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Abstract: The Abu Dabbab albite granite (ADAG), in the central Eastern Desert of Egypt, hosts the most significant rare metal
ore deposit in the northern part of the Neoproterozoic Arabian-Nubian Shield. Here, we report detailed field, petrographic,
mineralogical and geochemical investigation of the ADAG, an isolated stock-like granitic body with sharp intrusive contacts
against metamorphic country rocks, probably emplaced at about 600 Ma. The fine-grained porphyritic upper unit is a preserved
remnant of the shallowly-emplaced apex of the magma chamber, whereas the medium-grained lower unit crystallized at deeper
levels under subvolcanic conditions. The peraluminous leucocratic ADAG shares common geochemical characteristics with post-
collisional intraplate A-type magmas. In addition to the conspicuous enrichment in Na,O, the ADAG is remarkable for its
anomalous concentrations of Ta, Nb, Li, Hf, Ga, Sn, Zn and heavy rare-earth elements. Nb-Ta minerals in the ADAG are mixed
with Fe-Mn oxides, forming black patches that increase in abundance toward of the base of the intrusion. Columbite—tantalite,
cassiterite and wolframite are the most important ore minerals. Pronounced negative Eu anomalies (Eu/Eu* = 0.10-0.24) reflect
extreme magmatic fractionation and perhaps the effects of late fluid-rock interaction. The ADAG was most likely generated by
partial melting of the juvenile middle crust of the ANS as the geotherm was elevated by erosional uplift following lithospheric
delamination and it was emplaced at the intersection of lineations of structural weakness. Although formation of the ADAG and
its primary enrichment in rare metals are essentially due to magmatic processes, late-stage metasomatism caused limited
redistribution of rare metals. Fluid-driven subsolidus modification was limited to the apex of the magma chamber and drove
development of greisen, amazonite, and quartz veins along fracture systems.

Key words: Arabian-Nubian Shield, post-collisional, rare-metal bearing granite, stockscheider pegmatite, greisen, amazonite,
tetrad effect

1 Introduction

The Arabian—Nubian Shield (ANS) exposes crystalline rocks of Neoproterozoic age and represents one of the
largest tracts of juvenile crust on Earth (Meert, 2003; Johnson, 2003; Stoeser and Frost, 2006; Ali et al., 2010; Khalil
et al., 2014, Samuel et al., 2019). It constitutes the northern part of the East African Orogen (Stern, 1994) and is
well-exposed in parts of Egypt, Saudi Arabia, Sudan, Eritrea, Ethiopia, Yemen and Somalia (Fig. 1). It was formed
through accretion of oceanic island arc terranes and associated ophiolite remnants that amalgamated during the
collision of East and West Gondwana upon closure of the Mozambique Ocean (e.g. Meert, 2003; Ali et al., 2010;
Johnson et al., 2013). Late Neoproterozoic rock outcrops in the Eastern Desert of Egypt form the extreme northern
end of the Nubian Shield, which was contiguous with the Arabian Shield before the opening of the Red Sea.

* Corresponding author: Dr. Bassam A. Abu Amarah (babuamarah@ksu.edu.sa)

This article has been accepted for publication and undergone full peer review but has not been
through the copyediting, typesetting, pagination and proofreading process, which may lead to
differences between this version and the Version of Record. Please cite this article as doi:
10.1111/1755-6724.14379,

This article is protected by copyright. All rights reserved.


https://en.wikipedia.org/wiki/Neoproterozoic
https://doi.org/10.1111/1755-6724.14379
https://doi.org/10.1111/1755-6724.14379
https://doi.org/10.1111/1755-6724.14379

Accepted Article

Late Ediacaran Rare-metal Albite Granites of the Arabian-Nubian Shield

35° 40° 45

257

20”7

KHARTOUM

Fig. 1. Simplified map of the Arabian-Nubian shield (After Johnson and Woldehaimanot, 2003). Basement outcrops
are white; Phanerozoic cover is shown in yellow; structural trends are highlighted; ophiolitic rocks are
shown in black and gneissic rocks shown in stipple. The location of the Abu Dabbab area is indicated by a
yellow star.

The ANS has been intruded by voluminous granitoids of various ages, geochemical characteristics and tectonic
regimes (e.g. Qadhi, 2007; Kiister, 2009; Ali et al., 2014; Moghazi et al., 2015; Khalil et al., 2018; Basta et al., 2017;
Abdallah et al., 2019). One of the most striking features of the north ANS is the abundance of post-collisional
granitic intrusions. Some of these granitic plutons are enriched in rare metals and often modified by metasomatic
processes including albitization and greisenization. The style of mineralization of these granites differs from one
pluton to another (e.g. Helba et al., 1997; Moghazi et al., 2015; El Hadek et al., 2016; Abu El-Rus et al., 2017). The
rare-metal granites of the ANS have received much attention due to their substantial economic significance as
sources of Nb, Ta, rare-earth elements (REE), U, Zr and Th (e.g. Qadhi, 2007; Ali et al., 2014; Moghazi et al., 2015).
Despite numerous studies and widespread outcrops in the ANS, however, there remains considerable controversy
about their origin and geotectonic evolution.
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In this context, the Abu Dabbab albite granite (ADAG) in the central Eastern Desert provides a good opportunity
to understand the petrogenetic processes leading to the formation of mineralized post-collisional granites. The
ADAG is one of the largest granite-hosted rare metal (Ta-Sn-Nb) deposits in the Eastern Desert (Sabet et al., 1976).
This contribution aims to integrate field observations, petrography, mineral chemistry and whole-rock chemical
analyses to discern the petrological characteristics, magmatic evolution, mineralization processes, and geodynamic
setting of the Abu Dabbab intrusion.

2 Geologic setting

The study area around Gabal Abu Dabbab is located about 50 km NW of Marsa Alam town along the Red Sea
(Fig. 2a), at 25° 20'40" N and 34° 32' 35" E. The ~1 km? study area mapped in Fig. 2b is covered mainly by
metamorphic rocks, including serpentinite, talc-carbonate rocks, metavolcanic units and metasedimentary outcrops.
The regional metamorphic rocks were deformed and equilibrated under greenschist facies conditions (Renno, 1997).
Faults and shear zones affecting the study area are mostly grouped into two roughly perpendicular sets trending NW -
SE and NE-SW. A few N-S trending basalt and aplite dykes cut through the metamorphic country rocks and are
truncated by the ADAG. The northeastern margin of the Abu Dabbab granitic mass is bounded by major NW-SE
sinistral strike-slip shear zones that belong to the Najd Fault System (Stern, 1985), whereas the other margins are
unfaulted intrusive contacts that preserve sheared albite granite presumably associated with the original emplacement
of the pluton. The field relations indicate that the ADAG predated or possibly was coeval with motion on the Najd
fault system, which has been dated at ~600 Ma (Stern, 1985; Boskabadi et al., 2017). Carbonation of the ophiolitic
country rocks along the Najd system was probably related to Najd deformation and is also ~600 Ma old. Direct age
determination of the ADAG remains imprecise (Renno, 1997), but the emplacement of the intrusion can be bracketed
between 585 and 610 Ma, and is thus related to the post-tectonic magmatic period of the ANS.
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Figure 2b

Fig. 2. Maps of rare-metal granites in Egypt.

(a) Distribution of the most important rare-metal bearing granite intrusions in the central and south Eastern Desert of
Egypt: (1) Umm Naggat, (2) Umm Samra, (3) Abu Dabbab, (4) Nuweibi, (5) Ineiga, (6) Homrit Waggat, (7)
Igla, (8) Zabara, (9) Muweilha, (10) Nugrus, (11) El-Gharabiya, (12) Nikeiba, (13) Homrit Akarem, (14)
Um Hibal, and (15) Um Ara. The dividing line between central and southern portions of the Nubian Shield
is after Stern and Hedge (1985). (b) Geological map of the Abu Dabbab area (modified after Heikal et al.,
2018).

The ADAG forms an ellipsoidal intrusive stock, elongated in an E-W direction. A large off-shoot of the intrusion
extends ~150 m from the northwestern margin of the ADAG body. Contacts between the ADAG and its
metamorphic country rocks are knife-sharp. The metavolcanic and metasedimentary units nearest the intrusion were
modified by contact metamorphism to amphibolite and hornfels. The albite granite is generally massive, but
deformation extending up to cataclasis is apparent in major shear zones along the periphery of the pluton.

The ADAG is a fine- to medium-grained, holocrystalline, leucocratic granite. It is devoid of xenoliths, enclaves, or
dykes. Near the southern margin of the intrusion, it is partly porphyritic in texture. Contacts between the porphyritic
and non-porphyritic types are irregular and gradational, indicating contemporaneous emplacement. The albite granite
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exhibits chilled margins (10 to 25 cm wide) near the contact with the ophiolitic metavolcanic country rocks. A weak
magmatic foliation was noted in the field at selected outcrops, but it was only visible if the outcrops were observed
while wet from recent rains. In the southern, porphyritic portion of the intrusion, there are a few outcrops of breccia
with angular clasts suggesting explosive, in-situ formation; the breccia is not related to shear zones.

Locally, there are a variety of mineralized zones both along the margins and in the interior of the pluton. The
interior is sometimes enriched in rounded or dendritic dark-colored patches (Fig. 3a). The black patches are variable
in size (0.5-2.0 cm) and abundance; they are generally concentrated toward the northern margin of the intrusion. The
southern margin features veins from 50 to 400 m long and from 10 to 50 cm wide, consisting of stockscheider
pegmatite, quartz, greisen or albitite. The veins generally strike N—S and NE-SW and locally extend up to 200 m
into the country rocks. There is stockscheider pegmatite associated with nests of fluorite crystals in cross-cutting
veins at the southwestern contact of the intrusion (Fig. 3b, c). Greisen occurs as thin veins (5-40 cm), especially
along the southeastern margin, sometimes extending into the country rocks. Greisen (Fig. 3d) and albitite (Fig. 3e)
also form 5-10 cm wide selvages bounding quartz veins at the margins of the intrusion.

'e

Figure 3

Fig. 3. Hand specimen photographs of the studied rocks. (a) dark-colored patches of manganese—iron oxide hosting
Nb-Ta minerals in the medium-grained albite granite, (b) stockscheider pegmatite, (c) nests of fluorite
crystals associate with pegmatite, (d) selvage of greisen bounding a quartz vein, and (e) selvage of albitite
associated with a quartz vein.

3 Petrography
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Based on the petrographic studies and textural variations, samples of the Abu Dabbab intrusion can be divided into
albite granite, cataclastic albite granite, albitized granite (albitite), and greisen. The main albite granite is further
divided into two units with the same mineralogical composition: a medium-grained albite granite and a fine-grained
porphyritic variety. Petrographic study documents several types of alteration including greisenization, amazonite
replacement, albitization, and impregnation with secondary Mn-minerals. In this section we describe the detailed
petrographic characteristics of each primary and altered rock type.

Medium-grained leucocratic albite granite is the most common rock type in the Abu Dabbab intrusion. It consists
mainly of albite, quartz, and alkali feldspars with minor interstitial muscovite. Accessory minerals include cassiterite,
columbite—tantalite, Fe-Ti oxides, zinnwaldite, allanite, zircon, fluorite, titanite, apatite, garnet and topaz. Albite is
the most abundant mineral, occurring as subhedral to euhedral crystals up to 1.5 mm long or as small interstitial
laths. Albite also occurs as small euhedral laths (<0.15 mm long) included in quartz and K-feldspars. Quartz occurs
either as subhedral to anhedral large crystals (up to 2.5 mm across) or as fine (<0.5 mm), anhedral interstitial grains.
The large quartz crystals contain small inclusions of albite, muscovite and topaz (Fig. 4a); in a few cases albite laths
included in quartz are arranged concentrically along growth zones, giving rise to snowball texture (Fig. 4b). K-
feldspars, both orthoclase and microcline, occur as euhedral to anhedral crystals (up to 3 mm across). Some are
perthitic, with both patch and vein types. Some K-feldspars are partially replaced by albite and/or muscovite.
Microcline is not abundant; it occurs as anhedral crystals up to 1.0 mm across filling interstices between the quartz
and albite. It is partly or completely replaced by albite (Fig. 4c). Amazonite is observed in a few samples near the
margins of the intrusion, as anhedral aggregates (Fig. 4d) or as veinlets (Fig. 4e). Primary muscovite is colorless to
pale green and occurs as subhedral to euhedral crystals corroded by secondary albite and quartz (Fig. 4f) or as
inclusions in large quartz crystals. Secondary muscovite forms anhedral crystals with albite lath inclusions (Fig. 4g).
Rare relics of biotite are observed in a few muscovite crystals.
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Fig. 4. Selected photomicrographs from the Abu Dabbab albite granite.

Images d, e, j, | and p are taken under plane-polarized light, while the other images are taken under crossed Nicols:
(a) small inclusions of muscovite and albite in large quartz crystal, (b) snowball texture with concentrically
arranged albite laths along the growth surface of quartz, (c) microcline partly replaced by albite, (d)
anherdal aggregations of amazonite, (e) amazonite filling veinlets, (f) primary muscovite corroded by
secondary albite and quartz, (g) secondary muscovite including anhedral albite laths, (h) dispersed crystals
of bladed columbite, (i) Tabular crystal of topaz, (j) anhedral crystals of allanite, (k) euhedral crystal of
garnet showing hexagonal cross-section, (I) pale brown tabular crystal of zinnwaldite, (m) microcline
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phenocryst partly replaced by albite, (n) muscovite replacing feldspars, (o) protomylonite texture featuring
large crystals of quartz surrounded by broken crystals of quartz and albite with abundance of secondary
minerals, and (p) cassiterite filling the fractures in the cataclastic albite granite.

The albite granite includes a remarkable variety of accessory minerals. Columbite—tantalite occurs as bladed or
prismatic euhedral to subhedral dispersed crystals (Fig. 4h) and as inclusions in the quartz phenocrysts. Cassiterite
occurs as disseminated crystals (up to 0.3 mm long), sometimes associated with mica and topaz. Topaz forms
euhedral to subhedral inclusions in quartz and interstitial anhedral crystals (Fig. 4i). Near contacts with the country
rocks and greisen veins, topaz coexists with beryl and muscovite. Fluorite occurs as small (<2 mm) anhedral
interstitial crystals among the feldspars or, rarely, as veins along through-going fractures that suggest a deuteric
origin (Tollo et al., 2004). Allanite is common as strongly pleochroic reddish-brown anhedral crystals (Fig. 4j).
Garnet occurs mainly as euhedral crystals (0.1-0.2 mm) with hexagonal cross-sections and sparse inclusions (Fig.
4k). Zinnwaldite (i.e., siderophyllite-polylithionite series) occurs as pale brown tabular crystals (Fig. 41).

Porphyritic albite granite is restricted to the southern portion of the Abu Dabbab granitic mass; it has the same
mineralogical composition as the dominant medium-grained albite granite. It consists of euhedral to subhedral
phenocrysts of albite, quartz, K-feldspar and microcline embedded in a fine groundmass of feldspars and quartz (Fig.
4m). Two generations of albite are recognized: an early phase represented by large turbid phenocrysts and a later
phase of clear small laths in the groundmass or replacing K-feldspars. Rarely, the quartz phenocrysts feature
snowball texture defined by albite lath inclusions oriented along growth surfaces. Muscovite occurs as irregularly
distributed flakes in the groundmass or replacing feldspars (implying subsolidus metasomatism) (Fig. 4n). The most
abundant accessory minerals are Fe-Ti oxides, cassiterite, columbite—tantalite, topaz, and fluorite. Garnet and zircon
are present but rare.

The cataclastic variety of albite granite has the same mineralogical composition as the main phases except for
enrichment in secondary muscovite. It is affected by various degrees of alteration and brittle deformation, shown by
ground, fractured and broken crystals (Fig. 40). The texture varies from protomylonite, with large surviving
porphyritic crystals of quartz and feldspars, to typical mylonitic granite with a foliated matrix. Most fractures are
filled with secondary minerals including quartz, cassiterite, chlorite and sericite (Fig. 4p). Many large fractured
feldspar crystals are intensely replaced by quartz, suggesting that Si enrichment continued after complete
consolidation of the albite granite. Cassiterite is concentrated along the fractures as anhedral aggregates.

Albitite veinlets are dominantly fine-grained and composed mainly of albite (65-80 %), quartz (10-15%), and K-
feldspar (3-5 %) with accessory muscovite, iron oxides, fluorite and calcite. The subhedral and anhedral albite
prisms show resorbed and diffuse grain boundaries. The rare relics of microcline and orthoclase are included in
albite. Quartz occurs as anhedral to serrated irregular crystals. Anhedral flakes of muscovite and fluorite are
interstitial to albite and quartz.

Greisen is a light-colored rock consisting essentially of aggregates of quartz grains and anhedral mica flakes with
highly corroded albite and K-feldspar relics. Accessory minerals include cassiterite, wolframite, fluorite, topaz,
tourmaline and beryl. Quartz forms large anhedral crystals (1-4 mm) embedded in subhedral aggregates of quartz
and mica. Topaz forms excellent stubby idiomorphic crystals. Fluorite occurs as small anhedral crystals.

Quartz veins consist essentially of quartz with accessory mica, topaz, cassiterite, beryl, fluorite, wolframite and
native copper. Euhedral bipyramidal to subhedral cassiterite crystals may be quite coarse, up to 1 cm. It is
characterized by oscillatory zoning with successively alternating zones of white, pale orange, and deep orange
extending parallel to the c-axis. Beryl is concentrated towards contacts between quartz veins and their host rocks. It
is present as greenish yellow and pale brown hexagonal prisms up to 0.5 mm in size, associated with topaz,
muscovite and fluorite.

4 Mineral chemistry

The principal rock-forming minerals (albite, K-feldspars, and muscovite) in the ADAG samples were analyzed by
electron microprobe to support petrographic mineral identification. Although numerous accessory minerals were
noted in thin section, most of them could not be sensibly analyzed by electron probe with the analytical protocol
used; only garnet was analyzed. The chemical formulas of the analyzed minerals were recalculated manually or with
the Minpet software program of Richard (1995).

Representative analyses of albite are given in Table 1. Albite has low K,0 (<0.2 wt.%) and CaO (0.1-0.5 wt.%.)
contents. The early large albite crystals have higher Ab contents (98-99%) than the later albite (96-97%).

Perthitic and non-perthitic K-feldspar analyses are given in Table 2. The non-perthitic K-feldspars are
homogenous, nearly pure orthoclase (Or = 98-99%). The perthitic orthoclase and microcline have lower Or contents
(93-97%). We have not attempted to reconstruct pre-exsolution bulk compositions of the perthite.
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Table 1. Representative microprobe analyses of albite in Abu Dabbab albite granite.
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[Rock type AD28 AD36

Spot No. #1 #H2* #3 #a* #5 #6 #T* #8 #9 #10* #1 #H2* #3 #4 #5* #6 #T* #8

Major oxides (wt.%)

SiO, 68.601 67.764 68.974 67.891 69.356 68.556 68.151 68.992 69.279 68.688 68.414 68.743 68.853 68.972 67.707 69.291 68.898 69.337

TiO, 0.003 0.009 0.002 0.004 0.035 0.005 0 0.016 0.001 0.007 0.005 0.013 0.024 0.005 0.003 0.017 0.007 0.005

ALO3 20.506 20.185 20.343 20.426 20.101 20.182 20.116 20385 20.138 20.67 19.413 19.828 20.785 19.776 20.295 19.39 20271 18.884

[FeO 0.004 0.128 0.017 0.058 0.02 0.056 0 0.078 0.079 0.05 0.231 0.141 0.018 0.233 0.099 0.465 0.116 0.462

MnO 0.002 0.009 0.004 0 0.006 0 0 0.005 0.004 0 0.006 0 0 0.012 0.004 0.003 0.001 0.002

MgO 0 0 0 0.001 0 0 0 0 0 0 0 0 0 0 0 0 0 0

ICaO 0.199 0.433 0.167 0.541 0.155 0.138 0.478 0.16 0.073 0.367 0.081 0.316 0.261 0.152 0.454 0.123 0.439 0.112

Na,O 11.495 11.353 11.493 11.287 11617 11.495 11.283 11.193 11.598 11316 11.67 11.401 11412 11.609 11.243 11.507 11338 11.495

K,0 0.06 0.054 0.058 0.09 0.065 0.061 0.084 0.07 0.064 0.062 0.067 0.131 0.056 0.117 0.064 0.077 0.068 0.082

Total 100.87 99.935 101.058 100.298 101.355 100.493 100.112 100.899 101.236 101.16 99.887 100.573 101.409 100.876 99.869 100.873 101.138 100.379

Structural formula based on 8 oxygens

Si 2.7203727572.71232301 2.7300757982.7075714372.737151596 2.72878708 2.7229902512.7350915272.737326643 2.716014235(2.739655811 2.734053871 2.715853622 2.734922083 2.711832501 2.747652989 2.724910518 2.763008 199

Al 1.084220614 1.077233535 1.073601298 1.08614994 1.057721211 1.071092846 1.071653082 1.077513157 1.060913772 1.089758798(1.03653128 1.0514684191.093131116 1.045560887 1.083819804 1.025183482 1.068955289 1.003343993

Ti 0.000118965 0.000360234 7.91625E-05 0.000159525 0.001381284 0.000199019 0 0.000634298 3.95116E-05 0.000276789(0.000200226 0.000517037 0.000946662 0.000198263 0.000120157 0.000674115 0.000276849 0.000199245

[Fe 0.00031724 0.01024666 0.0013457620.0046262140.00157861 0.004458022 0 0.006184402 0.006242839 0.003954132(0.018500906 0.011215734.0.001419992 0.018478132 0.007930389 0.036878055 0.009175582 0.03682045

Mn 0.00015862 0.000720468 0.00031665 0 0.000473583 0 0 0.0003964360.000316093 0 0.000480543 0 0 0.000951663 0.00032042 0.000237923 7.90998E-05 0.000159396
10



Mg
Ca

INa

K

End members (wt.%
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0 0 0 7.97623E-050 0 0 0 0 0

0.0157826910.034662531 0.013220131 0.043151409 0.012234226 0.01098584 0.0381972190.012685953 0.005768699 0.029023329)

1.823336968 1.81766148 1.8196283321.800554348 1.833871047 1.830177226 1.803260348 1.774923438 1.833023826 1.789798339)

0.0095172  0.00864562 0.0091828450.0143572150.010260964 0.009712119 0.013424964 0.011100209 0.010114979 0.009806248

0.0064873310.025135971 0.020589888 0.012054403 0.036367642 0.00975484 0.0347248310.00892617

1.869312323 1.813767114 1.800550247 1.841310123 1.801239624 1.825186125 1.793668058 1.832255751

0.0107321270.020840583 0.008835508 0.0185574370.010253432 0.0122133770.010757579 0.013070463

Accepted Article

This article is protected by copyright. All rights reserved.

Or 0.51 0.46 0.50 0.77 0.55 0.52 0.72 0.62 0.55 0.54 0.57 1.12 0.48 0.99 0.55 0.66 0.58 0.70
Ab 98.63 97.67 98.78 96.90 98.79 98.88 9722 98.68 99.14 97.88 99.09 97.53 98.39 98.36 97.48 98.81 97.53 98.81
An 0.85 1.86 0.72 232 0.66 0.59 2.06 0.71 0.31 1.59 0.34 1.35 1.13 0.64 1.97 0.53 1.89 0.48
* later albite
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Large sparse crystals of muscovite and fine flakes replacing feldspars were each analyzed (Table 3). The large,

sparse muscovite crystals are considerably higher in TiO,, Al,Os, and Na,O but lower in MgO and SiO, than the fine

flakes. This chemical difference supports the textural assignment of the large sparse crystals as primary and the fine

flakes as secondary (Fig. 5) (Miller et al., 1981).

12
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Table 3. Electron microprobe analyses of muscovites in the albite granite of Abu Dabbab.

Sample No AD28 AD36
Mineral Primary muscovite Secondary muscovite Primary Secondary
Spot No. #1 #2 #3 #4 #6 #7 #1 #2 #3 #1 #2 #3 #4 #5 #6 #1 #2 #3
Major oxides (wt.%)
SiO, 46.077  46.795  46.702  46.807  46.404  46.756  |45.435 45998  46.021 46.765  46.164 45122 45743 46.112 45312 |45336  45.869  45.156
TiO, 0.088 0.069 0.097 0.106 0.067 0.073 0.346 0.369 0.386 0.075 0.112 0.102 0.068 0.089 0.112 0.451 0.077 0.422
ALO; 27452  29.347  29.834 30368  29.398  29.105 [26.715 25546  25.846 290308  28.545  28.644  30.31 29.794  28.194 25886  28.648  27.81
FeO 5.199 4.908 5.659 1.786 4.451 4.847 5.45 5.646 5.895 4.053 5.249 7.209 2.198 6.149 7.259 6.526 4.494 5.373
MnO 1.157 1.139 0.037 0.635 1.265 1.179 0.594 0.544 0.544 1.171 1.533 0.015 0.87 0.046 0.027 0.737 1.252 0.77
MgO 0.332 0.354 0.396 0.236 0.443 0.494 2.261 2.747 2.0942 0.484 0.535 0.326 0.281 0.336 0.336 1.574 0.468 2.776
CaO 0.042 0.035 0.024 0.01 0.032 0.037 0.032 0.016 0.054 0.035 0.031 0.007 0.024 0.067 0.109 0.13 0.036 0.046
Na20 0.227 0.245 0.193 0.308 0.266 0.306 0.195 0.143 0.0281 0.271 0.289 0.213 0.262 0.243 0.171 0.134 0.255 0.14
K20 10.598 10.546 10.894  10.595 10352 1043 10.641 10.467 10.678 10.589 10.475 10.584  10.745 10.384  9.204 9.354 10.531 10.266
Total 91.172  93.438  93.836  90.851  92.678  93.227 [91.669  91.476  91.5463 92.751 92.933 92222 90.501 93.22 90.724  [90.128  91.63 92.759
Structural formula based on 24 oxygens
Si 6.596 6.508 6.469 6.562 6.492 6.516 6.488 6.578 6.586 6.527 6.491 6.423 6.48 6.435 6.499 6.571 6.509 6.362
A 1.404 1.492 1.531 1.438 1.508 1.484 1.512 1.422 1.414 1.473 1.509 1.577 1.52 1.565 1.501 1.429 1.491 1.638
ALY 3.224 3.315 3.336 3.576 3.336 3.293 2.98 2.88 2.942 3.344 3218 3.225 3.536 3.331 3.261 2.989 3.297 2.977
Ti 0.009 0.007 0.01 0.011 0.007 0.008 0.037 0.04 0.042 0.008 0.012 0.011 0.007 0.009 0.012 0.049 0.008 0.045
13
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c ' Fe?* 0.622 0.571 0.656 0.209 0.521 0.565 0.651 0.675 0.706 0.473 0.617 0.858 0.26 0.718 0.871 0.791 0.533 0.633
Mn 0.14 0.134 0.004 0.075 0.15 0.139 0.072 0.066 0.066 0.138 0.183 0.002 0.104 0.005 0.003 0.09 0.15 0.092
. ﬁ Mg 0.071 0.073 0.082 0.049 0.092 0.103 0.481 0.586 0.447 0.101 0.112 0.069 0.059 0.07 0.072 0.34 0.099 0.583
“ Ca 0.006 0.005 0.004 0.002 0.005 0.006 0.005 0.002 0.008 0.005 0.005 0.001 0.004 0.01 0.017 0.02 0.005 0.007
; | Na 0.063 0.066 0.052 0.084 0.072 0.083 0.054 0.04 0.008 0.073 0.079 0.059 0.072 0.066 0.048 0.038 0.07 0.038
: K 1.936 1.871 1.925 1.895 1.848 1.854 1.938 1.91 1.949 1.885 1.879 1.922 1.942 1.849 1.684 1.73 1.907 1.845
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Garnet was analyzed only in the medium-grained albite granite; chemical analyses, structural formulae, and end-
member fractions are listed in Table 4. The analyzed garnet crystals are essentially homogeneous and unzoned. They
are rich in FeO (12.1-13.6 wt.%) and MnO (27.9-29.7 wt.%) and are essentially on the join between spessartine
(64.9-69.6 mol%) and almandine (29.0-33.4 mol%), with minor pyrope (0.5-1.4 mol%) and grossular (0.6-1.1
mol%). The chemical homogeneity and highly euhedral form suggest that the garnets are magmatic. Low MgO and
high MnO in garnet indicate crystallization at a shallow depth (Patifio Douce, 1999).

Ti/(Ti+Na+Mg)

Primary muscovite
O Porphyritic albite granite
A Medium-grained albite granite

Secondary muscovite
® Porphyritic albite granite

Vv Medium-grained albite granite

Primary muscovite

A

A
AAA
A
D%A\ A
A" o
A
B

Secondary™~.

muscovite \\v

Mg Na

Fig. 5. Muscovite crystal chemistry.
Compositional fields for primary and secondary muscovite after Miller et al. (1981). Ti, Mg and Na = apfu.
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Table 4. Microprobe anlayses of garnet in the medium-grained albite granite of Abu Dabbab pluton.

Sample No. AD9 AD28 AD36

Spot No. #1 #2 #3 #4 #1 #2 #3 #1 #2 #3 #4 #5
Si0, 36.690 36.395 36.332 36.342 36.146 36.756 36.337 36.06 36.578 36.342 36.417 36.194
TiO, 0.145 0.127 0.053 0.043 0.088 0.046 0.108 0.078 0.091 0.082 0.117 0.066
ALO; 20.474 20.413 20.510 20.255 20.464 19.832 20.235 20.402 20.138 20.247 20.464 20.461
Cr,0; 0.027 0.041 0.014 0.033 0.032 0.028 0.023 0.022 0.032 0.027 0.036 0.019
FeO 12.934 13.115 13.485 12.930 12.054 12.708 13.553 12.689 12.926 13.217 12.502 13.084
MnO 28.218 28.013 27.865 28.147 29.744 28.408 28.253 28.925 28.211 28.222 28.985 28.391
MgO 0.281 0.277 0.332 0.125 0.173 0.164 0.260 0.187 0.215 0.192 0.224 0.258
CaO 0.221 0.323 0.242 0.195 0.244 0.329 0.255 0.211 0.346 0.225 0.238 0.213
Na,O 0.02 0.035 0.019 0.026 0.035 0.033 0.028 0.036 0.032 0.032 0.024 0.03
Total 99.01 98.74 98.85 98.10 98.98 98.30 99.05 98.61 98.569 98.586 99.007 98.716

Structural formula based on 12 oxygens

Si 3.047232742 3.031806462 3.0217258213.050057759 (3.007499199 3.079927799 3.021466998 |3.011356882 3.054475541 3.035703427 3.026982496 3.01693644

Ti 0.009058481 0.007957799 0.003315668 0.002714546 (0.005507537 0.002899343 0.006754948 |0.0048996  0.005715939 0.005152213 0.007315114 0.004138119
Al 2.004085523 2.004113085 2.0104211662.003489749 (2.006741539 1.958549012 1.983022457 |2.008005445 1.981931637 1.993273244 2.004711622 2.010074118
Cr 0.00177295 0.00270034  0.000920595 0.002189717 (0.002105087 0.001855005 0.001512068 |0.00145256 0.002112718 0.001783155 0.002365828 0.001252155
Fe** -0.118440919 -0.086341947 -0.06142474 -0.111224075|-0.034860098 -0.126058302 -0.040978417|-0.041970968 -0.104427314 -0.076767679 -0.075672668 -0.053475392
Fe?* 1.016793387 1.000000742 0.999359638 1.018738963 [0.873609951 1.016582025 0.98343254 |0.92814679 1.007113595 1.000060377 0.944715601 0.965541059
Mn 1.985040036 1.976534953 1.9629531062.000858975 (2.096185804 2.016220746 1.989841493 |2.045949925 1.9953556  1.996748796 2.040629568 2.004450775
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Mg 0.03479147 0.034399178 0.0411635080.015639318
Ca 0.01966633  0.028829387 0.021565238 0.017535049

End-members

0.021458528 0.020486355 0.032229286

0.021752453 0.029538016 0.022718628

0.023280197 0.026764781 0.023908938 0.027756347 0.03205958

0.01887957 0.030957504 0.020137529 0.021196094 0.019023145

This article is protected by copyright. All rights reserved.

) ﬁ Almandine |33.27 32.90 33.04 33.37 28.99 32.98 32.48 30.77 3291 32.89 31.13 31.96

H Spessartine  |64.95 65.02 64.89 65.54 69.57 65.40 65.71 67.83 65.20 65.66 67.25 66.35

% | Pyrope 1.14 1.13 1.36 0.51 0.71 0.66 1.06 0.77 0.87 0.79 091 1.06

: Grossular 0.68 0.99 0.74 0.61 0.73 1.02 0.77 0.64 1.07 0.69 0.73 0.65
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5 Whole rock geochemistry

5.1 Geochemical characteristics

The whole-rock chemical analyses of the ADAG samples and their calculated normative mineral compositions are
listed in Tables 5 and 6. The albite granite samples vary significantly in their silica contents (72.3-78.4 wt.%) but all
have high differentiation index (96-99), high abundance of total alkalis (Na,O+K,O = 7.5-9.8 wt.%), and Na,O/K,0
ratios ranging between 1.8 and 2.7. The lowest SiO, contents are observed in the porphyritic samples (72.3-73.9
wt.%). The cataclastic albite granite samples appear to have suffered alkali and albite loss, complemented by gains in
Si0,, assuming they began as typical albite granites. As expected, albitite samples show low SiO, (69.9-70.8) and
K,0 (0.2-0.5 wt.%) with high Na,O (10.2-10.4 wt.%) and very high Na,O/K,O ratios (22.6-44.2). All ADAG
samples have very low TiO,, Fe,0;, MgO, and CaO. The two analyzed greisen samples, however, are comparatively
rich in SiO,, Fe,0; and MnO but depleted in Na,O and K,O compared with the other rock types. The greisen
samples also have the lowest Na,O/K,O ratios (0.9-1.4).

The ADAG samples plot well within the alkali granite field of the geochemical classification diagram of De la
Roche et al. (1980) (Fig. 6), except the albitized samples plotted at the boundary between quartz syenite and syenite.
Variations in major and trace element compositions of the suite, plotted against SiO, in Harker variation diagrams
(Figs. 7, 8), show significant correlations despite obvious scatter. Excluding the cataclastic, greisenized and albitized
granitic samples, there is a continuous trend through the porphyritic and non-porphyritic albite granite suite with no
compositional gap. Al,O3, Fe,0;, CaO and K,O decrease with increasing SiO,, while Na,0O and MnO slightly
increase (Fig. 7). A number of trace elements vary by a factor of two or more in concentration within the suite. Some
trace elements — notably Ga, Rb, Y, Li and Cs — are negatively correlated with SiO,, mostly because they show
higher concentrations in the (low-SiO,) porphyritic albite granite unit. Other trace elements — including Sr, Ba, Hf,
Th, Nb, Ta and Zr — are positively correlated with SiO,, in this case mostly because they show higher
concentrations in the (high-SiO,) non-porphyritic unit (Fig. 8). The cataclastic albite granite samples show wide
variation in their trace element contents (Table 5). The greisenized samples are rich in Sn and Li and depleted in Ba,
Nb and Zn.

[ |
Abu Dabbab albite granite Diorite
= Porphyritic albite granite
| | O Medium-albite granite .
1000 I~ @ Cataclastic albite granite Tonalite
V Albitized granite
f Quartz -
%D Syenite onzomnite Granodiorite
&
S 500 [ _
e Granite
I, Quartz
[ v syenite
Alkali granite
0 I : I i | 5
500 1000 1500 2000 2500 3000

R,=4Si-11(Na+K)-2(Fe+Ti)

Fig. 6. Classification of Abu Dabbab albite granite using the R;-R, diagram of De la Roche et al. (1980).
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o
Rock type Porphyritic albite granite Cataclastic albite granite Albitized granite Greisen
O Sample No ADI1 AD14 ADI16 AD2 ADS ADS50* ADS53* ADS56* AD61* ADAT* AD49* ADg-2 ADg-7
) ﬁ Major oxides (wt.%)
| ) Si02 72.68 72.41 73.87 72.34 74.43 78.02 78.38 78.32 78.11 70.84 69.87 83.18 82.14
; TiO2 0.02 0.02 0.01 0.02 0.02 0.01 0.01 0.01 0.01 0.01 0.01 0.02 0.02
A1203 15.44 15.36 14.28 15.65 14.12 13.31 12.56 13.24 13.36 17.87 18.22 10.71 11.64
Fe203 0.46 0.51 0.41 0.47 0.31 0.19 0.26 0.12 0.17 0.1 0.18 0.96 1.12
MnO 0.15 0.14 0.2 0.16 0.17 0.14 0.12 0.07 0.08 0.03 0.04 0.51 0.48
MgO 0.12 0.14 0.04 0.22 0.03 0.01 0.03 0.01 0.02 0.02 0.02 0.05 0.06
ﬁ CaO 0.21 0.19 0.16 0.23 0.17 0.06 0.04 0.03 0.04 0.04 0.04 0.11 0.13
Na20 6.07 6.21 6.17 6.13 6.27 5.18 491 5.54 5.72 10.38 10.16 1.24 1.09
® K20 3.52 3.67 3.48 3.47 3.38 2.84 2.61 2.26 2.29 0.46 0.23 1.32 0.76
P205 0.01 0.02 0.02 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
H LOI 0.83 0.94 1.11 0.93 1.04 0.47 0.68 0.41 0.39 0.36 0.48 1.34 1.46
Q Total 99 99.06 99.51 * 99.86 100.24 99.61 100.22 100.6 100.15 99.05 99.45 99.71
Trace elements (ppm)
@ Nb 64.4 68.6 57.8 57.3 61.6 49.6 56.4 91.3 86.2 126 137.5 343 41.5
Ta 173 166 178.1 163.5 190.6 87.4 107.6 167 217 266 294 194.2 216.7
O Sn 761 844 882 748 895 765 873 886 960 427 447 2021 2151
O Cs 3.7 32 2.5 3.7 2.7 1.48 2.07 1.16 1.09 0.35 0.4 3.9 43
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‘Rb/Sr 48 54 43 48 40 106 72 75 53 28 12 14 12

Table 6. Normative mineral compositions of the Abu Dabbab albite granites.
Rock type Porphyritic albite granite Cataclastic albite granite Albitized granite Greisen
Sample No ADI11 AD14 ADI16 AD2 AD5 AD50* ADS53* AD56* AD61* ADA47* AD49* ADg-2 ADg-7
Quartz 22.86 21.2 23.89 22.15 24.73 36.8 39.94 37.44 35.92 8.56 9.77 71.16 74.48
Corundum 1.2 0.8 0.0 1.3 - 1.6 1.6 1.7 1.4 0.2 1.2 7.2 9.3
Orthoclase 19.89 20.79 19.66 19.58 20.2 16.82 15.59 13.41 13.56 2.72 1.38 7.96 3.41
Albite 53.78 54.99 54.66 54.28 53.65 43.94 42 47.06 48.5 88.04 87.05 10.7 9.49
Anorthite 0.99 0.82 0.67 1.09 0.39 0.23 0.13 0.08 0.13 0.13 0.2 0.49 0.6
Acmite - - - - - - - - - - - - -
Na-Metasilicate - - - - - - - - - - - - -
Diopside - - - - 0.35 - - - - - - - -
Diopside (Wo) - - - - 0.17 - - - - - - - -
Diopside (En) - - - - 0.02 - - - - - - - -
Diopside (Fs) - - - - 0.16 - - - - - - - -
Hypersthene 1.07 1.18 0.9 1.35 0.5 0.45 0.56 0.26 0.36 0.2 0.32 2.08 2.29
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Most of the ADAG samples are peraluminous, with alumina saturation index [ASI = molar ratio

AL O5/(CaO+Na,0+K,0)] greater than unity (Table 5). The highest ASI values are observed in the samples rich in

muscovite (the main aluminous mineral), especially greisen samples. Normative corundum reaches up to 1.7% in the

albite granite; greisen samples have the highest normative corundum fractions (7.2-9.3%). Most ADAG samples

have agpaitic index [Al = molar (Na+K)/Al] greater than 0.87 (0.89-1.04), as expected for alkaline rocks (Liégeois

and Black, 1987; Liégeois et al., 1998). The low values of Al (0.23-0.33) in greisen samples reflect that high modal

abundance of muscovite in these rocks. The very high Ga/Al ratios and elevated Nb concentrations of the ADAG

samples place them firmly in the A-type group (Whalen et al., 1987; Eby, 1990), as shown on the discrimination

diagrams of Whalen et al. (1987) (Fig. 9a, b). However, on the high-SiO, rock classification diagram of Sylvester

(1989) (Fig. 9c¢), the samples plot in the highly fractionated calc-alkaline field. It is conceivable therefore that the

ADAG and its A-type character represent the residual liquid after extensive fractional crystallization of an I-type

calc-alkaline primitive melt (e.g., Collins et al., 1982; Clemens et al., 1986; Whalen et al., 1987; King et al., 1997).

The ADAG shares many features of highly fractionated A-type granites worldwide, including high concentrations of

total alkalis, Nb, and Ta alongside low concentrations of Ba, Zr and Sr (King et al., 1997; Wu et al., 2002; Dahlquist

et al., 2014).
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Fig. 9. Tectonic discrimination diagrams.
(a) Ga/Al vs. FeO,/MgO diagram of Whalen et al. (1987), (b) Ga/Al versus Nb diagram of Whalen et al. (1987) and
(c) Discrimination diagram of Sylvester (1989) for rocks with > 68 wt. % SiO,. Symbols as in Figure 6.

5.2 Spider diagrams

Multi-element trace element patterns of the ADAG samples relative to mid-ocean ridge basalt (normalization
values of Pearce, 1983) are shown in Fig. 10a. All albite granite samples (excluding cataclastic albite granite, albitite
and greisen samples) display uniform and very similar spider diagrams characterized by both absolute depletion and
negative anomalies in Sr, Ba, P, Ti, and Y alongside both absolute enrichment and positive anomalies of Rb, Th, Ta,
Nb and Hf. Sn and Ga, not shown in the patterns, are also strongly enriched. The depletions in the patterns reflect
extensive fractional crystallization of feldspars, apatite and Fe-Ti oxides. The enrichments, even in samples without
obvious concentrations of rare minerals, reflect the rare-metal character of the albite granite.
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Fig. 10. Trace element patterns.

(a) Mid-ocean ridge basalt (MORB)-normalized trace element diagram and (b) chondrite-normalized rare earth
element (REE) patterns for the ADAG. Normalization values in (a) from Pearce (1983) and in (b) from
Evensen et al. (1978). Symbols as in Figure 6.

5.3 REE characteristics
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Rare earth element concentrations of representative samples of the ADAG are given in Table 7 and their
chondrite-normalized patterns (normalization of Evensen et al., 1978) are shown in Fig. 10b. The porphyritic

samples have lower total REE (16-24 ppm) than the medium-grained samples (24-33 ppm), but all the measured
patterns are nearly parallel with similar anomalies. They have high concentration of heavy rare earth elements
(HREES) relative to light rare earth elements (LREEs), reflected in very low values of (La/Lu), (0.19-0.29). This
M feature is characteristic of rare-metal bearing granites in the Eastern Desert of Egypt (e.g. Hassanen et al., 1995;
Abdalla, 2009; Abu El-Rus et al., 2017; Azer et al., 2019a, b). The depletion in LREE has been variously attributed
to fractionation of accessory phases such as monazite (Mittlefehldt and Miller, 1983) or to scavenging by a fluorine-
rich fluid (Webb et al.,1985).
Table 7. Rare earth element contents in Abu Dabbab albite granites.
°® M Rock type Medium—grained albite granite Porphyritic albite granite
H Sample AD5  AD9 AD20 AD23 AD33 AD36 AD39 AD44 AD11 AD16 AD2
H La 1.7 2 1.8 2.2 1.9 2.1 1.8 1.6 1.4 1.7 1.2
Ce 8.4 11.1 8.1 10.1 8.2 10.2 8.6 10.2 6.3 7.4 5.7
Pr 1.07 1.21 1.06 1.32 1.13 1.28 1.05 1.35 0.96 0.84 0. 86
Nd 1.9 2.19 2.2 2.3 2.1 2.3 1.9 2.6 1.7 1.5 1.6
@ Sm 0.88 0.82 0.74 0.91 0.75 0.87 0.78 0.91 [0.72 0. 64 0. 67
Eu 0.02 0.03 0.03 0.02 0.02 0.02 0.02 0.04 |0.04 0. 03 0. 03
@ Gd 0.28 0.43 0.31 0.4 0.33 0.33 0.33 0.36 |0.35 0. 32 0. 33
H Th 0.15 0.23 0.17 0.19 0.18 0.16 0.14 0.24 |0.16 0.15 0.14
QDy 1.41 2.25 1.69 1.94 1.79 1.67 1.72 2.03 |L.52 1. 26 1. 36
Ho 0.26 0.45 0.34 0.36 0.34 0.31 0.3 0.38 0.25 0.24 0. 22
® Er 1.27 2.21 1.58 1.51 1.61 1.45 1.49 1.78 |1.23 1. 09 1. 07
‘ ’ Tm 0.42 0.69 0.61 0.48 0.59 0.49 0.53 0.65 |0.43 0. 37 0. 34
C ] Yb 4.97 8.35 7.23 6.41 6.94 6.46 6.48 7.23 |5.14 4.61 4. 56
Lu 0.81 1.32 1.21 1.01 1.17 0.98 0.98 1.09 |0.76 0.73 0. 66
: Eusk 2.80 3.35 2.70 3.40 2.81 3.02 2.8 3.23 |2.83 2.55 2.89
Eu/EU 0.12 0.15 0.19 0.10 0.12 0.11 0.12 0.21 |0.24 0. 20 0.24
(La/Yb)n 0.23 0.16 0.17 0.23 0.19 0.22 0.19 0.15 |0.18 0.25 0. 18
((La/Sm)n 1.22 1.54 1.54 1.53 1.60 1.52 1.46 1.11 |1.23 1.68 1. 12
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(Gd/Lu)n 0.04 0.04 0.03 0.05 0.03 0.04 0.04 0.04 |0.06 0.05 0. 06

(La/Lu)n 0.22 0.16 0.15 0.22 0.17 0.22 0.19 0.15 0.19 0.24 0.18

The REE patterns of the albite granite show strongly negative Eu anomalies [(Eu/Eu*)=0.10-0.24], especially in
the medium-grained unit. Together with the large depletions in Ba (5-20 ppm) and Sr (10-14 ppm), these are
characteristic features of melts residual to extensive removal of feldspars by magmatic differentiation (Hanson, 1980;
Moller and Muecke, 1984; Lee et al., 2013; Azer, 2013) under conditions reducing enough to stabilize some of the
Eu as Eu”" (Hanson, 1978; McKay, 1989). These elements are also fluid-mobile. Late-stage fluid transport can lead
to very low (Eu/Eu*) (Irber, 1999; Jahn et al., 2001; Zhao et al., 2002) and also mobilize Sr and Ba as well as Ca.
However, the depth of the Eu anomaly is not clearly correlated with the Sr, Ba, or Ca concentrations.

The normalized REE patterns of the ABAG show elevated (Ce, Pr), (Tb, Dy), and (Tm, Yb) relative to the
neighboring REE, in some cases by up to a factor of two. This may be an expression of the REE tetrad effect (Irber et
al., 1994; Irber, 1999), a quantum-mechanical effect causing deviations from the otherwise smooth, ionic radius-
controlled, trend in behavior across the lanthanide contraction series. The tetrad effect has been noted in several
similar alkaline granites of the ANS (Katzir et al., 2007; Azer, 2013). This effect is typical of transitional magmatic—
hydrothermal systems and is often found in highly evolved volatile-rich granites. According to Irber (1999) and Jahn
et al. (2001), it is unlikely that mineral fractionation alone could generate the tetrad effect in evolved granites.
Rather, these authors emphasized the importance of exchange with aqueous fluid during the final stages of granite
crystallization. A fluid-mobilization theory for the tetrad REE effect in the present suite is supported by depletions
and anomalies in other fluid mobile elements, including very low ratios of Eu/Eu* (0.10-0.24), (La/Yb)n (0.16-0.25),
La/Nb (0.02-0.03), Zr/Hf (1.4-2.7), and K/Rb (17-56) together with very high K/Ba ratios (1175-3889). Anomalously
low Eu concentrations are common in granitic rocks showing the REE tetrad effect and these may have a common
cause, namely fluid mobilization (Irber, 1999; Yang et al., 2011; Lee et al., 2013).

6 Discussion

At least fifteen different post-collisional intrusions in the Eastern Desert of Egypt have been described as rare-
metal granites (Fig. 2a) (e.g. Helba et al., 1997; Kiister, 2009; El Hadek et al., 2016; Abu El-Rus et al., 2017).
Despite the economic significance of these granites, their origin and evolution are not yet well-understood. Since the
ADAG has all the common characteristics of these rare-metal bearing granites — Rb > 500 ppm, Li > 100 ppm,
K/Rb < 100, Mg/Li < 30, Ba/Rb < 0.5 and Rb/Sr > 10 (Beus, 1968; Tischendorf, 1977; Olade, 1980; Ramsay, 1986;
Srivastava et al., 2007; Zhu et al., 2006, 2018) — we will develop the ADAG as a case study of the post-collisional
rare-metal granites of the ANS. We apply our data from the present study to assess the tectonic setting, magmatic
sources, and processes responsible for generation and evolution of the ADAG and, by extension, the rare-metal
granites of the ANS as a group.

6.1 Tectonic setting of the ADAG

The ADAG represents the youngest igneous activity in the study area. Our field work and petrographic studies
demonstrate that the ADAG is undeformed and unmetamorphosed, excepting local brittle deformation along shear
zones associated with emplacement and along the Najd fault system. A conspicuous feature of the ADAG is an
absence of mafic microgranular enclaves or dykes, in contrast to the abundance of such features in the surrounding
country rocks. The ADAG shares geochemical characteristics with anorogenic, post-collisional igneous rocks,
including alkaline character and high Ga/Al, Nb, Y and Ga along with low MgO, CaO, Sr, Ba and Zr. Also, the
ADAG samples have marked enrichment in HFSEs including REEs, with pronounced negative Eu anomalies. These
geochemical features are typically characteristic of within-plate magmatism (Whalen et al. 1987; Eby 1990, 1992).

We can confidently conclude that the ADAG was emplaced in a post-orogenic stable intraplate environment, even
though most conventional immobile-element tectonic discrimination diagrams (e.g., Pearce et al., 1984, Harris et al.,
1986) are not suitable for the ADAG because of its highly anomalous trace element characteristics. The within-plate
tectonic setting of the ADAG is substantiated by plotting the data on the multicationic diagram of Batchelor and
Bowden (1985); the ADAG samples appear in the anorogenic and post-orogenic granitic fields (Fig. 11).
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Fig. 11. The tectonic discrimination (R;—R,) of Batchelor and Bowden (1985).

6.2 Source magma and geodynamic model

Rare-metal granites are unusual mineralized granitic rocks that feature significant enrichments of one or more of
the following elements: Zr, Ta, Nb, Hf, Li, Be, W, Sn, U, Th and REE. Several petrogenetic models have been
proposed for these granites; they can be divided rather neatly into theories invoking the action of metasomatic-
hydrothermal fluids on granitoids (e.g. Demange, 1975; Chauris, 1985; Cathelineau, 1988; Rugless and Pirajno,
1996; Antipin et al., 2018) and those emphasizing a magmatic origin as a variant of A-type magma (e.g. Schwartz,
1992; Chaudhri et al., 2003; Sklyarov et al., 2016). Experimental results on granitic systems (e.g., Pichavant and
Manning, 1984; London, 1987) have been interpreted as support for the magmatic theory of albite granites and rare-
metal pegmatites, despite their unusual compositions (Kovalenko and Kovalenko, 1984; Cerny, 1992).

Interpretations of the ADAG genesis in particular are diverse and are not yet adequately addressed. Mohamed
(1993, 2013) adopted a metasomatic-hydrothermal model for modification of a highly fractionated primary granite.
Renno et al. (1993), by contrast, proposed a magmatic model emphasizing an enriched parental magma derived from
remelting of lower crust. Tkachev (2011) concluded that the source of the Abu Dabbab and Nuweibi rare-metal
granites were in deeply buried parts of the oldest orogenic belts within the ANS, remobilized and emplaced along
late-orogenic structures into juvenile Neoproterozoic rocks.

In the Eastern Desert of Egypt, all the rare-metal bearing granites are A-type rocks. However, large differences in
major and trace element concentrations and isotope ratios among various A-type granitic rocks in the ANS demand
that a variety of processes and sources were responsible for their origins (e.g. Jarrar et al., 2008; Eyal et al., 2010; Ali
et al., 2014, 2015; Azer et al., 2014; Gahlan et al., 2016; Khalil et al., 2018; Abdallah et al., 2019). Theories for A-
type granites in the ANS also fall into two distinct groups, those invoking extensive fractional crystallization of
mantle-derived mafic magmas (e.g. Stern and Gottfried, 1986; Bonin, 2007; Stern and Voegeli, 1987; Beyth et al.,
1994; Kessel et al., 1998; Mushkin et al., 2003; Jarrar et al., 2008) and those based on partial melting of various
crustal sources (e.g., Clemens et al., 1986; Creaser et al., 1991; King et al., 1997; Abdel-Rahman, 2006; Farahat et
al., 2007; Ali et al., 2009), plus some models that are hybrids of these end-members. A mid-crustal source is
commonly invoked in crustal-melting models (e.g. Abdel-Rahman, 2006; Farahat et al., 2007; Eyal et al., 2010;
Sherif et al., 2013). Generally, A-type felsic rocks derived by fractional crystallization of mantle-derived magma
should be expected to exhibit a continuous compositional trend from mafic through intermediate to felsic rocks
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(Kessel et al., 1998; Mushkin et al., 1999), though of course rocks representing all parts of the sequence may not be
exposed. Nevertheless, a partial melting process better explains the scarcity of mafic rocks and the absence of
intermediate compositions among A-type plutonic rocks in the region.

The primary evidence supporting a mantle origin has been the radiogenic isotope signatures of A-type rocks of the
ANS, including positive &xq(t) and eg(t) values of +7 to +8 (Morag et al., 2011). However, these signatures can also
be attributed to partial melting of juvenile crust (e.g. Haapala et al., 2007, Farahat et al., 2007) such as re-melting of
island-arc crust from the last orogenic stages of assembly of the ANS. Such mid-crustal sources would not have had
time to evolve radiogenic isotope signatures before being sampled by the A-type post-orogenic activity. Moreover,
Be’eri-Shlevin et al. (2009) interpreted the elevated 8'*0 of some A-type granites of the northern ANS as evidence of
derivation from crustal reservoirs. The highly evolved nature of ADAG and the absence of any mafic or intermediate
magmatic rocks argue against their formation from mantle-derived magma. The absence of enclaves further argues
against hybridization models.

Melting of crustal rocks requires elevated temperatures, which may develop during large-scale strike-slip
movements along reactivated transcurrent faults. Therefore, the emplacement of the ADAG most probably occurred
along Pan-African fractures re-activated by relaxation after the termination of the Pan-African orogeny. The
extensive erosion that preceded the emplacement of the ADAG, together with the crustal rupture and unusually thin
crust in Egypt (about 35 km; Mechie and Prodehl, 1988), may have caused pressure release at depth and influx of
volatiles into the crust from deeper sources. High temperature, decreasing pressure, and volatile addition all promote
partial melting of the crust.

Turning to differentiation of the ADAG magmatic suite, the geochemical characteristics of the pluton indicate
evolution from a common parental magma by extensive fractional crystallization and fluid fractionation. However,
the formation of such an albite-rich magma is puzzling because phase relations in the haplogranitic system Qz-Ab-Or
(Holtz et al., 1992) do not allow liquid of albite granite composition to form by crystal fractionation of dry granitic
magma. In this case, though, the low K/Rb ratios (22-56) and other evidence indicate crystallization from a silicate
melt saturated with and equilibrating with an aqueous fluid phase (e.g., Irber, 1999; El Maghraoui et al., 2002;
London et al., 2012). Elevated water pressure shifts the location of the granite minimum towards the albite apex of
the Qz-Ab-Or ternary (Fig. 12) (Winkler et al., 1975). Furthermore, fluorite in some ADAG samples testifies to
elevated fluorine in the magmatic fluids, which also shifts minimum melt compositions towards albite (Manning,
1981).

Qz

Ab Or

Figure 12

Fig. 12. Normative composition of the NAG samples plotted in Qz—Ab—Or projection.

Dashed lines show the quartz-alkali feldspar cotectics and the trace of the water-saturated minimum melt
compositions in the haplogranite system at total pressure ranging from 0.5 to 10 kbar (Holtz et al., 1992;
Winkler et al., 1975). Solid cyan line shows the trace of the minimum melt composition at 1 kbar with
excess H,O and increasing fluorine (F) content up to 4 wt.% F (Manning, 1981).
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The geochemical variations within the ADAG suite are challenging to assign to specific differentiation processes
because of poor correlations between SiO, and major and trace element concentrations (Figs. 7, 8) and among
various trace element concentrations and ratios (Table 5). Overall, it is clear from the negative P and Ti anomalies of
the whole suite that there was a major role for apatite and Fe-Ti oxides, either as residual phases in the crustal source
area or during fractionation at deeper levels than presently exposed in the pluton. Likewise, very pronounced
negative Eu anomalies and strong depletion in Ba and Sr imply residual or extensively fractionated feldspar, though
these elements may also be strongly overprinted by fluid-related processes (see below).

6.3 Evidence for magmatic vs. metasomatic effects

Rare-metal bearing granites in the Eastern Desert of Egypt have been attributed variously to magmatic processes
(Asran, 1985; Mohamed, 1993; Helba, 1994; Jahn, 1996; Helba et al., 1997; Arslan et al., 1997; Renno, 1997; Abou
El Maaty and Ali Bik, 2000) or to post-magmatic high-temperature metasomatism (Sabet et al., 1976; El-Tabal,
1979; Riad, 1979; Kamel and E1 Tabbal, 1980). The ADAG in particular has likewise been assigned by different
authors to either magmatic (Asran, 1985; Mohamed, 1993; Jahn, 1996; Renno, 1997) or metasomatic origins (Sabet
et al.,1976; Kamel and E1 Tabbal, 1980). In fact, the distinction between magmatic and metasomatic processes may
not be as absolute as once thought (Lundstrom, 2016; Azer et al., 2019a).

A number of observations support the preservation of important magmatic signatures in the ADAG despite the
action of metasomatic processes. Certainly, the overall enrichment in fluid-immobile rare metals, characterizing the
entire intrusion, was a primary magmatic feature. Only limited late stage redistribution of these metals is likely, and
this may have been dominated by gravitational settling at high melt fractions. The sharp intrusive contacts and
chilled margins of the ADAG against the country rocks indicate their magmatic origin. The coexistence of primary
albite, muscovite (Fig. 5), and K-feldspars as euhedral to subhedral crystals argues for a magmatic origin. Likewise,
primary muscovite and feldspars are included in subhedral to euhedral quartz phenocrysts of rather uniform size.
Although “snowball" quartz has been interpreted as both a metasomatic (Beus, 1982; Miiller and Seltmann, 1999)
and a magmatic (Vance, 1969; Pollard, 1989; Schwartz, 1992; Miiller and Seltmann, 1999) feature, the ADAG
examples appear to be magmatic textures.

Although the main phases of the ADAG are primarily magmatic, the effects of hydrothermal fluids and extensive
replacement by secondary minerals become dominant in marginal zones along the southern boundary of the magma
chamber. Such extensive metasomatism is mainly manifested by the development of greisen, stockscheider
pegmatites and quartz veins along fracture systems in the albite granite. During greisenization, primary minerals
(albite, perthite and muscovite) are consumed and a new generation of minerals forms, including quartz, mica, topaz,
fluorite, cassiterite and wolframite. Chemically, comparison to fresh samples indicates that greisenization is
accompanied by dramatic increases in SiO,, Fe,O3;, MnO, Sn and Li complemented by significant losses of Na,O,
K,0, Ba, Nb and Zn. The chemical and mineralogical changes are consistent. Increasing SiO, reflects secondary
quartz; decreasing alkalis reflect loss of feldspar; increases in Sn, Fe,O; and MnO are hosted by cassiterite and
wolframite. Alumina liberated by the destruction of feldspars was incorporated in secondary mica and topaz.

Additionally, the less obviously fluid-modified samples preserve mineralogical features indicating partial
alteration and replacement under subsolidus conditions. These features include (i) partial replacement of microcline
by albite with preservation of the original crystal habit of microcline, (ii) sparse alteration of albite crystals to
sericite, muscovite and chlorite, (iii) overgrowth of secondary albite around K-feldspar, quartz and primary albite,
and (iv) formation of amazonite. Some textural categories of muscovite, for example where it is seen replacing albite
and K-feldspar, have chemistry attributable to secondary formation (Fig. 5). In addition, the existence of biotite relics
within muscovite may indicate reaction of magmatic biotite with immobile Al released during hydrothermal
breakdown of feldspars (Tao et al., 2014; du Bray, 1994). Hence, we interpret some muscovite in the medium-
grained albite granite as a secondary phase, even though primary muscovite is present and the ADAG formed in a
magmatic environment typical of muscovites in other peraluminous granitoids worldwide (Tao et al., 2014).

Chemically, the gradual decrease in REE concentrations from the lower medium-grained albite granite to the
porphyritic type, and the ingrowth of a small tetrad effect anomaly probably both reflect leaching of the accessory
minerals during post-magmatic fluid activity (Barboni and Bussy, 2013). Features such as anomalously low Eu, Sr,
Ba, and K may also testify to leaching by late magmatic to post-magmatic fluid migration.

The Abu Dabbab granitic mass is distinguished into a medium-grained (hypabyssal) albite granite and a fine-
grained porphyritic albite granite. We interpret this distinction in type and texture to reflect vertical zonation of the
magma chamber, with the southern portion of the outcrop presently exposing a shallower level of emplacement and
the northern portion a deeper level. The porphyritic albite granite represents the preserved remnants of the upper-
level apex of the magma chamber whereas the medium-grained albite granite crystallized under deeper, subvolcanic
conditions. The fine-grained matrix of porphyritic albite granite might be a result of pressure quenching related to
opening of fractures and vigorous escape of volatiles. Accumulation of residual volatile-rich melt and exsolved fluids
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in the apical part of the magma chamber produced stockscheider pegmatite, greisen and quartz veins that cut the
peripheries of the granitic pluton of Abu Dabbab and its surrounding country rocks. Metasomatic activity by late- to
post-magmatic fluids locally leached potassium and formed pure albitite salvages.

The mode of emplacement of the ADAG is very similar to the Tarr albitite in southern Sinai (Azer et al., 2010,
2019c) and the Nuweibi albite granite in the Eastern Desert of Egypt (Azer et al., 2019a), despite the obvious
differences in their chemical compositions. Each of these intrusions is divided into hypabyssal and porphyritic
varieties suggesting that a gradient in emplacement depth extending to very shallow crustal levels is preserved and
exposed in each case. The boundary between the two phases in the ADAG and in the Nuweibi albite granite is
gradational and the simultaneous crystallization of the two phases can be established with confidence. On the other
hand, the boundary between hypabyssal and porphyritic albitites at Wadi Tarr is not clear and the temporal
relationship between the two phases cannot be established. Notably, the marginal zones around the ADAG and the
Nuweibi albite granite are quite similar, featuring pegmatite stocks, quartz veins and greisen, whereas the margins of
the Tarr albitite are surrounded by volcanic breccias and fenitization zones. The suggested model for the

emplacement of the ADAG intrusion is shown in Fig. 13.
Stockscheider pegmatite

Cap of magmatic cupola greisen and quartz veins

rich in fluids and albite-rich

1 silicate melt {
. AT
....... ot
jC/ourﬁry/f/otk’s ) i 2l i Couptry.rocks
e d o
.)E‘a’ns L BRI e Bxigasion
: L s A s L aiE
R “F ++ + + + + + 4 Non-porphyritic albite granite + + + i\
/// F++++++++FFFFFFFFFFFA A o N e
: AL R R R I L dL L 5
/// o e S e Sy S MR
/A f + + + + Vertical Exaggeration ++++++++++ gt A
§ etk 25X FH+ ++ s
...... ++++++++++++++++++++++++ + +

Figure 13

Fig. 13. Suggested model for the emplacement of the ADAG intrusion in a magmatic cupola (adapted from Azer et
al. 2019a).

7 Summary

The Abu Dabbab albite granite is an ellipsoidal intrusive stock emplaced into metamorphic country rocks with
development of a contact metamorphic aureole of amphibolite and hornfels. The intrusion itself is
unmetamorphosed. The A-type ADAG is typical in many ways of the rare-metal bearing granites of the northern
ANS, emplaced in the shallow crust during the post-collisional phase of ANS assembly. It is undeformed except in
marginal zones due to shear upon emplacement or due to later motion on the ~600 Ma Najd Fault System. The main
mass of the ADAG is distinguished into two varieties with the same mineralogical composition: medium-grained
albite granite and fine-grained porphyritic albite granite. The latter is less common, exposed only in the southern
portion of the outcrop, and represents a preserved remnant of the shallowly-emplaced apex of the magma chamber.

The ADAG consists essentially of quartz and albite with interstitial K-feldspars and muscovite. Primary albite was
the liquidus mineral. The samples host numerous accessory minerals including Fe-Ti oxides, allanite, zinnwaldite,
apatite, cassiterite, tantalite-columbite, fluorite, topaz, titanite, zircon and garnet. The major and trace element
compositions and petrographic observations clearly classify the ADAG as a mineralized granite. The Nb-Ta
mineralization in the ADAG is visible in outcrop because it occurs in black patches with Fe-Mn oxides. The density
of these patches and the grade of Nb-Ta ore increases towards the northern, more deeply-emplaced part of the
outcrop area. The formation of marginal pegmatite, quartz veins, greisen and amazonite can be attributed to the
accumulation of residual melts and fluids below the roof of the magma chamber and their migration into fractures
extending into the country rocks.
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The petrology and geochemistry of the ADAG are most consistent with generation by partial melting of the
juvenile middle crust of the ANS followed by ascent and emplacement at the intersection of lineations of structural
weakness. Late-stage metasomatism caused limited redistribution of rare metals, moderate recrystallization in the
interior of the intrusion, and development of focused veins of greisen, amazonite and quartz veins along fracture
systems near the apex of the magma chamber.
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