization. Temperatures based on zircon saturation (TZr) were computed
using the Watson and Harrison [50] equation, which relies on the presence of zircon in the
bulk rock chemistry of the granites studied. For the MGG granodiorite, monzogranites,
syenogranites, and alkali feldspar rocks, the average temperature at which they originated
was 740, 723, 769, and 762 ◦C, respectively. Normally, syenogranites and alkali feldspar
rocks have a crystalized temperatures between 750 and 830 ◦C, which are in accord with
ANS A-type granites [51]. The granitic rocks under investigation have increased TZr, which
indicates that the magma source was extremely hot, facilitating zircon saturation. Using
the chemical analysis of plagioclase, the crystallization temperature of the MGGs under
study was established [52]. When the examined plagioclase is placed on the An-Ab-Or
diagram (Figure 8a), a predicted plagioclase temperature of the Magal Gebreel granodi-
orite is around 840 ◦C, which exceeds the predicted temperature for younger granites
(810–840 ◦C).

According to Henry [53], the Ti content of biotite is a very sensitive marker for the
temperature at which biotite crystallization occurs. It is possible to obtain the temperatures
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by employing the Ti (0.22–0.44) and Mg# (0.25–0.35) contents of biotite. The Henry [53]
binary of Ti against Mg/(Mg + Fe) plot (Figure 8b) yielded biotite temperatures varying
from 690 ◦C to 710 ◦C for granodiorite and between 550 and 650 ◦C for the younger granites.
Furthermore, according to Uchida [54], the total Al content (AlT) of biotite is susceptible
to pressure and rises with crystallization pressure. Accordingly, the AlT concentration of
biotite is suitable for usage to determine the solidification pressure (P) and/or the magma
depth using the following formula: P (kbar) = 3.03 × AlT − 6.86 [54].

 

Figure 8. (a) Plagioclase thermometry [52]; (b) biotite Mg# vs. Ti diagram [53]; (c) Fe# vs. AlT

diagram [55]; (d) amphibole crystallization [56]; (e) thermobarometry utilizing bulk rock analysis [57];
(f) Th/Nb-Zr diagram [58]; (g) SiO2 via CaO/Na2O diagram; (h) Rb vs. Sr diagram; and (i) Zr vs.
TiO2. Symbols are as in Figure 4.

By using this experimental equation, the average pressures for granodiorite, mon-
zogranites, syenogranites, and alkali feldspar rocks are 2.43, 3.84, 5.14, and 5.68 kbar,
respectively. Furthermore, oxygen fugacity (f O2) can be calculated with the use of the
biotite chemistry. According to Anderson [55], the examined MGGs have a restricted range
of Fe/(Fe + Mg) ratios (0.6–0.75), showing that they crystallized between ~QFM +0.1 and
QFM +1 under moderately oxidizing circumstances (Figure 8c). Oxygen fugacity (f O2) can
be detected petrogenetically using amphibole chemistry. The low-to-intermediate f O2 field
is where the examined granodiorite samples plot (Figure 8d). The ANS granites (Figure 8e)
are consistent with the normative values of the primary analysis of MGGs, which reflect
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that the rocks under study were derived from crustal substances at pressures of 1–3 kbar
and temperatures ranging from 820–850 ◦C [57].

5.3. Fractionation and Crustal Contamination

The studied granitic rocks consider a range of compositional changes in their parent
melts, involving fractionation and crustal contamination. Magmatic processes such as
assimilation-fractional crystallization (AFC), bulk assimilation (BA), and fractional crys-
tallization (FC) can be inferred using some ratios [59]. Significant magmatic separation
from the original melts is indicated by the consistently high ratios of FeO/MgO in the
examined granodiorite (av. 3.68), monzogranites (av. 5.37), syenogranites (av. 19.28), and
alkali feldspar (av. 26.31). The binary Th/Nb ratio vs. Zr plot of the granitic rocks under
investigation shows a distinct FC trend (Figure 8f).

Additionally, as the SiO2 content increases, the CaO/Na2O ratio decreases from gran-
odiorite (av. 0.44) to alkali feldspar (av. 0.07) (Figure 8g). The examined granitic rocks show
an AFC trend through this CaO/Na2O connection via SiO2. Additionally, the Rb vs. Sr
plot (Figure 8h) shows feldspar fractionation preferences in younger granites, which reflect
the primary component in these rocks in varying proportions. Plagioclase fractionation is
observed in the distinct systematic variation of Rb, Sr, and Ba from granodiorite to alkali
feldspar rocks (Figure 7), which is in accord with those of El-Awady and Lasheen [19,20].
Furthermore, the adverse relations of P2O5, TiO2, Fe2O3, and V via SiO2, as well as the
negative anomalies of Ti, Ba, Sr, and P in the trace patterns (Figure 6d), may be ascribed to
fractionation of plagioclase, apatite, and ilmenite minerals. The SiO2-Rb positive association
in alkali feldspar rocks undoubtedly indicates K-feldspar accumulation for the post-collisional
granites. Additionally, amphibole fractionation throughout evolution may be shown by the
decrease of TiO2, CaO, Fe2O3, MgO, and via SiO2 (Figures 7 and 8i).

The ferromagnesian silicates may be the cause of the linear decrease of Fe2O3 and
MgO with increasing SiO2. Granodiorites, one of the rocks under examination, have
a comparatively low SiO2 content (av. 70 wt.%) and exhibit magnesian character [40]
(Figure 9a), supporting the idea that basaltic melt contaminated them. Furthermore, the
granodiorites have a slight Eu negative anomaly, which suggests a minimal impact of
plagioclase fractionation, but the noticeable negative Eu anomaly in the younger granites
under examination may imply heavy plagioclase fractionation from their parent melt.
The examined MGGs exhibit a markedly broad mean ∑REE content as well as LREE
enrichment in comparison to HREEs (except for alkali feldspar rocks) (Figure 6f), indicating
the fractionation role during evolution. The Ba/Nb ratio varies greatly between the syn-
and post-collision kinds of MGGs, ranging from granodiorites (av. 60.5) to alkali feldspar
samples (av. 0.21). Furthermore, the Zr/Nb ratios of alkali feldspar samples (av. 0.21) and
granodiorites (av. 19) differ significantly, which further supports the impact of continental
crustal contamination.
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Figure 9. (a) Fe#-SiO2 [40], fields of A2- and I-types of the Eastern Desert (ED) granites [18];
(b) SiO2-K2O + Na2O-CaO [40]; (c) diagram of major oxides [60]; (d) ternary diagram of alu-
minous affinity [61]; (e,f) genetic type of granitic rocks [21]; (g) CaO-K2O-Na2O diagram [62];
(h) tectonic Rb-Yb + Ta diagram [63]; (i) Y-Nb-Zr/4 ternary diagram [64,65]; (j) K-Rb diagram [66];
(k) experimental diagrams [67,68]; and (l) Rb/Ba-Rb/Sr [69]. Symbols are as in Figure 4.

5.4. Magma Affinity and Tectonic Setting

One primary purpose of bulk-rock analysis of the rocks under study is to clearly
identify the kind of magma and petrogenetic linkages. According to Middlemost [38],
the examined rocks are subalkaline (Figure 6a). While younger granites plot in A-type
granites and are in concord with the Eastern Desert’s A2-type granites [18], the calcic
granodiorite is in concord with the Eastern Desert’s I-type granites [18,20] (Figure 9b).
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They have agpaitic (AI) ratios of av. 0.81, 0.82, and 0.85 for monzogranites, syenogranites,
and alkali feldspar, respectively. With an AI of less than 0.6, granodiorite is calc-alkaline.
Plus, the younger granites under study lie within the highly fractionated magma field
(Figure 9c) [60]. They are peraluminous rocks [61] (Figure 9d). Mg#, CaO, P2O5, MgO,
Fe2O3, Sr, and Ti are depleted in the MGGs younger granites, while SiO2, Fe2O3/MgO,
Nb, Zr, Ce, Zn, and Ga/Al are quite abundant. Numerous figures, such as those produced
by Frost [70] (Figure 9a,b), Whalen [21] (Figure 9e,f), and Li [71] (Figure 7), can be used to
differentiate and illustrate the A-type feature of the MGGs younger granites.

Furthermore, these rocks are definitely syenogranites and alkali feldspar rocks, which
exhibit an A-type character due to their Rb/Sr ratio exceeding unity [72]. Furthermore, it
is clear that the trace (Figure 6c,d) and REE (Figure 6e,f) patterns of the younger granites
of MGGs have distinct character and are clearly compatible with those of the younger
granites that were formed during post-collision [20]. The ternary categorized diagram of
Hassan and Hashad [62] shows that the granodiorite plot is in the early phase of subduction
granites (II) field, while the younger granites of the MGG are located inside the field of the
later subphase (III) (Figure 9g) of younger granites. Granodiorite plots in the arc field and is
in accord with Eastern Desert I-granites [18,20], according to the Y + Ta vs. Rb diagram [63],
while the younger granites under examination overlap within plate, A-type granites, and
Eastern Desert A2-granites [18,20] (Figure 9h).

A1 (within plate/rifting) and A2 (post-collision) are possibly identified because to the
younger granite rocks located in A2 that make up the studied MGGs [64,65] (Figure 9i).
In contrast, the Rb/Sr ratio of Magal Gebreel granodiorite is significantly lower relative
to younger granites, ranging from 0.15 to 0.23, indicating I-type granites, as shown by
many diagrams (Figures 7 and 9). Amphiboles and biotite predominate as mafic silicates
(Figure 3a,b), and the frequent presence of sphene and iron oxides as accessory phases
indicate the I-type geochemical nature of the granodiorite under study. The compositions
of the examined granodiorites are similar to those of Eastern Desert’s I-type granites in
terms of major oxide, trace (Figure 6c,d), and rare-earth elements (Figure 6e,f).

5.5. Petrogenesis and Source of Magal Gebreel Felsic Plutonic Rocks

The Egyptian Eastern Desert’s granitic rocks might have been developed via the syn-,
late-, and post-collision of East and West Gondwana [5,20]. They are diverse in depth
and time of formation, as evidenced by their variances in their mineralogy, age, chemistry,
and color [2,40]. The crustal rocks may contaminate these mantle magmas if they rise to
a shallow depth [73]. The MGGs are thought to have been created by fractionation and
melting stages, as stated by Cao et al. [74]. The reduction in amounts of Ti, Sr, and Ba, along
with positive anomalies for Rb and Pb (Figure 6c), demonstrate the fractional crystallization
process, indicating strong Ti-rich and plagioclase fractionation.

The petrogenesis of the studied MGGs can be deduced from specific ratios, like
Rb/Sr, Rb/Ba, Sr/Ba, and Rb/Zr. The Rb/Sr values of the rocks under study (av. 0.2,
0.98, 2.07, and 35.82 for granodiorite, monzogranites, syenogranites, and alkali feldspar,
respectively) are greater than the values of the mantle source (Rb/Sr ≤ 0.1), indicating that
the rocks are coming from crustal materials, according to Taylor and McLennan [75]. They
have a regular crustal origin, as indicated by their low Rb/Ba, Rb/Zr, and Sr/Ba ratios
(Supplementary Table S11). The analyzed rock patterns (Figure 6c,d) exhibit a negative Nb
anomaly, pointing to the involvement of a crustal origin [58]. The rocks under investigation
are situated between a mantle-derived magma (K/Rb = 1000) [66] and a standard crustal
source (K/Rb = 250) (alkali feldspar plot at K/Rb = 100) (Figure 9j), suggesting that they
emanate from crustal sources [76].
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Different melting degrees of mafic rocks [77,78], fractionation of mafic mantle
magma [79], and felsic and mafic mingling [20,76,80] are some of the possible causes
of the formation of the calc-alkaline and I-type granites. A subduction-related origin is
suggested by the geochemical fingerprint of the granodiorite under investigation, which
includes LREEs elevation in relation to HREEs, considerable LILEs enrichment, and notice-
able negative Ti, P, and Nb anomalies. The granodiorite may have formed from the melting
of high-K basaltic rocks, which are located near basalt and clay-poor sources, according to
source experimental diagrams [67,68] (Figure 9k,l).

The MGG younger rocks have high Rb/Nb ratio (7.96, 9.82, and 7 for alkali feldspar,
syenogranites, and monzogranites, respectively), indicating a crustal tonalitic source [81].
However, the peraluminous character suggests melting of the metasediments, as supported
by low average Fe2O3 + MgO composition of the studied rocks (0.52, 0.97, and 2.89 wt.%
for alkali feldspar, syenogranites, and monzogranites, respectively) [82]. Additional details
include the observed MGGs having a notably high Al2O3/TiO2 ratio for monzogranites
(av. 48.4), syenogranites (av. 211), and alkali feldspar (av. 837.4), which reflect limited
partial melting of metasediments [69,83]. Additionally, the elevation of Rb in syenogranites
(av. 123 ppm) and alkali feldspar (av. 476 ppm) relative to Sr (av. 13.5 and 64.2 ppm,
respectively), high K2O, and low CaO contents suggests a pelitic parent source [84]. In
the Rb/Sr vs. Rb/Ba relationships, the younger granites of the MGG are of clay-poor
(monzogranites and syenogranites)/rich (alkali feldspar rocks) origin [69], as seen in
Figure 9l.

5.6. Geodynamic Modelling

The main Eastern Desert crystalline rocks of the ANS are generally composed of
granitic rocks [7]. Diverse tectonic regimes are reflected in their variations in color, texture,
and magma chemistry. We can conclude from the explanation above that the MGGs under
investigation were generated in two distinct stages as they moved from the subduction
(635–620 Ma) to the post-collisional stage (600 ± 10 Ma) [2,85]. The transition took place
at 600 ± 10 Ma, which was accompanied by the post-collisional granitic intrusion. The
occurrence of I-type granodiorites, throughout the accumulation of arcs onto the East
Gondwana edge during the formation of the ANS crust, marked the initial phase of the
MGGs (Figure 10a). The decomposition of a subducting slab produced granodiorites,
which facilitated in the creation of high-K mafic magmas and mantle melting. These
magmas then penetrated the continental crust and formed the calc-alkaline granodiorites
through fractional crystallization (Figure 10a). In contrast, the current study revealed
that the younger granites of MGGs originated at the extensional stage, or late-to-post-
collision (600 ± 10 Ma), at the culmination of the juvenile ANS maturation. Support to
the thickening of the lithospheric layer may result in the high melting required for this
occurrence (Figure 10b). A thick layer in the site of collision led to thermal and gravitational
instability. This caused the slab to break apart (lithosphere delamination), which caused
crustal doming, asthenosphere elevation, and underplating mafic magma [1,86]. The
upwelling of asthenospheric melts resulted in richness in HFSEs such as Nb, Ta, Zr, Sn, and
others. This magma penetrated into the lower crust via large faults and regions of shear.
These faults and shear zones provided a suitable route for elevating fluids, volatiles, and
melts originating from the mantle.



Minerals 2025, 15, 751 18 of 23

 

Figure 10. Evolution sketch of the two granitic Magal Gebreel phases: (a) subducted-related granodi-
orite; and (b) A2 younger granites [19,20].

6. Conclusions
From a combination of the field observation, petrography, mineralogical, and geo-

chemical composition, we can conclude the following;

• Magal Gebreel felsic magmatism comprise I-type (granodiorites) and A2-type (monzo-
granites, syenogranites, and alkali feldspar rocks).

• Granodiorites exhibit negative Ti, P, and Nb anomalies in their patterns and they are
calcic, calc-alkaline, and magnesian. They are frequently developed by melting of high
K-basaltic sources, exhibit a clear enrichment of LILEs in comparison to HFSEs, and
are comparable with the volcanic arc granites.

• The A2-type of MGGs have low contents of Mg#, P2O5, MgO, Fe2O3, Sr, and Ti, and
have large quantities of SiO2, Fe2O3/MgO, Nb, Zr, and Ga/Al. Additionally, they
show a considerably negative anomaly in Eu and a slight elevation in LREEs compared
to HREEs.

• The average temperature at which the Magal Gebreel rocks originated was 740, 723,
769, and 762 ◦C for granodiorite, monzogranites, syenogranites, and alkali feldspar
rocks, respectively, according to the zircon saturation temperature (TZr). The rocks
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under examination originated from crustal components at a pressure of less than
3 kbar and a temperature ranging from 820 to 850 ◦C in the upper continental crust,
according to the normative values of Magal Gebreel rocks.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/min15070751/s1. Table S1: Representative electron microprobe
analyses of feldspar minerals of the Magal Gebreel rocks. Table S2: Representative electron micro-
probe analyses of biotite of the Magal Gebreel rocks. Table S3: Representative electron microprobe
analyses of muscovite of the Magal Gebreel rocks. Table S4: Representative electron microprobe
analyses of amphibole of the Magal Gebreel rocks. Table S5: Representative electron microprobe
analyses of zircon of the Magal Gebreel rocks. Table S6: Representative electron microprobe analyses
of Nb-Ta minerals of the Magal Gebreel rocks. Table S7: Representative electron microprobe analyses
of thorite minerals of the Magal Gebreel rocks. Table S8: Representative electron microprobe analyses
of monazite mineral of the Magal Gebreel rocks. Table S9: Representative electron microprobe analy-
ses of xenotime mineral of the Magal Gebreel rocks. Table S10: Representative electron microprobe
analyses of wolframite mineral of the Magal Gebreel rocks. Table S11: Bulk rock analysis of the Magal
Gebreel rocks.
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