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Abstract: Gabal El-Ineigi fluorite-bearing rare-metal granite with A-type affinity, located in the
Central Eastern Desert of Egypt, is distinguished by its abundance of large fluorite-quartz veins and
mafic enclaves. Plagioclase (labradorite to oligoclase), Mg-rich biotite, and Mg-rich hornblende are
the main components of mafic enclaves, with significant amounts of fluorite as essential phases, and
titanite and Fe-Ti oxides (Nb-free rutile and ilmenite-rutile solid solution) as the main accessories.
These enclaves are monzodioritic in composition, Si-poor, and highly enriched in Ca, Fe, Mg, and
F compared to the host alkali feldspar F-poor Si-rich granites. Given the conflicting evidence for a
restitic, xenolithic, magma mixing/mingling, cumulate, or bimodal origin for these enclaves, we
propose that the mafic enclaves and felsic host granites are two conjugate liquids, with contrasting
compositions, of a single parental melt. This is inferred by the normalized REE patterns that are
similar. As a result, liquid immiscibility is proposed as a probable explanation for this mafic—felsic
rock association. These enclaves can be interpreted as transient melt phases between pure silicate
and calcium-fluoride melts that are preserved from the early stages of separation before evolving into
a pure fluoride (Ca-F) melt during magma evolution. Due to element partitioning related to melt
unmixing, the enclaves are preferentially enriched in Ca, F, Li, Y, and REE and depleted in HFSE (such
as Zr, U, Th, Ta, Nb, Hf, and Ga) in comparison to the host granites. Furthermore, mafic enclaves
exhibit W-type tetrad effects, while host granites exhibit M-type tetrad effects, implying that the REE
partitioning, caused by liquid immiscibility, is complementary.

Keywords: silicate melt; mafic enclave; tetrad effect; liquid immiscibility; fluoride melt

1. Introduction

Rare-metal granites are igneous rocks that are chemically unique and have a high
economic value. Rare earth elements (REEs) and rare metals, such as Nb, Ta, Be, Th, U, Tj,
Sn, Cs, W, Ga, Zr, and Mo, are highly enriched in these rocks [1]. This enrichment has been
attributed to various magmatic and hydrothermal ore-forming processes, including pro-
tracted fractional crystallization and hydrothermal remobilization by deuteric fluids [2-7].
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Following the discovery of melt inclusions in the world-class rare metal deposits of per-
alkaline granites at Strange Lake and Quebec-Labrador, Canada [8,9], the significant role
of liquid immiscibility and segregation of REE-Y- and HFSE-rich immiscible melts in the
formation of rare-metal deposits was greatly increased.

Liquid immiscibility results in significant geochemical differentiation. Even if the
proportion of one of the immiscible melt phases is small, its separation and transport can
be significant, particularly in the formation of some rock types and orthomagmatic ore
deposits [10,11]. Researchers reconsidered the necessity of liquid immiscibility in igneous
petrogenesis after discovering melt inclusions in lunar rocks containing two compositionally
different glass phases [12] and syenitic ocelli in lamprophyre dykes in the Monteregian
province of Quebec [13].

In general, fluid /melt-melt immiscibility is a significant process that can fractionate
incompatible elements and increase their contents in the ore deposits. Kiruna-type iron
oxide (+apatite) deposits, which are related to volcanic rocks or sub-volcanic intrusions, are
thought to be the result of melt unmixing, particularly after the detection of melt inclusions
dominated by silica-rich melts with droplets of immiscible iron-rich melt in plagioclase
phenocrysts from andesite of the Pliocene-Pleistocene volcanic arc of the Andes, Chile [14].
Some scholars demonstrated experimentally that increasing water activity and oxygen
fugacity can enlarge the two-liquid field, thus allowing the Fe-P melt to separate easily
from host silicic magma and produce iron oxide-apatite ores [15]. Furthermore, chemical
fingerprints of immiscibility between hydrosaline fluids and aluminosilicate melt could
be observed through fractionation of Na and Li from K, Rb, and Cs in peralkaline silicic
systems [11,16]. High concentrations of Sn (230 to 1700 ppm) were reported in salt globules
of fluid inclusions coexisting with silicate melt inclusions at the Industrial'noe deposit in
the southern part of the Omsukchan trough, northeastern Russia, which is associated with
granitic and metasomatic rocks [17].

There are many types of melt-melt immiscibility that have never been seen directly,
but their fingerprints have been preserved only in crystal microstructures [18] or melt
inclusions [19]. These immiscible conjugate liquids have also been produced in the labora-
tory [15,20,21]. Silicate-silicate immiscibility that produces granitic and gabbroic alkaline
melts [22] and silicate—carbonate immiscibility that generates carbonatitic rocks [23-25],
are the primary types that have been widely recognized. Other types, such as silicate-
sulphide liquids, cause the formation of Cu-Ni-PGE ore deposits [26], and silicate-chloride
liquids [27], silicate-phosphate liquids [25], and silicate-fluoride liquids [28] are infrequently
recorded and observed in nature.

In this paper, we present the first natural example of silicate-fluoride liquid immiscibil-
ity, i.e., not macroscopic melt inclusions [8,9] but rock inclusions, from the Gabal El-Ineigi
area, Central Eastern Desert of Egypt. The current study focuses on mafic enclaves associ-
ated with the Gabal El-Ineigi fluorite-bearing granite and represents an initial investigation
into the field, textural, and chemical features of enclaves in comparison to the host rare-
metal A-type granite. Our research provides an important opportunity to investigate traces
of the silicate-fluoride melt unmixing in nature and allows for a complete understanding of
the pluton’s history.

2. Geological Setting

Between 870 and 550 Ma, the final assembly of Greater Gondwana, or “Pannotia”,
produced the Arabian-Nubian Shield (ANS) and Mozambique orogenic belts that stretch
from Egypt and Saudi Arabia to Madagascar, as well as the Trans-Saharan and Roke-
lide/Mauretanian belts of West Africa [29,30]. The ANS (Figure 1a) cratonization happened
throughout three stages [31]: (1) pre-collision (~870-670 Ma), involving formation of island
arcs terrains and then accretion of these terrains; (2) collisional stage (~650-620 Ma), includ-
ing collision between East (accreted island arcs of the ANS) and West (Saharan Metacraton
or pre-Neoproterozoic continental crust) Gondwana lands; and (3) post-collision stage
(~630-550 Ma), including anorogenic igneous activity and granitic intrusions.
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The rock exposures of the ANS (Figure 1), arranged from the oldest to the youngest [32,33],
include high-grade gneisses and core complexes, dismembered ophiolites (780-730 Ma), arc
assemblages (metavolcanics, metasediments, and metagabbro-diorite complexes; 780-620 Ma),
Hammamat molasse-type sediments (600-585 Ma), and Dokhan volcanics (620-550 Ma).
Furthermore, two main types of granitic rocks were generated in the ANS during this
orogenic process, younger and older granitoids. Older granitoids refer to syn-tectonic
(670-590 Ma), subduction-related, and calc-alkaline magmas with I-type affinity (quartz
diorite to monzogranite in composition [34,35]), while younger granitoids frequently refer
to post-tectonic (590-550 Ma), suture-related, and alkaline to peralkaline magmas with A-
type affinity (alkali feldspar granite to monzogranite and syenite in composition [4,5,36,37]).
Post-collisional rare-metal granites and pegmatites are economically significant and are
widely distributed in the northern ANS, particularly in Egypt and Saudi Arabia [38—40]
(Figure 1a).
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Paleoproterozoic exposure and
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Figure 1. (a) Geological map of the ANS showing the distribution of the main post-collisional rare-
metal granitic plutons including Gabal El-Ineigi. (b) Geologic map of Gabal El-Ineigi showing the
different lithological units in the area (after Sami et al. [41]).

The Gabal El-Ineigi area, located in the Central Eastern Desert of Egypt, contains
serpentinite, metagabbro-diorite complexes, metavolcanics, and a small belt of trachyte [41]
along Wadi Abu Qurayyah in the southern part of the study area (Figure 1b). Besides,
older granitoids are often represented by granodiorites with lower topography and are
found in the western portion of the mapped area. Post-orogenic granites intruded these
rocks with non-reactive and sharp contacts and formed isolated cone-like bodies of varying
sizes. In terms of mineralogy, these granites are classified into two types, syenogranite
and alkali-feldspar granite. Syenogranite is a coarse-grained, grey to greyish pink-colored
and blocky rock, while alkali-feldspar granite is a medium-grained, pink-colored, and
massive rock. Fault frameworks trend NW-SE and NE-SW, and weathering is manifested
by onion-shaped exfoliation and the formation of cavernous cavities.

The alkali-feldspar granite has higher topography, an abundance of fluorite-quartz
veins (so-called “fluorite-bearing granite”) (Figure 2a), and mafic enclaves, which make it
distinguishable from the syenogranite. Fluorite-quartz veins are common in the central
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and northeastern portions of the alkali-feldspar granite and have a size range from 0.5 to
4 m wide and several to hundreds of meters long (Figure 2a). These veins are green in color
and frequently trend in the directions of NE-SW. Mafic enclaves (the focus of this study)
are distributed throughout the entire exposure of the host alkali-feldspar granite. They are
medium- to fine-grained and darker in color when compared to the host granite. These
enclaves have ellipsoidal to rounded forms and range in size from 3 to 40 cm (Figure 2b).
Interaction (hybridization) between the Gabal El-Ineigi host alkali-feldspar granite and
associated enclaves, as noted in mafic microgranular enclaves from the Gharib Granitoid
Complex, North Eastern Desert, Egypt, is absent [42]. The boundaries between the host
granite and enclaves are clearly defined and devoid of reaction zones and gradational
textures (Figure 2b). Small green fluorite veins associated with quartz are also observed in
the enclave hand specimens.

Quartz-fluroite vein

Figure 2. Field photographs where (a) the outcrop of quartz-fluorite vein intruded into the fluorite-
bearing granites and (b) display the lenticular shape of the mafic enclave with sharp contact with the
host fluorite-bearing granites.

3. Analytical Methods

Twenty-four polished thin sections from the host alkali feldspar fluorite-bearing gran-
ite and enclaves were prepared for petrographical and mineralogical studies using an
optical polarization microscope. A subset of these was selected for mineral analysis and
coated with carbon. Chemical analyses of mineral phases were conducted using polished
carbon-coated thin sections with a CAMECA SX100 electron microprobe (CAMECA, Gen-
nevilliers Cedex, France) equipped with four WDS and one EDS at the Department of
Lithospheric Research, University of Vienna, Austria. All analyses were made using an
acceleration voltage and beam current of 15 kV and 20 nA, respectively, and a beam diame-
ter ranging from 1 to 5 um. Peak count time was 20 s and background time 10 s for major
elements, whereas for trace elements it was 40-60 s and 20-30 s. Natural and synthetic
standards were used for calibration, and the PAP correction [43] was applied to the raw
data. The used standards in the measurement processes are Na,O — 1_Albite, SiO, —
1_Quartz, Al,O3 — 1_Almandine, MgO — 1_MgO, K,O — 1_Adularia, TiO, — 1_TiO,,
CaO — 1_Wollastonite, MnO — Spess_Sch, FeO — 1_FeO, NiO — 1_NiO, and Cr,O3 —
1_Chromite.

Ten representative samples were selected for the whole rock major, trace, and rare
earth element analyses of enclaves. Before bulk rock chemical analyses were carried out,
the samples were cleaned and ground in an electric agate mill, homogenized, dried at
110 °C, and fired at 850 °C. The whole rock major and the trace elements were analyzed
with the X-ray spectrometer Phillips PW 2400 at the Department of Lithospheric Research,
University of Vienna, using fused pellets for major elements and powder pellets for trace
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elements. Replicate analyses of geo-standard GSR-3 gave an overall procedural error better
than 2% for major elements and 5%, (Cu = 8.5%) for trace elements. The Cs, Sc, Y, Zr,
and REE analyses were performed at the Institute of Analytical Chemistry, Karl-Franzens
University of Graz according to the method described by [44].

4. Petrography of the Host Rock and Enclaves

The host alkali-feldspar granite is equigranular and has a hypidiomorphic texture. It
is primarily composed of alkali feldspar, plagioclase (albite in composition), and quartz as
essential minerals, with minor amounts of biotite, muscovite, and fluorite. The dominant
accessory minerals are zircon, columbite, fergusonite, thorite, and Fe-Ti oxides (rutile and
magnetite). Potassium feldspar is found in two varieties, perthite and microcline, whereas
plagioclase is found as subhedral laths with albitic twining. Biotite and muscovite are
flaky, large crystals (indicating magmatic origin) that coexist with plagioclase and quartz.
Quartz occurs as coarse- and fine-grained crystals and represents the most abundant rock-
forming minerals. Fluorite, in particular, is dispersed in the host granite and varies in color
(colorless, violet, and purple). It occurs in many forms, such as veinlets filling the fractures,
aggregates associated with micas, quartz and feldspars, large crystals hosting rare-metal
minerals (thorite and columbite), and zoned subhedral crystals.

Mafic enclaves have granular texture and are predominantly made up of feldspar,
biotite, and amphibole, with significant amounts of fluorite (Figure 3). Titanite and Fe-Ti
oxide (rutile and ilmenite-rutile solid solution) are the main accessories. Quartz occurs in
a little amount mainly as small veinlets associated with fluorite (Figure 3c). Plagioclase
forms small laths with lamellar twining, but no K-feldspar was found in the samples
examined. The most abundant rock-forming minerals are ferromagnesian minerals (biotite
and amphibole), with biotite being more abundant than amphibole (Figure 3a—c). Biotite
grains are flaky, large anhedral to subhedral crystals that are occasionally elongated. Biotite
is either intergrown with plagioclase and amphibole (showing magmatic texture with
cleanly-terminated euhedral crystals) or an interstitial phase, while amphibole forms
anhedral to subhedral crystals that vary in size. Titanite is common and can be found
as spheroidal or euhedral envelope-like (hourglass shape indicating its magmatic origin)
inclusions in biotites or as corona textures and overgrowths (indicating their secondary
origin) on rutile in amphibole and biotite or along the cracks (Figure 3d,e). Fluorite occurs
in two forms (Figure 3¢,f): (i) anhedral to subhedral crystals genetically associated with
biotite and amphibole, and (ii) 1 mm-sized veinlets associated with quartz.

Figure 3. Cont.
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Figure 3. (a—c) Photomicrographs with crossed nicols showing the textural features of essential min-
erals in mafic enclaves from the Gabal El-Ineigi area: anhedral to subhedral flaky biotite, amphibole
with variation in size, plagioclase laths, and quartz associated with fluorite as veins. (d,e) Backscat-
tered electron (BSE) images displaying two generations of titanite: one forming hourglass-like (d)
and the other forming a corona structure with rutile (e). (f) BSE images showing fluorite forms and
generations that are mainly associated with biotites and amphiboles. The mineral abbreviations are
Amph = amphibole; Plg = plagioclase; Fl = fluorite; Qtz = quartz; Tnt = titanite; Bt = biotite and
Rt = rutile.

5. Mineral Chemistry

Chemical compositions and formulas of plagioclase, amphibole, and biotite in mafic
enclaves are listed in Tables 1-3, respectively, while titanite, Fe-Ti oxides, and fluorite
are listed in Tables S1 and S2—Supplementary Materials. The mineral data of the host
fluorite-bearing granite (used for comparison) can be found in Sami et al. [41].

Plagioclase analyses in mafic enclaves have a wide range of composition between
Ans3 5AbgOrg 4 and Anig5AbgOrg 5 (Table 1). They fall within calcic plagioclase fields
ranging from labradorite to oligoclase in composition (Figure 4). In contrast, plagioclase
analyses in the host granite have a narrow range and are composed entirely of albite
(Figure 4).

Amphibole analyses in mafic enclaves are given in Table 2. They belong to the calcic-
amphibole group, with C,g > 1.5 and (Na + K) < 0.5 (Table 2). According to the nomencla-
ture diagram of Leake et al. [45], amphibole is further classified as magnesio-hornblende
(Figure 5a), with Mg/ (Mg + Fe*?) ratios ranging from 0.63 to 0.73 (Table 2).

Temperatures of amphibole in mafic enclaves were calculated using the thermometer
of Ridolfi et al. [46]. (oest) = uncertainty. u.d.l; under detection limit.

The Si contents (apfu) ranged from 6.9 to 7.5 and never exceed 7.5 (apfu) (the limit
of igneous amphibole), which indicates its igneous origin. Formation temperatures of
amphiboles in mafic enclaves were calculated using the thermometer of Ridolfi et al. [46].
The obtained temperatures often ranged from 760 to 710 °C (Table 2).

Biotite analyses in mafic enclaves are given in Table 3. Biotite phases contain higher
510, (~39-41 wt.%) and MgO (~12-19 wt.%) contents but lower and varied TiO, (~0.05-0.72
wt.%), Al,O3 (~12.5-18.9 wt.%), and FeO (~10.5-14.31 wt.%) contents if compared to that
of biotite in the host granite. Thus, biotite in the enclaves has a low Fe# [Fe/(Fe + Mg)]
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atomic ratio (0.24-0.38) and high Mg/Fe (1.7-3.2), indicating their crystallization from a
high F-rich medium [47]. In comparison to enclave biotites, granite biotites are largely
different and have a very high Fe# ratio (0.99-1) that is consistent with that of biotite in
mineralized granite [48,49]. In addition, biotite in the enclave is markedly characterized
by high F contents (~2.1-3.3 wt.%), while fluorine of biotite in the granite is below the
detection limit.

Table 1. Representative electron probe microanalyses (EPMA) of plagioclase feldspars from Gabal
El-Ineigi mafic enclaves.

Spot# Pl1 P12 P13 P14 P15 Ple P17 P18 P19 P110 PI11 Pl12 P113 Pl14 PI15

Si0, 7095 6024 56.06 5489 5551 5492 5478 5718 5463 5481 6205 6122  62.6 6343  61.36
TiO, 0.002 0.004 0.003 0.004 0.002 0.001 0.002 0.001 0.001 0.011 0.001 0.011 0.001 0.001 0.006
ALO; 17.68 24.56 2237  28.09 27.73 28.28 28.31 26.83 28.27  28.28 23.98 24.54 23.7 22.74 24.67
FeO 1.2 0.25 291 0.12 0.1 0.03 0.06 0.11 0.08 0.09 0.29 0.16 0.18 0.18 0.28
CaO 3.79 6.4 4.79 10.7 10.4 10.87 10.99 8.97 11.04 10.9 5.06 5.46 4.44 3.88 6.02
Na,O 567 7.59 6.87 5.33 5.62 5.41 5.23 6.3 5.34 5.31 8.66 8.35 9.03 9.39 8.4
K,O 0.14 0.07 0.06 0.1 0.12 0.1 0.1 0.11 0.12 0.09 0.15 0.1 0.09 0.09 0.08
MgO 094 0.02 247 0.02 0.04 0.05 0.04 0.11 0.13 0.14 0.02 0.07 0.03 0.02 0.01
Total  100.37 99.13 95.52 99.26 99.53 99.66 99.49 99.61 99.62 99.63 10021 9991 100.08 99.73  100.82
Chemical formula based on 32 oxygen atoms
Si 12.26 10.81 10.58 9.97 10.04 9.94 9.93 10.29 9.9 9.92 10.99 10.88 11.08 11.24 10.83

Ti 0 0.001 0 0.001 0 0 0 0 0 0.001 0 0.001 0 0 0.001
Al 3.6 5.19 497 6.01 591 6.03 6.04 5.69 6.04 6.03 5.01 5.14 4.94 4.75 5.13
Fe(ii) 0.17 0.04 0.46 0.02 0.02 0 0.01 0.02 0.01 0.01 0.04 0.02 0.03 0.03 0.04
Ca 0.7 1.23 0.97 2.08 2.02 2.11 213 1.73 2.14 2.11 0.96 1.04 0.84 0.74 1.14
Na 19 2.64 2.51 1.88 1.97 1.9 1.84 22 1.88 1.86 2.97 2.88 3.1 3.23 2.88
K 0.03 0.02 0.01 0.02 0.03 0.02 0.02 0.03 0.03 0.02 0.03 0.02 0.02 0.02 0.02
Mg 0.24 0.01 0.69 0.01 0.01 0.01 0.01 0.03 0.04 0.04 0.01 0.02 0.01 0.01 0

Total 18.91 19.93 20.2 19.98 20 20.01 19.98 19.98 20.03 20 20.01 20 20.01 20.01 20.04
End members

An 27 32 28 52 50 52 53 44 53 53 24 26 21 18 28
Ab 72 68 72 47 49 47 46 56 46 47 75 73 78 81 71
Or 1 0 0 1 1 1 1 1 1 1 1 1 1 1 0

& Host alkali-feldspar
granite

4@ Enclave

An

Figure 4. Ternary Or-Ab-An diagram for classification of plagioclase in mafic enclaves (this study)
and host alkali-feldspar granite from the Gabal El-Ineigi area.
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Table 2. Representative EPMA analyses of amphiboles from Gabal El-Ineigi mafic enclaves. Chemical formula based on 23 oxygen atoms.
Spot# Aml Am?2 Am3 Am4é Amb5 Amé6 Am7 Am8 Am9 Aml0 Amill Am12 Am13 Am14 Am15 Am16 Am17 Am18 Am19 Am20 Am21 Am22 Am23
SiO; 48.01 49.94 49.84 49.85 50.26 51.29 46.34 50.04 50.14 50.56 50.77 50.04 48.80 49.63 50.45 50.11 48.11 50.07 48.49 51.30 51.66 49.97 50.96
TiO, 0.23 0.63 0.49 0.68 0.73 0.29 0.79 0.39 0.63 0.43 0.25 0.40 0.15 0.13 0.18 0.21 0.23 0.16 0.56 0.20 0.33 0.21 0.25
Al,O3 6.42 4.61 5.06 4.73 4.46 3.74 7.98 4.79 5.01 4.47 4.55 5.03 4.48 4.66 3.84 4.09 5.73 4.14 5.78 3.67 3.37 4.65 3.96
FeO 12.84 12.49 12.11 12.08 12.02 11.80 13.12 11.67 11.60 11.34 11.36 11.90 14.54 14.73 14.00 14.80 15.17 14.34 1291 12.54 12.38 12.62 12.28
MnO 0.29 0.30 0.29 0.27 0.24 0.25 0.23 0.25 0.27 0.28 0.24 0.25 0.52 0.51 0.52 0.52 0.53 0.52 0.30 0.36 0.37 0.35 0.34
MgO 14.16 14.83 14.89 14.99 15.12 15.47 13.53 15.27 15.36 15.72 15.65 15.43 13.24 13.47 14.00 13.63 12.73 13.92 14.50 15.50 15.57 14.84 15.18
CaO 12.40 12.54 12.67 12.40 12.56 12.77 12.63 12.66 12.48 12.73 12.70 12.71 12.70 12.27 12.29 12.22 12.23 12.39 12.37 12.67 12.59 12.57 12.62
Na,O 1.15 1.18 1.14 1.06 1.06 0.86 148 0.99 1.16 1.04 0.86 0.99 0.78 0.70 0.91 1.04 0.98 0.87 1.24 0.80 0.94 0.90 0.95
K,O 0.81 0.24 0.27 0.22 0.23 0.18 0.57 0.30 0.20 0.20 0.27 0.44 0.49 0.57 0.19 0.16 0.53 0.30 0.30 0.25 0.14 0.38 0.21
F 0.71 0.82 0.80 0.83 0.68 0.66 0.71 0.86 0.67 0.64 0.69 0.77 0.60 0.82 0.71 0.79 091 0.86 0.81 0.76 0.82 0.82 0.87
Cl u.d.l u.d.l u.d.l u.d.l u.d.l u.d.l u.d.l u.d.l u.d.l u.d.l u.d.l u.d.l u.d.l u.d.l u.d.l u.d.l u.d.l u.d.l u.d.l u.d.l u.d.l u.d.l u.d.l
Cr,03 0.25 0.37 0.36 0.38 0.21 0.14 0.28 0.12 0.09 0.06 0.12 0.01 0.15 0.10 0.07 0.07 0.44 0.06 0.16 0.10 0.10 0.10 0.10
NiO 0.04 0.02 0.01 0.01 0.03 0.01 0.01 0.02 0.03 0.04 0.03 0.04 0.03 0.04 0.05 0.02 0.01 0.07 0.04 0.04 0.05 0.05 0.04
Total 97.31 97.97 97.93 97.48 97.58 97.46 97.67 97.35 97.61 97.51 97.50 98.02 96.47 97.63 97.21 97.65 97.60 97.70 97.46 98.19 98.31 97.44 97.75
Si 7.09 7.30 7.28 7.29 7.34 7.48 6.85 7.32 7.29 7.35 7.38 7.27 7.32 7.32 7.43 7.38 7.15 7.37 7.12 7.43 7.47 7.32 7.43
A1V 091 0.70 0.72 0.71 0.66 0.52 1.15 0.68 0.71 0.65 0.62 0.73 0.68 0.68 0.57 0.62 0.85 0.63 0.88 0.57 0.53 0.68 0.57
ALV 0.20 0.09 0.15 0.10 0.11 0.12 0.24 0.15 0.15 0.12 0.16 0.13 0.11 0.13 0.10 0.09 0.15 0.09 0.12 0.05 0.05 0.13 0.12
Ti 0.03 0.07 0.05 0.07 0.08 0.03 0.09 0.04 0.07 0.05 0.03 0.04 0.02 0.02 0.02 0.02 0.03 0.02 0.06 0.02 0.04 0.02 0.03
Cr 0.03 0.04 0.04 0.04 0.02 0.02 0.03 0.01 0.01 0.01 0.01 0.00 0.02 0.01 0.01 0.01 0.05 0.01 0.02 0.01 0.01 0.01 0.01
Fe3+ 0.23 0.12 0.09 0.19 0.11 0.05 0.16 0.12 0.17 0.13 0.15 0.19 0.12 0.33 0.24 0.30 0.33 0.29 0.32 0.26 0.21 0.22 0.13
Fe?* 1.36 1.40 1.39 1.29 1.36 1.39 1.46 1.31 1.24 1.25 1.23 1.26 1.71 1.49 1.48 1.52 1.56 147 1.26 1.26 1.29 1.33 1.37
Mn 0.04 0.04 0.04 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.07 0.06 0.07 0.07 0.07 0.06 0.04 0.04 0.05 0.04 0.04
Mg 3.12 3.23 3.24 3.27 3.29 3.36 2.98 3.33 3.33 341 3.39 3.34 2.96 2.96 3.08 2.99 2.82 3.05 3.17 3.35 3.36 3.24 3.30
Ni 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.01 0.01 0.00 0.00 0.01 0.00 0.00 0.01 0.01 0.00
Ca 1.96 1.96 1.98 1.94 1.96 2.00 2.00 1.99 1.94 1.98 1.98 1.98 2.04 1.94 1.94 1.93 1.95 1.95 1.95 1.97 1.95 1.97 1.97
Na 0.33 0.34 0.32 0.30 0.30 0.24 0.42 0.28 0.33 0.29 0.24 0.28 0.23 0.20 0.26 0.30 0.28 0.25 0.35 0.23 0.26 0.26 0.27
K 0.15 0.04 0.05 0.04 0.04 0.03 0.11 0.06 0.04 0.04 0.05 0.08 0.09 0.11 0.04 0.03 0.10 0.06 0.06 0.05 0.03 0.07 0.04
F 0.33 0.38 0.37 0.38 0.31 0.31 0.33 0.40 0.31 0.30 0.32 0.36 0.29 0.38 0.33 0.37 0.43 0.40 0.38 0.35 0.38 0.38 0.40
Cl 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
OH * 1.67 1.62 1.63 1.62 1.69 1.69 1.67 1.60 1.69 1.70 1.68 1.65 1.71 1.62 1.67 1.63 1.57 1.60 1.62 1.65 1.62 1.62 1.60
Total 17.44 17.34 17.36 17.28 17.30 17.27 17.53 17.32 17.31 17.32 17.27 17.34 17.36 17.24 17.24 17.25 17.33 17.26 17.35 17.24 17.24 17.30 17.28
Mg/Mg + Fe?) 0.70 0.70 0.70 0.72 0.71 0.71 0.67 0.72 0.73 0.73 0.73 0.73 0.63 0.67 0.68 0.66 0.64 0.68 0.72 0.73 0.72 0.71 0.71
T Q) 794 752 761 752 747 724 843 754 759 750 744 762 - 731 714 719 762 724 781 722 715 746 728
(oest) 22 22 22 22 22 22 22 22 22 22 22 22 - 22 22 22 22 22 22 22 22 22 22

T; Temperatures of amphibole in mafic enclaves calculated using thermometer of Ridolfi et al. [46]. (cest); uncertainty. u.d.l; under detection limit.
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Figure 5. (a) Nomenclature diagram of Leake et al. [45] for amphiboles in mafic enclaves from
the Gabal El-Ineigi area classified them as Mg-hornblende. (b,c) Mg—AlVI + Fe*3 + Ti-Fe*2 + Mn
ternary diagram (b) after Foster [50] and feal versus mgli scheme (c) after Tischendorf et al. [51]
for classification of biotite in the mafic enclaves and host granites from the Gabal El-Ineigi area.
(d) Ternary diagram (10 x TiO, — (FeO'°t + MnO) — MgO]) after Nachit et al. [52] showing genesis
of biotite (primary magmatic, re-equilibrated, and secondary origins) in the mafic enclaves and host
granites from the Gabal El-Ineigi area. Symbols as in Figure 4.

In terms of the Mg-AlY! + Fe*3-Fe*? + Mn ternary component (Figure 5b, [50]), the
biotite phase in mafic enclaves plots between Mg-biotite and phlogopite fields, while that
associated with host granite falls close to the siderophyllite and lepidomelane field. Based
on the classification scheme of Tischendorf et al. [51], biotite in the enclave belongs to Mg-
biotite, whereas biotite in the host granite plots in the protolithonite-siderophyllite field
(Figure 5¢). Using the ternary relationship (10 x TiO; — (FeO™t + MnO) - MgO) [52], biotite
in the enclave plots between re-equilibrated and secondary biotite fields, while that in the
host granite is mainly primary magmatic biotite (Figure 5d). However, AIV! of biotite in the
enclave is < 1 (0.04-0.22; Table 3), which may suggest its magmatic origin [52]. Therefore,
the depletion of biotite in Ti relative to magmatic crystallization may be caused by the
exsolution of Ti to form titanite due to hydrothermal alteration or element fractionation
due to simultaneous crystallization of magmatic titanite.

Fe-Ti oxide (titanite, rutile, and ilmenite-rutile solid solution) analyses are shown
in Table S1—Supplementary Materials. Titanite (CaTi (5iOs)) is only found in the mafic
enclaves. Without any substitution for Ca and Ti in the titanite, the ideal CaO and TiO,
contents are 28.6 wt.% and 40.13 wt.%, respectively. Applied into titanite in mafic enclaves,
the Ca is slightly lower than the ideal concentration and ranges between 27.8 and 28.6 wt.%
of CaO, while the Ti is significantly varied and highly lower than ideal concentration, with
a range from 28.15 to 38.8 wt.% of TiO,. The SiO; has a restricted range of 30.1 to 31.2 wt.%
and is overlapped with the ideal value of titanite (30.65 wt.%), which indicates no significant
substitution for Si. However, the Al,O3 and FeO are high and variable with a range of
1.3-6.3 wt.% and 0.6-1.7 wt.%, respectively. The negative correlation between TiO, and
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Al>,O3 + FeO (Figure S1—Supplementary Materials) indicates a dominant substitution of Ti
by Al and Fe, which is widely present in titanite associated with worldwide mineralized
granite [53,54].

Rutile and ilmenite-rutile solid solutions are presented in Table S1—Supplementary
Materials. Rutile shows TiO, ranging from 96.3 to 97.3 wt.% and FeO ranging from 0.6
to 1.3 wt.%, while Al,O3 and other oxides have insignificant amounts or are below de-
tection limit. However, natural rutile usually incorporates Nb and Ta via solid solution
with columbite group minerals [55], Nb and Ta of rutile in the mafic enclaves are below
detection limit. Rutile in the host granite, on the other hand, contains significant amounts
of NbyO5 (0.62-2.72 wt.%) and TayOs (< 0.5 wt.%) and has higher Al,O3 concentration (up
to 1.25 wt.%) than rutile found in granitic rock and pegmatite [56]. Ilmenite-rutile solid so-
lution occurs only in mafic enclaves and contains lower contents of TiO; (79.37-82.36 wt.%)
and significant amounts of FeO (12.04-14.24 wt.%) and MnO (1.6-1.9 wt.%).

Fluorite in mafic enclaves (Table S2—Supplementary Materials) contains CaO and F
with a range of 54.3-55.5 wt.% of Ca and 37.7-38.4 wt.% of F, respectively. Fluorite phases
have a low total sum (92.6-93.8 wt.%). By contrast, the content of Ca is lower (50.1-53.1
wt.%) and F is higher (46.3-48.8 wt.%) in the fluorite of the host granite than its counterpart
in mafic enclaves. Furthermore, fluorite in the host granite has stoichiometric F and Ca
composition.

Table 3. Representative EPMA analyses of biotite from El-Ineigi mafic enclaves (formula based on 22
oxygen atoms).

Spot# Bol Bo2 Bo3 Bo4 Bo5 Bo6 Bo7 Bo8 Bo9 Bo10 Boll Bo12 Bo13
SiO, 38.79 38.57 38.96 39.81 40.18 39.73 40.39 40.22 39.04 40.60 40.78 40.74 40.72
TiO; 0.59 0.61 0.55 0.05 0.57 0.66 0.52 0.58 0.72 0.54 0.54 0.47 0.57
Al,03 14.68 14.44 14.26 18.89 12.54 12.67 12.62 12.58 13.34 12.54 12.50 12.55 13.00
FeO 12.73 12.59 12.34 12.69 12.79 13.08 12.29 12.74 14.31 12.79 10.49 11.00 11.23
MnO 0.17 0.14 0.16 0.15 0.30 0.26 0.29 0.31 0.34 0.31 0.14 0.17 0.18
MgO 16.77 16.70 16.93 11.75 16.79 16.87 17.32 17.13 16.03 17.05 18.91 18.65 18.27
CaO 0.17 0.18 0.17 1.73 0.01 0.03 0.05 udl 0.02 udl 0.08 0.04 0.05
Na,O 0.26 0.14 0.10 2.43 0.05 0.05 0.06 0.05 0.06 0.04 0.14 0.07 0.12
K,O 9.72 9.74 9.95 0.43 8.55 8.77 8.28 8.59 9.07 8.85 9.01 9.19 8.74
F 2.52 2.48 271 2.35 217 2.46 2.55 2.34 211 271 3.32 3.00 2.90
Cl1 0.03 0.02 0.01 0.02 0.03 0.01 0.02 0.01 0.01 0.01 0.02 0.00 0.02
Cr,03 0.08 0.10 0.09 0.12 0.11 0.09 0.07 0.11 0.18 0.09 0.08 0.06 0.11
Li,O * 1.58 1.52 1.63 1.87 1.98 1.85 2.04 1.99 1.65 2.10 2.15 2.14 2.14
H,O* 2.89 2.88 2.79 2.96 3.02 2.88 2.87 2.97 3.04 2.82 2.56 2.72 2.77
Subtotal 100.97 100.09 100.64 95.25 99.08 99.39 99.39 99.61 99.92 100.45 100.72 100.80 100.81
O=ECl 1.07 1.05 1.14 0.99 0.92 1.04 1.08 0.99 0.89 1.14 1.40 1.26 1.23
Total 99.90 99.04 99.50 94.26 98.16 98.35 98.31 98.62 99.03 99.30 99.32 99.54 99.58
Si 5.69 5.70 5.73 5.85 5.93 5.88 5.93 5.91 5.79 5.93 591 5.90 5.89
ALY 2.32 2.30 2.27 2.15 2.07 2.12 2.07 2.09 221 2.07 2.10 2.10 212
Sum (Z) 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00
AlM 0.22 0.22 0.20 112 0.12 0.09 0.12 0.09 0.12 0.09 0.04 0.04 0.10
Ti 0.07 0.07 0.06 0.01 0.06 0.07 0.06 0.07 0.08 0.06 0.06 0.05 0.06
Cr 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.02 0.01 0.01 0.01 0.01
Fe 1.56 1.56 1.52 1.56 1.58 1.62 1.51 157 1.78 1.56 127 1.33 1.36
Mn 0.02 0.02 0.02 0.02 0.04 0.03 0.04 0.04 0.04 0.04 0.02 0.02 0.02
Mg 3.66 3.68 3.71 2.57 3.70 3.72 3.79 3.75 3.55 3.71 4.08 4.03 3.94
Li* 0.93 0.90 0.96 111 1.18 1.10 1.21 1.18 0.99 1.23 1.25 1.25 1.24
Sum (Y) 6.47 6.45 6.48 6.40 6.68 6.65 6.73 6.70 6.57 6.71 6.73 6.73 6.73
Ca 0.03 0.03 0.03 0.27 0.00 0.01 0.01 0.00 0.00 0.00 0.01 0.01 0.01
Na 0.07 0.04 0.03 0.69 0.02 0.01 0.02 0.01 0.02 0.01 0.04 0.02 0.03
K 1.82 1.84 1.87 0.08 1.61 1.66 1.55 1.61 1.72 1.65 1.66 1.70 1.61
Sum (X) 1.92 1.90 1.92 1.04 1.63 1.67 1.58 1.62 1.74 1.66 1.72 1.73 1.65
OH * 2.82 2.84 2.74 2.90 2.98 2.85 2.81 291 3.01 2.75 2.48 2.63 2.67
F 117 1.16 1.26 1.09 1.01 1.15 1.19 1.09 0.99 1.25 1.52 137 1.33
Cl 0.01 0.01 0.00 0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Sum 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 20.39 20.36 20.40 19.44 20.31 20.32 20.30 20.33 20.31 20.37 20.44 20.46 20.38
Al total 2.54 2.52 2.47 3.27 2.18 2.21 2.18 2.18 2.33 2.16 2.13 2.14 2.21
Fe/Fe + Mg 0.30 0.30 0.29 0.38 0.30 0.30 0.29 0.29 0.33 0.30 0.24 0.25 0.26
Mg/Fe 2.35 2.36 2.45 1.65 2.34 2.30 2.51 2.40 2.00 2.38 3.21 3.02 2.90
mgli ** 2.73 2.78 275 1.47 2.52 2.62 2.59 2.58 2.56 248 2.83 2.78 2.69
feal ** 1.43 1.42 1.40 0.46 1.57 1.63 1.49 1.58 1.77 1.57 1.31 1.36 1.34

* Li,O and H,O calculations after Tindle and Webb [57]. ** feal = octahedral (FeT + Mn + Ti — AIYY) versus
mgli = octahedral (Mg-Li); Tischendorf et al. [51]. u.d.l; under detection limit.
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6. Whole Rock Geochemistry

Major and trace element results for mafic enclaves are listed in Table 4. The host
rock data (used for comparison) can be found in Sami et al. [41]. The host alkali-feldspar
granite shows features of rare-metal granite with an A-type affinity [41]. It contains high
abundances of alkali feldspar, albite, and quartz, which are similar to the alkaline granite
(reflected by high SiO; and (NayO + K;O) contents), and fluorite and rare-metal minerals
(e.g., columbite, fergusonite, thorite, and zircon) such as rare-metal granites. In addition, the
10,000 Ga/ Al ratios are higher than the global average of 3.75 for the A-type granites [41].
The mafic enclaves have much lower SiO; (53.1-55.7 wt.%) as well as slightly lower Na,O
(3.42—4.08 wt.%) and K,O (3.15-3.84 wt.%) concentrations when compared to the host
granite. Furthermore, mafic enclaves are significantly enriched in FeO (6.02-6.96 wt.%),
MgO (5.65-6.03 wt.%), and CaO (6.58-7.40 wt.%) but moderately enriched in TiO,, P,Os,
and Al,Os. Mafic enclaves, in particular, have significantly higher F (2.09-3.06 wt.%) than
their host granites (0.32-0.42 wt.%).

Using the total alkalis versus SiO; diagram of Le Bas et al. [58] and Middlemost [59],
mafic enclaves plot in the monzodiorite field, while the host rocks fall in the granite field
(Figure 6a). Mafic enclaves have an alumina saturation index (ASI = Al/Ca + Na + K),
which are metaluminous (ASI = 0.66 to 0.68, Al/Na + K = 1.46 to 1.61), different from their
host granites (ASI = 0.95 to 1.01, Al/Na + K = 1.05 to 1.09) (Table 5).
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Figure 6. Classification schemes of plutonic rocks for the mafic enclaves and host granites from the
Gabal El-Ineigi area. (a) The total alkalis versus SiO; classification diagram [58,59]. (b) A/NK (molar
Al,O3/NayO + K;0) vs. A/CNK (molar Al,O3/CaO + NayO + K,0) [60]. (¢) The modified alkali-
line index (MALI) (NayO + K,O — CaO) versus SiO; [61]. (d) SiO, versus FeO¢/FeO; + MgO [61].
Symbols as in Figure 4.
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Table 4. Representative chemical analyses of bulk rock samples for major oxides (in wt.%), trace, and

REE (in ppm) of enclaves from the Gabal El-Ineigi fluorite-bearing granite.

Sample IE1 IE2 IE3 IE4 IE5 IE6 IE7 IE8 IE9 IE10
SiO; 53.88 54.36 53.46 55.04 53.67 54.27 53.08 53.94 54.89 55.68
TiOy 0.34 0.29 0.37 0.26 0.35 0.31 0.39 0.36 0.30 0.25

AL, O3 15.26 14.95 15.69 14.89 15.42 15.11 15.72 15.22 15.07 14.76
FeO 6.47 6.30 6.88 6.17 6.52 6.32 6.96 6.41 6.26 6.02
MnO 0.14 0.13 0.15 0.12 0.14 0.13 0.15 0.14 0.13 0.12
MgO 5.88 5.80 5.94 5.77 591 5.83 6.03 5.82 5.71 5.65
CaO 7.14 7.01 7.23 6.78 7.21 7.09 7.40 7.07 7.00 6.58
Na,O 3.64 3.70 3.56 3.75 3.61 3.68 3.42 3.49 3.81 4.08
K,O 3.59 3.52 3.68 3.46 3.64 3.53 3.84 3.50 3.36 3.15
P,05 0.04 0.03 0.05 0.03 0.04 0.04 0.06 0.04 0.03 0.03

F 2.17 2.28 223 3.06 231 2.38 2.09 2.25 2.49 2.66
LOI 1.31 1.25 1.39 1.19 1.34 1.29 1.51 1.68 0.98 0.86
Sum 99.86 99.62 100.63 100.52 100.16 99.98 100.65 99.92 100.03 99.84

Ba 37.83 42.09 41.13 35.88 38.12 33.36 47.77 34.67 37.40 33.13
Co 39.30 38.41 42.49 36.78 39.49 38.91 42.65 39.10 37.10 34.44

Cr 460.60 581.08 560.66 361.80 361.73 364.32 480.57 421.58 472.00 316.13
Cu 3.63 3.18 4.46 3.12 4.00 3.37 492 3.74 4.10 3.54
Ga 17.40 18.30 16.90 18.40 17.10 17.70 17.00 17.50 18.10 18.50
Hf 0.68 0.99 0.91 0.60 0.91 0.60 0.72 0.80 1.05 0.84
Mo 0.98 0.80 1.26 0.40 1.07 0.89 0.97 1.18 0.70 0.61
Nb 17.55 23.04 15.28 28.40 15.96 20.57 12.84 19.04 25.18 30.77
Ni 236.18 237.81 261.90 235.17 255.45 235.62 278.89 247.24 235.00 226.24
Pb 7.20 10.35 5.85 13.30 6.37 8.76 5.10 8.08 11.88 12.50
Rb 287.25 369.00 242.45 421.00 266.00 345.10 215.40 317.60 391.40 450.45
Sn 8.18 10.62 6.05 13.40 8.12 10.46 5.04 9.28 12.83 14.91

Sr 64.95 77.76 57.40 84.70 61.18 74.12 55.44 63.12 79.33 75.92

Ta 1.98 227 1.89 3.65 1.96 2.12 1.66 2.07 3.45 3.98
Th 1.45 2.15 1.22 2.39 1.36 191 1.19 1.88 2.29 2.63

U 0.99 1.11 0.89 1.13 0.95 1.05 0.86 1.02 1.06 1.16

\' 117.60 117.41 119.31 115.58 117.98 117.81 124.49 123.13 113.00 113.12

w 19.70 20.20 18.43 21.11 18.82 20.10 16.41 18.72 20.00 24.24

Y 922.50 1112.40 796.25 1245.00 863.80 1044.65 675.60 956.80 1149.50 1332.45
Zn 346.50 417.60 302.25 474.00 322.70 399.50 271.20 380.80 445.55 505.05
Zr 23.25 36.90 20.15 45.00 21.00 28.90 19.20 28.00 45.60 53.55

Li 498.00 - 423.80 - 450.10 - 381.00 536.80 - -
Cs 11.06 - 9.37 - 9.88 - 8.29 11.94 - -

Sc 14.94 - 12.32 - 13.43 - 10.54 16.25 - -
La 7.22 - 6.07 - 6.78 - 5.48 8.00 - -
Ce 24.23 - 20.35 - 22.36 - 18.15 26.44 - -

Pr 4.51 - 3.61 - 3.99 - 3.24 5.01 - -
Nd 34.46 - 28.83 - 31.73 - 25.99 37.12 - -
Sm 17.99 - 15.01 - 16.57 - 13.65 19.40 - -
Eu 0.43 - 0.38 - 0.44 - 0.40 0.44 - -
Gd 36.21 - 30.02 - 32.82 - 26.72 39.04 - -
Tb 7.86 - 6.51 - 7.19 - 5.74 8.57 - -
Dy 71.90 - 57.19 - 64.46 - 51.86 77.39 - -
Ho 17.24 - 14.20 - 15.55 - 12.80 18.63 - -

Er 51.63 - 42.82 - 46.59 - 38.91 55.46 - -
Tm 7.86 - 6.40 - 7.15 - 5.73 8.34 - -
Yb 57.85 - 49.34 - 53.52 - 45.08 62.19 - -
Lu 10.37 - 8.81 - 9.57 - 8.05 11.10 - -
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Table 5. Geochemical ratios and parameters for mafic enclaves and host alkali feldspar granite from
Gabeal El-Ineigi area.

Sample# ASI A/NK Fe# Mg# IREE XIHREE ZXLREE La/YbN Y/Ho TE1 TE3 TE4
1E1 0.67 1.55 0.52 47.61 350 261 88 0.089 53.50 0.91 1.05 0.91
IE2 0.66 1.51 0.52 47.93 - - - - - - - -
1E3 0.68 1.59 0.54 46.33 290 215 74 0.088 56.08 0.89 1.03 0.90
1E4 0.67 1.50 0.52 48.32 - - - - - - - -
IE5 0.67 1.56 0.52 47.55 319 237 81 0.091 55.56 0.89 1.05 091
1E6 0.67 1.53 0.52 47.98 - - - - - - - -
1E7 0.68 1.61 0.54 46.42 262 195 67 0.087 52.77 0.89 1.03 0.89
1E8 0.68 1.60 0.52 47.59 377 281 96 0.092 51.36 0.92 1.06 0.90
1E9 0.67 1.52 0.52 47.70 - - - - - - - -
1IE10 0.67 1.46 0.52 48.41 - - - - - - - -
12 * 1.00 1.08 0.99 1.22 150 73 77 0.42 30.64 1.12 1.38 1.03
I3 * 1.01 1.08 0.98 247 - - - - - - - -
14 * 1.00 1.09 0.98 1.90 - - - - - - - -
17 * 0.98 1.07 0.98 2.44 - - - - - - - -
18 * 0.97 1.06 0.99 1.14 - - - - - - - -
s+ 0.99 1.06 0.98 1.67 - - - - - - - -
I16 * 0.98 1.05 0.97 3.13 - - - - - - - -
n7z= 0.99 1.06 0.97 2.53 96 59 38 0.19 36.67 1.23 1.18 1.07
18+ 1.00 1.08 0.97 3.08 - - - - - - - -
119 * 0.99 1.06 0.98 2.33 127 71 56 0.26 38.05 1.13 1.18 1.06
120 * 1.00 1.09 0.98 2.35 - - - - - - - -
121+ 0.95 1.06 0.99 1.30 138 84 54 0.21 40.65 1.10 1.21 1.07
122 * 0.98 1.07 0.99 1.12 - - - - - - - -
126 * 0.99 1.09 0.97 2.74 - - - - - - - -
31+ 0.99 1.09 0.99 0.81 - - - - - - - -
146 * 0.96 1.05 0.99 1.23 119 59 60 0.43 36.88 1.06 1.15 1.09

* Host alkali feldspar granite samples of the Gabal El-Ineigi area [41]. TE1, TE3, and TE4 tetrad effects cal-
culated based on equations of Irber [62]; TE1 = ((Cen/Ce* x Prn/ Pr*))%5; TE3 = ((Tbn/Tb* x Dyn/ Dy"))05 ;
TE4 = ((Tmy/Tm* x Yby/Yb*))?3. Ce* = Lan?/? x Ndn'/3; Pr= Lay'/? x Ndn?/3; Tb* = Gbny?/3 x Hon!/3; Dy*
= Gbn!/? x Hon?3; Tm* = Ern?/® x Lun'/3; Yb*= ErnY/3 x Lun?/3. Lny = chondrite-normalized lanthanide
concentration.

Accordingly, mafic enclaves and host granites plot in the metaluminous to weakly
peraluminous fields, respectively (Figure 6b). On the SiO, versus NayO + K,O-CaO binary
diagram adopting the alkali-line index (Figure 6¢), both mafic enclaves and host granites
display alkali-calcic characteristics. Mafic enclaves have much lower Fe # ((FeO!/(MgO +
FeO")) values (Fe # = 0.52 to 0.54) than their hosts (Fe # = 0.97 to 0.99) and are thus classified
as magnesian (Mg # = (MgO/(MgO + FeO') x 100); Mg # = 46 to 48), while their host
granites are ferroan with Mg # values < 4 (Table 5, Figure 6d).

In comparison to the host granites, mafic enclaves are more enriched in large ion
lithophile elements (LILE) such as Sr (55-85 ppm), Ba (33-48 ppm), and Rb (215450 ppm).
Furthermore, mafic enclaves have higher concentrations of some base metals, such as Co
(34-43 ppm), Cr (316-581 ppm), Ni (226-279 ppm), V (113-124 ppm), and Zn (271-505 ppm),
as well as Y (676-1332 ppm). Mafic enclaves, on the other hand, show significant deple-
tion in high field strength elements, such as Zr (19.2-53.55 ppm), Nb (12.84-30.77 ppm),
Ta (1.66-3.98 ppm), Hf (0.60-1.05 ppm), Th (1.19-2.63 ppm), U (0.86-1.16 ppm), and Ga
(16.9-18.5 ppm), as well as Pb (5.1-13.3 ppm) and Sn (5-15 ppm) contents relative to the
host granites. Aside from F as a volatile component, mafic enclaves have significant enrich-
ments in Li (383.00-536.80 ppm), as well as in some rare metals, such as Cs (8.29-11.94 ppm)
and Sc (10.54-16.25 ppm) concentrations, when compared to the host granites.

On the spider diagram, both host granites and mafic enclaves have positive anomalies
in Pb, K, and Rb and negative anomalies in Ba, La, Ce, St, P, Eu, and Ti, with the exception
of Ta-Nb and U-Th pairs, which are positive in host granites and are negative in mafic
enclaves (Figure 7A). In general, the REE patterns of both host granites and mafic enclaves
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have distinctive overlapped wings. In particular, host granites have highly fractionated
HREE and unfractionated LREE, whereas mafic enclaves have highly fractionated LREE
and moderately fractionated HREE (Figure 7B). Mafic enclaves have the highest REE
concentrations (261.80-377.12 ppm), which are three times higher than those in host granite
(96.30-149.50 ppm), with HREE being highly enriched (Table 5). Furthermore, both of them
show strongly negative Eu anomalies (Figure 7B).
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Figure 7. Trace and REE element data for the samples of mafic enclaves and host granites from the
Gabal El-Ineigi area. (A) Primitive mantle-normalized trace element diagram. (B) Rare earth element
(REE) patterns of the mafic enclaves and host granites showing M-type and W-type tetrad effects.
Normalization values of chondrite and primitive mantle are from Sun and McDonough [63]. Symbols
as in Figure 4.

Heavy rare earth element enrichment is significantly higher (Table 5) in the mafic
enclaves (La/YbN = 0.087-0.092) than in the host granites (La/YbN =0.19-0.43). Most
notably, they both exhibit a complementary tetrad effect, with M-type tetrads in the host
granite and W-type tetrads in the mafic enclaves (Figure 7B). Mafic enclaves clearly exhibit
W-type tetrad effects in the first (TE1 = 0.89-0.92) and fourth segments (TE4 = 0.89-0.91),
whereas the host granites show obviously M-type tetrad effects in the first (TE1 = 1.06-1.23)
and third segments (TE3 = 1.15-1.38) (Table 5). In the general view, trace element and REE
patterns (Figure 7) are frequently similar, implying a common source.

7. Discussion

The mafic enclaves are commonly distributed in granitic intrusions with an I-type affin-
ity [42,64-69], but they are scarce within the anorogenic alkaline granitoids of the A-type
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characters. These solid inclusions with a vast range of textures and structures as well as
compositions are widely categorized into six types: xenoliths [70], co-mingled /mixed mag-
mas [42,64-67], autoliths (cumulates) [71,72], restites (fragments of source rocks) [73,74],
bimodal rocks of the same provenance with appearance of the Daly gap [37,75], or immisci-
ble liquids of a single magma [19,22].

7.1. Testing of Magmatic Processes and Various Models

Many field and textural pieces of evidence argue against the restitic or xenolithic
origins of the mafic enclaves from the Gabal El-Ineigi granite. The abundance of fluorite
and F-rich biotite in both enclaves and host granites (Figure 3) may suggest that the enclaves
are xenoliths metasomatized by F-rich fluids exsolved from the host granite during the
final stage of magma crystallization. Furthermore, biotite-rich enclaves are thought to be
restites, and they are most common in anatectic granites associated with migmatites [74].
The contacts between the enclaves and host granites, on the other hand, are clearly sharp
(Figure 2b), with no reaction zones (thermal aureoles) or cross-cut relationships. In addition,
the fluorite veins in the enclaves are compositionally distinct from those in the host granites,
indicating that these veins in enclaves are in-situ crystalized and not sticking out from
the host granites into the enclaves. Biotite in the host granite is primary magmatic and
has higher Ti contents than biotite in the mafic enclaves (Figure 5d), which excludes
restitic fragments as possible sources. If the enclaves are metasomatized xenoliths, it was
expected that the biotite in both enclaves and host granites was altered by the same F-rich
exsolved fluids and displays the same chemical compositions. Although the mineralogy and
geochemistry of the enclaves differ significantly from the host granites (Figures 6, 8 and 9),
their elliptical shapes indicate that they were plastic and formed by crystallization in
thermal equilibrium with a granitic host.
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Figure 8. Binary diagrams of SiO, versus FeO, TiO,, Al,O3, MgO, CaO, K;O, Na;O, and F for bulk
rock samples of mafic enclaves and host granites from the Gabal El-Ineigi area showing a pronounced
fractionation trend (i.e., not scattered analyses) in the mafic enclave. Symbols as in Figure 4.
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Figure 9. Binary diagrams of Zr versus Rb, Sr, Zn, Y, Nb, Th, Ba, V, and Ni for bulk rock samples of the
mafic enclaves and host granites from the Gabal El-Ineigi area showing two distinctive fractionation
behaviors for both of them. Symbols as in Figure 4.

Furthermore, the chemical composition of enclaves is inconsistent with the country
rocks (serpentinites, metagabbro-diorite complexes, and metavolcanics), and their textures
are frequently igneous and devoid of deformation fabrics and minerals (e.g., presence of
cordierite, sillimanite, and almandine-rich garnet), ruling out entrained fragments of wall
rocks or deep basement (restites and xenoliths) as possible models for the origin of mafic
enclaves from the Gabal El-Ineigi fluorite-bearing granite.

Compositionally, the enclaves are much more primitive than the host granites
(Figures 8 and 9). In addition, the REE normalized patterns of enclaves are the same as those
of their hosts, with HREE enrichments and extremely Eu negative anomalies (Figure 7B),
indicating a shared evolution and formation process. On trace element incompatible—
compatible profiles (Figure 7A), both enclaves and host granites have positive anomalies in
Pb, K, and Rb and strongly negative anomalies in Ba, La, Ce, Sr, P, Eu, and Ti. All of the
above chemical features may indicate that enclaves are either dismembered magmas (i.e.,
mingling /mixing of unrelated magmas) or accumulations of early formed minerals (i.e., not
liquid compositions). However, the major and trace element compositions of the enclaves
and the host granites show different variation trends (Figures 8 and 9) and are separated by
a large compositional gap, indicating that there is no continuous compositional evolution
from the enclaves to host granites, as often associated with magma mingling/mixing and
cumulates [42,71,76]. The bulk-rock composition of the enclaves is not variable, has a
narrow range in major oxides, and shows a fractionation trend (i.e., not scattered analyses)
(Figures 8 and 9), suggesting that the enclaves are not magmatic segregations and represent
liquid compositions.
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Mineralogically, plagioclase in the enclave is calcic and ranges from oligoclase to
labradorite (Anj9_s4), while in the host granite is sodic and forms pure albite. The biotite
in the host granite is in the protolithonite-siderophyllite phase, while Mg-biotite is found
in the enclaves (Figure 5b,c). Fe-Ti oxide is bare of niobium content in the enclaves,
while in the host granites it is rich in niobium (0.62 to 2.72 wt.% of Nb,Os). Fluorite in
granite has a higher fluorine content than that of fluorite in the enclaves. The enclaves
contain Mg-hornblende and titanite that are not present in the host granites, while the
host granites have K-feldspar, muscovite, and rare-metal mineral (fergusonite, columbite,
thorite, and zircon) that are absent in the enclaves. Therefore, mineral assemblages in
the enclaves and host granites are largely different and do not even overlap in their
composition (Figures 4 and 5), contradicting the cumulate model as observed in either the
Achala batholith, Argentina [76], or peralkaline A-type granitic plutons of the Emeishan
large igneous province, SW China [71]. The mixing-quench textures, such as quartz
ocelli, cellular and resorbed plagioclase, elongate biotite and hornblende, and the presence
of the acicular phase, resulting from rapid cooling and mechanical transfer during the
interaction between two distinct co-magmas, hot mafic magma, and relatively cooler felsic
magma [42,67], are not recorded in the Gabal El-Ineigi enclaves. Furthermore, the concept
of mafic—felsic magma interaction (i.e., mixing, mingling, and undercooling conditions) is
frequently used to explain the origin of microgranular enclaves in the I-type granite [42,60],
which is inconsistent with Gabal El-Ineigi fluorite-bearing granite with A-type affinity.

The occurrence of co-magmatic mafic and felsic rocks of A-type character is common in
the ANS [37,77]. Production of such a sequence was attributed to the extreme fractionation
of mafic magma (> 90% of volume) into felsic magma either with significant [77] or minimal
assimilation of crustal sources during the emplacement [37], such as Amram magmatic
suite in the northernmost tip of the ANS. The latter was associated with the appearance of
the Daly gap, i.e., the paucity of the intermediate rocks, as a result of dynamic processes
of crystallization in the magma chamber, such as pressure, temperature, viscosity, crystal
fractionation, and heat-loss from the cooling magma chamber [75]. In the Gabal El-Ineigi
area, the alkali-feldspar granite of A-type affinity and mafic enclaves show undeniably
two different fractionation trends (Figures 8 and 9). Therefore, the chemical gap does
not represent the Daly gap as it is large and completely devoid of the intermediate series.
Furthermore, they have a common feature of Europium anomaly (much depleted Eu;
Figure 7B). If the formation of the Gabal El-Ineigi alkali-feldspar granite was generated by
the fractionation of parental mafic melts, it was supposed that the granite itself has higher
REEs, and mafic enclaves have at least chondritic or positive Eu anomalies as they contain
calcic plagioclase of labradorite to oligoclase in composition (Figure 4), which prefers
incorporation of Eu in its crystal lattice, i.e., Eu?>* replaces Ca?*. Therefore, our case study
is not consistent with the bimodality of the magmatic rocks as in the Amram Massif [37],
indicating that both enclaves and granites produced from an Eu-depleted source and no
fractionation have been involved.

7.2. Evidence for Liquid Immiscibility

Given these conflicts with either a restitic, xenolithic, mixing/mingling, cumulate,
or bimodal origin for enclaves in the Gabal El-Ineigi area, we propose that the mafic
enclaves and felsic host granites represent two liquids with contrasting compositions
but having a common parental source. Liquid immiscibility, a common phenomenon in
alkaline igneous systems and an important mechanism for producing unmixed phases with
extreme compositional divergence [78-80], is the best explanation for this mafic—felsic rock
association. In the following sections, we will present insights into an example of calcium-—
fluoride and silicate liquid immiscibility in nature (Gabal El-Ineigi fluorite-bearing granite,
Egypt). Although experimental studies of silicate—fluoride immiscibility are available
for both dry and hydrous granite systems [81,82], liquid immiscibility has scarcely been
observed in nature due to the masking effects of crystallization and alteration and the
transient nature of the phases involved. The existing record of the silicate—fluoride liquid
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immiscibility relied on observations in matrix glasses and melt inclusions, such as the
presence of fluoride glass in the forms of veinlets and thin films along grain boundaries,
including triple junctions, in mantle xenoliths trapped in Tertiary alkali basalts in East
Otago, New Zealand [28], sub-micrometric intergrowths of ‘fluoritic’ and ‘K-feldspathic’
phases in ongonites from the eastern Transbaikal region, Russia [80], and melt inclusions
from the Strange Lake peralkaline granite pluton, Quebec-Labrador, Canada [8,9].

The Gabal El-Ineigi enclaves are silica-poor with high Fe, Mg, Ca, and F concentrations,
while the host granites are silica-rich with high alkalis (Na and K). Therefore, the enclaves
are unrepresentative for a pure calcium-fluoride (Ca-F) melt phase, but they can be inter-
preted as transient melt phases between pure silicate and calcium-fluoride melt phases. The
unmixing of conjugate fractions from a single melt can be separated into different stages of
evolution in the magmatic system (called “multistage immiscibility”) and controlled by
many factors, such as pressure, temperature, volatilization (i.e., F, H;O content in the melt),
and oxygen fugacity [15], as noted in the 1993 natrocarbonatite lava at Oldoinyo Lengai,
northern Tanzania [24], which explains the occurrence of liquid immiscibility between
silicate, carbonate, chloride, and fluoride melt phases in a single magma system. The Si
in the studied enclaves correlates negatively with Ca, Al, Fe, Ti, Mg, and K and positively
with Na and F contents (Figure 8). It appears that the Si-rich and Si-poor melts evolved
independently during slow cooling after separation, and the chemical differentiation is
more evident in the silica-poor melt (Figures 8 and 9). However, the enclaves represent
spatial inclusions in the silicate melt portion producing the host granite, which indicates
that these chemical behaviors represent their melt compositions at different times during
the evolution of the parental magma.

Liquid immiscibility is an important mechanism accompanied by the partitioning of
elements [22,83]. The enclaves in the present study are preferentially enriched in Ca, F, Li,
Y, and REE (three orders of magnitude more than in the host granite) and depleted in HFSE
(such as Zr, U, Th, Ta, Nb, Hf, and Ga), which is consistent with the experimental and melt
inclusion studies of Veksler et al. [81,83], Yang et al. [20], and Vasyukova and Williams-
Jones [8,9], where the REE and Y partition strongly into the fluoride or fluorosilicate melt,
and Zr and HFSE generally favor the silicate melt. In addition, the enclaves scavenge Fe and
Mg along with the base metals (Zn, V, Ni, Cr, S, and Co) from the granitic melt that becomes
correspondingly depleted in these components. These results are consistent with the
experimental findings of Peretyazhko et al. [84] that an increase in temperature and pressure
was accompanied by a significant increase and redistribution in the concentrations of REE,
Y, Sr, P, Th, U, Nb, Co, Cu, Sn, Sb, and Mo in the F-Ca melt. Furthermore, Peretyazhko
and Savina [80] reported melt inclusions in ongonites from the eastern Transbaikal region,
Russia, which when quenched (after being heated to 900-950 °C) produced a silicate glass
containing immiscible ‘fluoritic” and ‘sellaitic’ (MgF;) phases. As a result, Gabal El-Ineigi
enclaves may represent a combination of multiple immiscible liquids (Fe-Mg-Ca-F liquid)
preserved under high pressure and temperature, at the earliest stages of separation, that
are later developed into pure fluoride (Ca-F) melt during the evolution [9]. These findings
are supported by a gradual depletion of these components as the F content of the enclaves
increases (Figure 8).

When compared to the fluorite composition in the host granites, the fluorite in the
enclaves has lower totals (93.8-92.6 wt.%) and F contents. However, magmatic fluorite is
known to be stoichiometric and contains no significant amounts of other elements (H,O,
CO,, B or S) due to the low molecular weights of hydrogen, carbon, boron, and sulphur
requiring the weight-percent amounts of these elements to be small [85]. Thus, none of these
elements can realistically account for the deficit of 7 wt.%. These unusual compositions
were interpreted to be fluoride glass found in metasomatized mantle xenoliths from New
Zealand [28]. Fluorite in the study enclaves, on the other hand, occurs in veins and well-
developed crystals and is genetically associated with F-rich biotite and titanite (Figure 3),
implying magmatic formation. Fluorite in a large inclusion (5 cm diameter) preserved in
hypersolvus granite of peralkaline Strange Lake pluton, Quebec-Labrador, Canada [9],
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has low totals (~92-97 wt.%) that could only be compensated by incorporation of Y and
REE [81,86,87]. Thus, Gabal El-Ineigi enclaves have high Y (average = 1009 ppm) and REE
(average = 320 ppm) concentrations, which may be incorporated into the crystal lattice of
fluorite (not measured).

In addition, it is remarkable that enclaves have higher HREE concentrations than the
host granite, while LREE concentrations show a slight increase (Figure 7). In general, the
Si-poor immiscible melt preferentially concentrates REE from the Si-rich counterpart, as
partition coefficients are especially high for REE (> 100) at magmatic temperatures [20] but
the LREE elements are more partitioned into the Ca-F melt than HREE elements [9]. In
the Gabal El-Ineigi granite, the enclaves represent early low-F transient melt phases that
evolved later into high-F immiscible melt phases at advanced stages of magma evolution.
The terminal stability of fluorosilicate liquid in the CaF,-granite system around 600 C
is caused by the reaction fluorosilicate melt = silicate melt + fluorite [20]. According
to Peretyazhko et al. [84], the crystalized Ca-F phases have low concentrations of trace
components and match fluorite with an ideal stoichiometric composition. The lower F
content in fluorite of the enclave compared to fluorite in the granite of the Gabal El-Ineigi
suggests that the immiscibility process passed through intermediate stages represented by
enclaves to pure fluoride melt (i.e., crystallization of fluorite-quartz veins cutting the host
granite, with a width (up to 4 m) and a length (up to 300 m)).

Another distinguishing feature of the enclaves and host granites is the presence of
complementary tetrad effects (Figure 7B, Table 5). The enclaves exhibit W-type tetrad
effects in the first (La-Nd) and fourth (Er-Lu) groups, whereas the host granites exhibit
M-type tetrad effects in the first (La-Nd) and third (Gd-Ho) groups. The tetrad effects are
non-linear trends in the chondrite-normalized REE patterns that are thought to be caused
by unusual geochemical processes [88,89]. The W-type tetrads are commonly found in
seawater, algae, sponge shells, and limestones, while the M-type tetrads can be found in
highly evolved (rich in F, Cl, and HpO) magmatic systems and related mineralization, such
as rare-metal granites, granitic pegmatites, F-rich rhyolites, skarns, ongonites, elvans, and
hydrothermally reworked strata-bound deposits. The causes of the tetrad effect have been
discussed as either magmatic including extreme fractional crystallization and non-charge
and radius-controlled behavior of REE elements due to complexing with volatiles exsolved
from the magma [4,90] or hydrothermal including long-term post-magmatic fluid-rock
interaction [1,91]. According to several studies, the REE tetrad effect can be caused by
REE partitioning between immiscible liquids. Experimentally, Veksler et al. [81] noted the
appearance of the tetrad effect between an immiscible silicate melt and an aluminoufluoride
(cryolite-Nas AlF) melt. Peretyazhko and Savina [80] observed a W-type tetrad effect in
the third (Gd-Ho) group of the Ca-F glass related to ongonite, Russia. The tetrad effects
were also suggested to be the result of immiscibility between the silicate melt and the
hydrosaline melt/fluid before the formation of the pegmatite melt [92,93]. The REE tetrad
effect can be a complementary process, whereas the formation of the M-type tetrad effect in
rare-metal granite of Gabal El-Ineigi area (representative of silicate melt) was attributed
to the separation of the calcium-fluoride melt (represented by enclaves and fluorite veins)
containing W-type tetrad effects formed by fluoride-silicate melt immiscibility.

Finally, the amphibole temperatures in the mafic enclaves of the Gabal El-Ineigi
area (mainly 760-710 °C; Table 2) are within uncertainty compatible with the low zircon
saturation temperatures (770-740 °C) of the host alkali-feldspar granites [41], further
indicating that they were most likely produced from a hydrous source [94] under the same
magma conditions. This implies that mafic enclaves are not a product of mantle-derived
melt with higher temperatures but are related to the same magma type forming the host
granite.

8. Conclusions

The Gabal El-Ineigi area in the Central Eastern Desert of Egypt contains post-tectonic
A-type granite, including alkali-feldspar granite and syenogranite. Only the alkali-feldspar
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granite has an abundance of fluorite-quartz veins (so-called “fluorite-bearing granite”) and
mafic enclaves.

The host alkali-feldspar granite is a rare-metal granite composed of quartz and
feldspars with minor amounts of biotite (protolithonite-siderophyllite), muscovite, and
fluorite, while rare-metal minerals are zircon, columbite, fergusonite, and thorite. Mafic
enclaves are made up of calcic plagioclase, Mg-biotite, and magnesio-hornblende, with
significant amounts of fluorite, while titanite and Fe-Ti oxides are the main accessories.

Mafic enclaves are Si-poor monzodioritic in composition with metaluminous charac-
teristics, whereas the host granites are Si-rich with weakly peraluminous characteristics.
Interestingly, mafic enclaves are much enriched in volatiles (F and Li) and contain relatively
higher REE and Y, whereas host granites have comparatively higher rare metals (Zr, Th, U,
Nb, and Ta).

The petrology of mafic enclaves and their relation into the host granites could not
be interpreted in the context of restitic, xenolithic, magma mixing/mingling, cumulate,
or bimodal origins as they are considered to be two conjugate liquids, with contrasting
compositions, of a single parental melt, formed by fluoride—calcium and silicate liquid
immiscibility.

Many pieces of evidence support the above conclusion, such as (1) mafic enclaves
are more enriched in Fe, Mg, Ca, and F, whereas the host granites are relatively rich in
alkalis (K and Na) and Si; (2) liquid immiscibility is accompanied by the partitioning of
elements among two immiscible liquids, mafic enclaves concentrate REE and Y, while host
granite scavenges HFSE; (3) there is no fractionation pattern among them; (4) both of them
display similar REE patterns (with a wing-gull pattern and strongly negative Eu anomalies)
implying a common source; and (5) the complementary tetrad effects are present: W-type
tetrad effects for mafic enclaves and M-type tetrad effects for the host granite.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/min13050670/s1, Table S1: Representative EPMA analyses of
titanite and Fe-Ti oxides from Gabal El-Ineigi mafic enclaves.; Table S2: Representative EPMA
analyses of fluorite from Gabal El-Ineigi mafic enclaves.
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