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Abstract

Precambrian basement of the Egyptian sector of the
Arabian-Nubian Shield are well exposed on the flanks of
the Red Sea and along the border with Sudan, making it
an excellent place to study Neoproterozoic processes of
crustal growth, obduction—accretion tectonics, and post
collisional escape tectonics. We review the published
field observations, structural geological analyses, and
geochemical and isotopic data to provide an up-to-date
overview Neoproterozoic and pre-Neoproterozoic crustal
formation in Egypt. Egyptian basement exposures are
distributed in three major places: southern Sinai, the
Eastern Desert and in the southernmost Western Desert.
Neoproterozoic igneous rocks dominate basement expo-
sures in southern Sinai, the Eastern Desert, and the
eastern part of the SW Desert, although ~ 1.0 Ga crust is
documented from northernmost basement exposures in
southern Sinai. Neoproterozoic basement rocks mainly
consist of ophiolite associations, calc-alkaline and alka-
line, and immature sediments; these rocks are especially
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well exposed in the Central Eastern Desert. Older
Neoproterozoic basement rocks represent juvenile arc
terranes that formed during Upper Tonian—Cryogenian
time at ~650-750 Ma around the margins of the
Mozambique Ocean. Accretion of juvenile arc and
backarc basin systems ended by Late Neoproterozoic
time (~620 Ma) when large fragments of east and west
Gondwana collided, closing the Mozambique Ocean and
forming the East African-Antarctic Orogen. Orogenic
collapse and escape tectonics to form NW-SE trending
“Najd” shear zones was associated with intense igneous
activity in Ediacaran time; these igneous rocks are
especially abundant in Sinai and the NE Desert. Expo-
sures along the E-W Nubian Swell from Aswan to
Uweinat provide a glimpse of the transition from juvenile
Neoproterozoic rocks of the Arabian-Nubian Shield
westward into Archean and Paleoproterozoic rocks of
the Saharan Metacraton. We have much to learn about the
formation of Egypt’s crust; the SE Desert is especially
poorly known, and there are surprises to be discovered in
the NE Desert basement. Future efforts to understand the
crust of Egypt will require seismic refraction profiles to
resolve its crustal structure; aeromagnetic mapping to
resolve its crustal fabric; and drilling to sample basement
buried beneath sediments of the vast Western Desert and
Mediterranean coast.
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4.1 Introduction

Egypt is a large country, the 30th largest nation in area,
covering over 1,000,000 km?2. Continental crust (also called
“basement”) underlies all of Egypt but is only exposed in
~10% of this area. Even though only a small fraction of
Egypt exposes basement, these exposures span 800 km N-S
and 1000 km E-W (Fig. 4.1). These extensive exposures
provide a very useful if incomplete snapshot of Egypt’s
crust. Egyptian basement is exposed in 3 places: southern
Sinai, the Eastern Desert, and in the southernmost Western
Desert along the crest of the Nubian Swell.

In this chapter, the basement of Egypt is briefly sum-
marized. These exposures can be subdivided into 5 smaller
regions, from NE to SW: (1) Sinai; (2) Northeastern Desert;
(3) Central Eastern Desert; (4) South Eastern Desert; and
(5) Aswan and the Southwestern Desert subdivisions of the
Eastern Desert are briefly reviewed. The first 4 subdivisions
are dominated by Neoproterozoic rocks but the last
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subdivision contains basement of much greater age. In this
chapter, we will conclude that the SE Desert and buried crust
of the Western Desert are the new frontiers for future
research. Our continuing dissection of Sinai strongly sug-
gests that a similar level of effort in these two Eastern Desert
terranes would resolve a similarly complex and interesting
geologic history in these poorly studied regions.

Another important point is that our knowledge of Egyp-
tian basement is incomplete, most importantly because most
of it is hidden. Because ~90% of Egyptian crust is buried
beneath sediments, we do not know whether or not the
proportion of exposed basement is indicative of the buried
crust. Future efforts to map this buried basement using
geophysical techniques and sampling via drilling are needed
to obtain a less-biased record of Egyptian crust, including
both basement exposures and buried crust. Oil companies
working in the Western Desert and N. Sinai may have such
information. This chapter focuses only on exposed basement
rocks.

Fig. 4.1 Simplified geologic o g T ke i T gade. g0 T ogfe cggan T ne gae T Tl ageen Hpae g
map of E . 32 I 1 | { | ] | I ] ] ] 1 |
p of Egypt showing exposed
Precambrian basement. Mediterranean Sea Sy
NED = Northeastern Desert, 370 Alexandrj am‘g‘,ﬁ"SEid Afis
CED = Central Eastern Desert, m E
SED = Southeastern Desert gypt _Ismailia
303 |o 200 km Cairo _ uep  Sinai
=7 Jordan
A
29°| N Abu
Beni Suef "“-..-””\\%" ;emma
N\ 2 / Saudi Arabia
W
28" & 2%
Asshal %
\ harm %
NED A El Sheikh %‘9
277 Assiute=— _ ®, L. “yHurghada )
Western Desert p Sk :;, L 2
3 ~~~=fsafaga
] - 2
267) Tenal - NQuseir R
Qiftd-—= N
2 B
Luxory, CED .;%
25 s
4 _ W Marsa Alam
ldfly———=%T""1
X
-~ ~
a ey o
247 Aswan N
Um Shagir SE
23 = Bir Safsaf
lJabal El Asr o
Vg Jabal Kamil
g &Uweinat Nubian Swell :
; - & G
2 AR <& gy,
|:|Juvenile Neoproterozic crust - = = = Major asphaltic
v roads
Pre-Neoproterozoic crust, D Phanrassic
+MNeoproterozoic remobilization EIUEE




4 Crustal Evolution of the Egyptian Precambrian Rocks 133
Summary of U-Pb Zircon Ages by Region
Central Eastern Sinai Eilat
Today — 500 — Desert
Phanerozoic Cambrian Ram Unfonformity
— — = | 541 1 = é ~530 Ma
054 H=-—==-—7~ c Cadamian
9 Eo
NED extension & g % et Alype
Najd Deformation.Y 1.0 — 600 — 5 o — 9'“"",“'“; sl
Terminal Colfision 8 & \ 1
o o \ — 635 i Y
° g = ; < s B | Post-
gy e - collisional
o ]
5 o \ & S —
© @ v T 700 ST ) cycle
v g \ 3 u /H—;luiuvu probabiliy —
T v\ @ 720
7] v
> DL \ > Ophiolites and CED
c . v £ Ensimatic Assemblage
S \Z g00{'u
= - U -
© L 2 =1 A Island
= \ ~N g
o \ |5 arc cycle
<
\ b c
\ (o] o
\ a <
< 40 — ‘9004 | F —
] \ =
= \
i~
T 456 — y
\
\
1000 =
o
']
ol =
o5 &
=8 a
1100 — & —

Fig. 4.2 Late Proterozoic temporal evolution of Egypt. Left: Geologic time, from Walker et al. 2012. Neoproterozoic time, showing time
subdivisions used here. Also shown are the six magmatic pulses identified by Augland et al. (2012) for the Central Eastern Desert and relative
crustal proportions as reflected by detrital zircons in Ediacaran terrestrial sediments (Samuel et al. 2011). The Rum unconformity—which signals
cratonization of the ANS—is best exposed in Jordan and Israel but also eastern Sinai (Powell et al. 2014). This unconformity marks when the ANS
—including the Eastern Desert—cooled and cratonized. “Cadomian” pulse ~ 540 Ma may be a far-field expression of Cadomian igneous activity
as recently identified on the northern margin of the Arabian Plate (Stern et al. 2016a, b). Modified after Stern (2018) by adding summary curves for
Sinai crust (Samuel et al. 2011) and exposures near Eilat (Morag et al. 2011)

When describing the basement of Egypt, it is essential to
use the internationally-accepted subdivision of Precambrian
time. This is shown in simplified form on the left side of
Fig. 4.2, modified from Walker et al. (2012). The Neopro-
terozoic era is emphasized because the vast majority of
exposed Egyptian basement rocks formed during this time
period.

The crust of Egypt stabilized at the end of Ediacaran time.
In general, stabilization of the crust follows cessation of

igneous activity, which allows the crust to cool and
strengthen. Further strength is gained from cooling and
thickening of the underlying mantle lithosphere, which also
happens after igneous activity stops. This strengthening of
the continental crust and lithospheric mantle is often referred
to as “cratonization”. The great pulse of Neoproterozoic
igneous activity in Egypt was over by ~580 Ma, although a
minor “Cadomian” pulse occurred ~ 540 Ma (Augland et al.
2012). The clearest evidence of Egyptian cratonization is
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cutting of the Rum Unconformity, which was completed by
~530 Ma. This unconformity is beautifully preserved in
Jordan, Israel, and Saudi Arabia (Powell et al. 2014) but is
only observed in Egypt in Sinai and in the far NE Desert.
Elsewhere in Egypt, evidence of the Rum unconformity was
obliterated by especially Cretaceous uplift, erosion, and
deposition of the Nubian Sandstone.

4.2 Sinai

Precambrian basement in Sinai is exposed as a “V” with two
arms, a short western arm extending NW along the eastern
margin of the Gulf of Suez to ~29°N and a longer eastern
arm extending to the border with Israecl and beyond
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(Fig. 4.3). Sinai  basement exposures encompass
~10,000 km* and consist of ~80% granite and ~20%
volcanics and sediments (Stern and Hedge 1985). Exposed
basement can be further subdivided into 3 groups, from
oldest to youngest: (1) metamorphic complexes;
(2) calc-alkaline; and (3) within-plate granitoids. Ediacaran
rocks dominate over Cryogenian, Tonian, and Stenian rocks.
These rocks are further discussed below.

The basement geology of Sinai can be simply described as
islands of Tonian—Cryogenian metamorphic rocks floating in
a sea of Ediacaran granites, all cut by Ediacaran dykes.
From N to S, the four main metamorphic complexes exposed
in Sinai are Taba, Sa’al, Feiran-Solaf, and Kid. Each of these
metamorphic belts tells a different story about what existed in
the region before the Ediacaran granite flood. Taba lies in the

Fig. 4.3 Geological map of
Sinai, showing the distribution of
the main rock units and the main
metamorphic complexes

(MC) (after Eyal et al. 1980;
Be’eri-Shlevin et al. 2009a, b).
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far north, near the border with Israel. Basement exposures of
the Taba complex extend for ~20 km along the northern-
most western margin of the Gulf of Aqaba. This basement
was uplifted associated with Late Neogene transtension along
the Dead Sea Transform fault and broken up into the three
small blocks, from S to N: Taba (Egypt), Elat, and Roded
(Israel). Exposures of Tonian—Cryogenian metamorphic
rocks are dominated by narrow E-W trending belts of meta-
pelite separated by orthogneiss, all intruded by Ediacaran
granites and dykes (Abu El-Enen et al. 2004).
Amphibolite-facies metamorphism to ~640 °C and 6 kbar is
documented (Abu El-Enen et al. 2004). Basement rock
exposures in ED and Sinai are very similar to that exposed in
the Elat Block and Roded Block in southernmost Israel
(Morag et al. 2011). Basement exposures in this region pre-
serve a remarkable variety of Neoproterozoic lithologies and
ages (Abu El-Enen et al. 2004; Morag et al. 2011), in part
because basement structure trends (E-W) are perpendicular to
the uplift trend (N-S). Taba-Elat-Roded Complex metapelites
contain detrital zircons dated at 800-820 Ma (Kroner et al.
1990) and its northern extensions in Israel (Elat Schist) and
Jordan. More recent studies of metasediments near Elat (Elat
association and Roded association) give detrital zircon ages
of ~760 to ~850, with a few grains dating back to
~930 Ma (Morag et al. 2011). Dioritic to granitic orthog-
neisses intrude Elat complex metapelite and these intrusions
are dated at 782-744 Ma (Kroner et al. 1990; Morag et al.
2011). Amphibolite bodies in the complex give ages of 670-
612 Ma (Kroner et al. 1990; Morag et al. 2011). Similar
rocks are also found in the Abu Barqa suite of SW Jordan,
which has been displaced by ~80 km northwards due to
Dead Sea Transform sinistral movements (Jarrar et al. 2013).

The Sa’al Metamorphic Complex in the north-central
basement exposures of the Sinai peninsula provides a unique
exposure of 1.12-0.95 Ga crust and sediments (Fig. 4.3)
(Be’eri-Shlevin et al. 2012). This small belt strikes E-W and is
dominated by two or three volcanosedimentary formations that
were metamorphosed in greenschist to amphibolite facies (Eyal
et al. 2014; Ali-Bik et al. 2017). Sa’al metavolcanics may have
formed at a convergent plate margin (island arc). Crust of this
age is recognized nowhere else in the Arabian-Nubian Shield.
The influence of the ~1.0 Ga crust extends southward into
Wadi Zaghra (Fig. 4.3) where deformed Ediacaran conglom-
erates (deposited ~615 Ma) contain ~ 1.0 Ga detritus as well
as more abundant 750-850 Ma and 630-670 Ma detritus
(Andresen et al. 2014). Sinai basement also preserves evidence
of pre-Ediacaran crust near the Katherina complex where
~1.05 Ga inherited zircons are found in the 844 + 4 Ma
Moneiga quartz diorite (Bea et al. 2009).

The Feiran-Solaf Metamorphic Complex (Fig. 4.3) differs
from Taba, Elat, and Sa’al complexes by covering a larger
area (~100 km?) and by having a strong NW-SE trending
structure, 35 km long and 5-11 km wide (Fig. 4.3).
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Metamorphic rocks include ortho- and paragneisses and
some calc-silicates, all flanked and intruded by granitic
rocks. Its structure is dominated by a NW-trending anticli-
norium cut by NW-trending thrust faults (Abu-Alam and
Stiiwe 2009). U-Pb zircon dating of Feiran-Solaf metamor-
phic complex rocks reveal a succession of magmatic and
metamorphic events from ~ 1 Ga to <600 Ma (Abu El-Enen
and Whitehouse 2013). Ages of ~1 Ga are found for zir-
cons in meta-sandstones and from orthogneiss. Ages of 785—
800 Ma are obtained from other orthogneisses (Abu El-Enen
and Whitehouse 2013; Eyal et al. 2014). Metamorphism
occurred between ~ 630 and ~590 Ma (Abu El-Enen and
Whitehouse 2013). Abu-Alam and Stiiwe (2009) concluded
that Feiran-Solaf metamorphic rocks experienced peak
metamorphism at ~700-750 °C and 7-8 kbar (~21.5—
26 km deep in the crust) and subsequent isothermal
decompression to ~ 4-5 kbar (~13-16.5 km deep in the
crust). They argued that this was associated with shortening
and concluded that ductile deformation associated with Najd
shearing partly exhumed the gneisses during oblique trans-
pression, but that the final ~ 15 km of exhumation happened
later in Ediacaran time, perhaps associated with cutting of
the Ediacaran unconformity ~600 Ma (associated with
deposition of Hammamat and related sediments). An alter-
nate tectonic interpretation, that the Feiran-Solaf metamor-
phic complex deformation reflects collision with the Sa’al
Metamorphic Complex, is offered by Fowler et al. (in press).

The Kid complex is a volcano-sedimentary sequence
occupying ~600 km? in southernmost Sinai (Fig. 4.3). It is
similar to the other 3 metamorphic complexes in preserving
pre-Ediacaran crustal remnants but differs in also preserving
thick volcanic sections that formed at the beginning of the
Ediacaran episode of igneous activity affecting Egypt. The
Kid Metamorphic Complex consists of 4 major units: the
mostly volcanic Heib and Tarr formations in the south and
the volcaniclastic Melhaq and siliciclastic Um Zariq for-
mations in the north, all separated by shear zones that
formed at ~615-605 Ma (Moghazi et al. 2012). Qenaia
migmatites and quartz diorite gneisses on the SW margin of
the Kid complex, next to the Heib Formation, give a U-Pb
zircon age ~768 £+ 5 Ma (Eyal et al. 2014). The Heib,
Tarr, and Melhaq formations reflect an intense episode of
volcanism associated with Ediacaran core complex forma-
tion (Moghazi et al. 2012). The Heib Formation is a
volcano-sedimentary succession and metarhyolites was
dated by U-Pb zircon ages at 609 + 5 Ma (Moghazi et al.
2012) and ~630-635 Ma (Eyal et al. 2014). The Um Zariq
Formation consists of amphibolite-facies metapelites; detrital
zircons give ages that mostly range between 895 and
730 Ma but a few are as young as ~ 647 Ma (Moghazi et al.
2012). Eyal et al. (2014) considered that these young ages
reflect Pb-loss and that the Um Zariq Formation was
deposited ~730 Ma.
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Overall, the four metamorphic complexes of Sinai show
evidence of having formed first as a 1000700 Ma E-W belt
that was disrupted in Early Ediacaran times by strong
extension and exhumation in a marine environment (Azer
et al. 2010) and followed by intense Najd shearing. The
overall E-W trending fabric that defines Sinai and NE Desert
crust was established in Stenian-Tonian time.

Calc-alkaline (CA) and alkaline-peralkaline (Alk) suites
occupy ~ 80% of the Sinai basement exposures (Eyal et al.
2010). CA suite spans a wide range of mafic to felsic plutons
(SiO, = 45-77 wt%). U-Pb zircon geochronology indicates
prolonged and partially contemporary CA and Alk magma-
tism at 635-590 Ma and 608-580 Ma, respectively. Igneous
rocks of the CA suite are further subdivided into deformed
CAl (650-625 Ma) and undeformed CA2 subsuites
(Be’eri-Shlevin et al. 2009b). CA and Alk have distinct
chemical compositions but mafic and felsic components
have similar Nd, Sr, and O isotopic composition. Both suites
have similar engqy = +1.5 to +6.0 and indistinguishable,
mantle-like mean zircon 8'*0 =+5.8 and +5.9 (Be’er-
i-Shlevin et al. 2009a). Many have the characteristics of
A-type granite. CA and Alk granitoids are probably related
to mafic lower crust as inferred from analogous crust iden-
tified beneath western Arabia (Stern and Johnson 2010).
Magmatic evolution of CA and Alk suites reflects mantle
melting, mafic magmatism, and silicate melt fractionation
into mafic lower and felsic upper crust. Distinct mantle
sources are envisioned for CA and Alk suites, metasoma-
tized lithospheric mantle for the former, upwelling
asthenosphere due to delamination for the latter (Avigad and
Gvirtzman 2009). Alk suites are associated with dense
NE-trending dike swarms. These dike swarms are regionally
bimodal and locally composite (Katzir et al. 2007), testifying
to the coexistence of mafic and felsic magmas; similar dyke
swarms are found in the NE Desert (Stern and Vogeli 1987;
Stern et al. 1988). Volcanics also occur, especially in asso-
ciation with epizonal alkaline plutons (Azer et al. 2014).

It is worth noting that not all of the granitic intrusions in
Sinai are part of the huge Ediacaran episode. There are also
Tonian intrusions such as 782 + 7 Ma El Sheikh granodiorite
on the east flank of the Feiran-Solaf Complex (Stern and
Manton 1987) and the 844 4+ 4 Ma Moneiga quartz diorite
along the southern extension of Feiran-Solaf, adjacent to the
Katherina Ring Complex (Bea et al. 2009). These older plu-
tons do not stand out in the field, and more likely await dis-
covery in the Sinai basement. A similar conclusion that thereis
a significant proportion of pre-Ediacaran crust in the Sinai was
reached on the basis of the abundant detritus in Ediacaran
conglomerates (Samuel et al. 2011; Andresen et al. 2014).

Finally, @ remnants of  Ediacaran terrigenous
volcano-sedimentary successions are locally preserved in the
Sinai basement. A good example is the ~620-590 Ma
Rutig succession near Gebel Katherina. This is >2 km thick
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sequence of intermediate to felsic lavas and pyroclastics
along with sandstones and conglomerates (Samuel et al.
2011). The Elat conglomerate is similar but may be younger
(~580 Ma; Morag et al. 2012). These rocks reveal the Sinai
in Ediacaran time as a magmatically active rift, with several
terrestrial basins with rivers winding through desolate lava
plains. An intriguing insight into what might lie at depth
beneath northern Sinai and Egypt is provided by the Zenafim
formation in the subsurface of Israel, which has been sam-
pled by 4 drillholes along a ~ 150 km N-S transect (Avigad
et al. 2015). This seems to mark an Ediacaran passive
margin on the north side of Africa. The Zenafim formation
thickens northward from thin alluvial fans in the south to
>2 km thick marine sediments in the north; these sedimen-
tary rocks testify to the encroachment of the proto-Tethys
onto the margins of the subsiding Neoproterozoic orogen.
U-Pb dating of detrital zircons from the alluvial fan facies
reveal a concentration of 0.6-0.7 Ga ages, with a
peak ~0.63 Ga; there is little evidence of older crust in
these sediments (Avigad et al. 2015). In contrast, the marine
facies is younger, ~0.58 Ga and contains abundant evi-
dence of older crust.

4.3 Eastern Desert

Basement exposures in Egypt east of the Nile are found in
the Eastern Desert (Fig. 4.4). These exposures encom-
pass ~ 60,000 km® and reflect rift-flank uplift on the NW
margin of the Red Sea. These can be subdivided along strike
into Northeastern Desert (NED), Central Eastern Desert
(CED) and Southeastern Desert (SED). These are discussed
in this order below.

4.3.1 The North Eastern Desert

The NED lies north of a NE-trending boundary drawn south
of the Qena-Safaga road and is the smallest (~ 10,000 km?)
of the three ED subdivisons. Like the Sinai, exposed NED
crust is dominated by Ediacaran igneous rocks and associ-
ated sediments (Fig. 4.5). NED basement exposures
are ~75% granite and gneiss and ~25% volcanics and
sediments (Stern and Hedge 1985). Also similar to the
geology of Sinai, there is strong evidence for extension in
the form of abundant ~600 Ma bimodal dike swarms (in-
cluding composite dikes) that trend E-W to NE-SW,
indicating ~N-S oriented extension about the same time
that Najd strike-slip deformation was affecting the CED
(Stern et al. 1984). Abundant epizonal A-type granites
require passive emplacement and indirectly demonstrate
strong extension. The Ediacaran development of NED crust
thus is very similar to that of Sinai, leading Stern et al.
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(1984) and Stern (1985) to identify this region as the site of
major NW-SE directed extension during Ediacaran time.
The geology of the NED is very different than the terranes
to the south, especially the CED to its immediate south. The
well-developed Cryogenian and Late Tonian sequences that
are spectacularly exposed in the CED are missing. Ophiolites
are absent and gneisses are rare. Distinctive Late Tonian—
Ediacaran sediments especially banded iron formation
(BIF) and Atud diamictite (Fig. 4.4b) are unknown from the
NED (ophioites, BIF, and Atud diamictite are also missing
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from the Sinai). Evidence for Najd deformation—which
affects the CED as well as western Arabia—is also missing.
The Dokhan Volcanics were erupted during the Ediacaran
“magmatic flare-up” (Stern and Hedge 1985; Wilde and
Youssef 2000). There is disagreement as to whether Dokhan
volcanism was associated with a continental arc or magmatic
rift (Stern et al. 1984; Eliwa et al. 2006). It was thought up to
recently that the overwhelming majority of NE Desert
igneous rocks and associated Hammamat sediments
were ~ 600 Ma, but recent investigations show that it is not
quite this simple. Breitkreuz et al. (2010) reported U-Pb
zircon SHRIMP ages for 10 Dokhan silica-rich ignimbrites
and two subvolcanic dacitic bodies from the NED. These
ages range between 592 and 630 Ma, indicating that Dokhan
volcanism occurred over a 40 M.y. timespan.

In spite of the fact that NED and Sinai share a similar
Ediacaran magmatic history, the NED contrasts with Sinai in
having fewer documented examples of Cryogenian and
Tonian crust. One of the most exciting recent developments in
studies of the NED is that we are starting to identify small
tracts of pre-Ediacaran crust. There have been hints of
pre-Ediacaran crustal remnants in the NED for some time. One
is the 666 Ma Mons Claudianus granodiorite (Stern and
Hedge 1985); the 652 + 3 Ma Um Taghir granodiorite col-
lected along the Qena-Safaga road (Moussa et al. 2008) may
be part of the Mons Claudianus batholith. Another is from SW
of Gebel Dara near 27°50'N where Abdel-Rahman and Doig
(1987) used whole-rock Rb-Sr geochronology to identify a
Tonian muscovite tonalite. This is by far the oldest age
reported for rocks of the NED and has yet to be confirmed by
U-Pb zircon dating. Eliwaetal. (2014) used SIMS U-Pb zircon
techniques to document the presence of ~ 740 Ma muscovite
trondhjemite and ~720 Ma granodiorite from this area.
Larger tracts of Tonian crust have recently been identified in
the far NE Desert around 27°53'N where Biihler et al. (2014)
studied the ~ 550 m thick Wadi Malaak succession of lavas,
volcaniclastics, and clastic sedimentary rocks and docu-
mented the presence of ~720 Ma ignimbrites uncon-
formably overlying ~740 Ma granitoids. Working in this
general region but 15 km to the ESE, Abd El-Rahman et al.
(2017) documented ~780 Ma dacite associated with Cu
mineralization. Further efforts to identify and study slivers of
Cryogenian—Tonian crust hidden in the NED are called for.

Ediacaran granitic rocks in the NED show remarkable
mantle-like isotopic characteristics. Ali et al. (2016) studied 4
examples of these intrusions: the 653 Ma Um Taghir gran-
odiorite, the 595 Ma Abu Harba intrusion, the 605 Ma Gattar
syenogranite, and the 597 Ma Missikat syenogranite. All of
these intrusions show strongly positive whole rock eNd(t)
and zircon eHf(t), and zircon '*0 ~ +3.6 to 6.7 per mill.
The origin of the large volumes of enriched granite with such
mantle-like isotopic compositions remains a mystery.
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Fig. 4.5 Geological map for the

33' 30 3400

North Eastern Desert of Egypt
showing the Neoproterozoic
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NH 36SW). General Petroleum
Corporation, 1987, editors:
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4.3.2 The Central Eastern Desert

The CED lies south of the NED and north of an irregular
boundary ~24°30'N where the SED begins (Fig. 4.6). CED
exposures cover ~20,000 km®> and consist of ~40%
granite and gneiss, 55% sediments and volcanics, and ~5%
serpentinites and related rocks (Stern and Hedge 1985).

Much of the following information about the CED is adapted
from Stern (2018). The CED best preserves the oldest
(Tonian—Cryogenian) history of Egypt and also preserves
Ediacaran deformation (Najd), volcanism (Dokhan) and
sedimentation (Hammamat), all associated with intense
igneous activity. The CED is by far the best known of the
three Eastern Desert subdivisions. This is partly due to its
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Fig. 4.6 Geological map for the Central Eastern Desert of Egypt showing the Neoproterozoic basement rocks (modified from CONOCO
map 1:500 000 and compiled from two quadrangle maps: Quseir quadrangle NG 36 NE and Gabal Hamata quadrangle NG 36 SE). General
Petroleum Corporation, 1987, editors: Eberhard Klitzsch, Frank List, Gerhard P6hlmann and associate editors: Robert Handley, Maurice Hermina
and Bernard Meisner

accessibility (it is traversed by two asphalt highways) and The northern limit of the CED is a diffuse boundary
because it is a region of relatively subdued relief, but also marked by intrusions of granitic plutons of the southern
because its supracrustal sequences are especially interesting NED. This transition is marked by a metamorphic gradient
and informative and because gold mineralization is con- that increases northwards—from greenschist to amphibolite
centrated here (Fig. 4.4). facies as the NED batholith is approached. It is more of a



140

broad transition zone than a sharp boundary and lies south of
the Qena-Safaga road. The NED-CED transition zone has
not yet been studied in any detail but may mark where the
infrastructure-superstructure boundary intersects the surface.
This transition is worthy of future research, including the
extent to which it is metamorphic or structural (Qena-Safaga
Shear Zone of Hamimi et al. 2019).

CED supracrustal sequences comprise an ensimatic
(oceanic) assemblage characterized by a wide range of
mostly greenschist-facies ophiolitic rocks and arc volcanics,
along with volcaniclastic wackes, banded iron formation
(BIF), and diamictite (Fig. 4.4b). The ensimatic assemblage
comprises the oldest documented CED units, with ~750
Ma U-Pb zircon ages (Kroner et al. 1992; Andresen et al.
2009; Ali et al. 2009). The supercrustal ensimatic assem-
blage is punctured by Cryogenian I-type granitoids and
Ediacaran I- and A-type granites (Fig. 4.6) and are further
disrupted by several Ediacaran magmatic-metamorphic core
complexes. These core complexes are locations where
infracrustal “Tier 1” of Bennett and Mosely 1987) poke
through lower-grade rocks of the superstructure (“Tier 2” of
Bennett and Mosely 1987). CED supercrustal sequences are
locally overlain by Ediacaran (~ 600 Ma) successor basins
of the Hammamat Group. Hammamat basins formed in
response to differential relief between higher regions in the
NED and lower regions in the CED that accompanied Najd
deformation in the CED and magmatic rifting in the NED.
Possible links by one or more rivers between Ediacaran
terrigeneous sediments in Jordan, Israel, Sinai, NED, and
Hammamat sedimentary basins in the northern part of the
CED warrant future focused investigations.

Eastern Desert infrastructure consists of upper
amphibolite-facies quartzofeldspathic (granitic) gneisses and
amphibolites exposed in several places in the CED, includ-
ing the Meatiq, Abu Had, El Shalul, and El Sibai domes as
well as the Migif-Hafafit and Beitan domes in the SED.
These gneisses are intruded by dioritic, granodioritic, and
granitic plutons, which formed in the infrastructure and
differentially rose up through weak crustal shear zones.
Infrastructure gneisses and intrusives are often mistakenly
thought to be pre-Neoproterozoic “fundamental basement”
but these clearly represent juvenile middle crust that formed
in Neoproterozoic time, as shown by repeated radiometric
and isotopic investigations (Liégeois and Stern 2010). The
contact between superstructure and infrastructure is some-
times an intrusive contact and sometimes a high-strain
mylonitic zone (see Stern 2018 for further details).

The CED is well known for its ophiolites, which comprise
the base of the superstructure. We have two ages for CED
ophiolites: (1) zircon evaporation *°’Pb/**°Pb ages of
745 £ 23 Ma for plagiogranite of the Wadi Ghadir ophiolite
(Kroner et al. 1992) and U-Pb zircon TIMS age of
736.5 £ 1.2 Ma for gabbro from the Fawakhir ophiolite
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(Andresen et al. 2009). CED ophiolites are mostly highly
disrupted and carbonated, although complete if abbreviated
sequences of peridotites, gabbros, and pillow basalts are
broadly exposed throughout the CED, for example along the
Qena-Quseir road near Fawakhir and at Wadi Ghadir.
Abdel-Karim and Ahmed (2010) summarized what is known
about 38 different ophiolitic occurrences in the CED and
SED. The volcanic section of these ophiolitic occurrences
shows clear evidence of forming over a subduction zone,
although it is controversial whether these formed in a backarc
basin or in a forearc during subduction initiation (Abd
El-Rahman et al. 2009a, b; Farahat 2010; El Bahariya 2018).
Understanding the significance of Eastern Desert ophiolitic
ultramafic rocks is complicated because these are intensely
altered by carbonate and sheared (Boskabadi et al. 2016;
Hamimi et al. 2019). It is controversial how many episodes of
deformation occurred but it is clear that ~600 Ma Najd
deformation strongly affected the CED (Abdeen and Greiling
2005). Serpentinites and related talc-carbonates are weak,
easily deformed and serve to localize major faults and shear
zones. As a result, they form mélange that is easily myloni-
tized; some of carbonated ultramafics are so intensely sheared
as to appear in the field to be bedded metasediments. Fortu-
nately, modern orbital remote sensing technology allows us to
identify the distinct spectral characteristics of serpentinite and
carbonate from space (Sultan et al. 1986). Studies of CED
ophiolitic ultramafics show that, before serpentinization and
carbonation, these were highly depleted harzburgites (Azer
and Stern 2007; Khalil and Azer 2007); such depleted peri-
dotites are only found in forearc environments today.
Sedimentary rocks are important supracrustal components
of the CED above the ophiolites. These are thick sequences
of greenschist-facies arc volcanics and associated wackes
and volcaniclastics. Early ideas that CED arc volcanic
sequences stratigraphically overlie ophiolites and metasedi-
ments (Stern 1981) are not supported by U-Pb zircon
geochronology. No discernible difference in age is found for
ophiolites and arc sequences; both range from ~730 to
~750 Ma. One of the most interesting features of CED arc
metavolcanics is that they sometimes contain abundant
pre-Neoproterozoic zircon; these are especially common in
mafic lavas (Ali et al. 2009; Stern et al. 2010a, b). These
volcanics have mantle-like whole-rock Nd isotopic compo-
sitions and show no isotopic evidence for involvement of
pre-Neoproterozoic crust, suggesting that the old zircons
were inherited from the mantle (Stern et al. 2010a, b).
Metasediments occupy a significant proportion of CED
outcrops. These are dominated by immature clastic sedi-
ments such as greywacke, siltstone and shale; many contain
volcaniclastics and sometimes are interbedded with lava
flows. These metasediments are broadly andesitic in bulk
composition, but not much more is known about them.
Future efforts to extract detrital zircon ages from
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metawackes should provide useful insights into the geologic
history of the CED.

Banded Iron Formation (BIF) and Atud diamictite are
minor but very interesting components of the CED
metasedimentary sequence (Fig. 4.4b). Atud diamictite is a
poorly sorted, polymictic breccia, with clasts up to 1 m of
granitoid, quartz porphyry, basalt, quartzite, greywacke,
marble, arkose, and microconglomerate in fine-grained
matrix (Ali et al. 2010a). The Atud diamictite is only docu-
mented from the CED, although a correlative unit, the
Nuwaybah diamictite, is found in coastal Saudi Arabia (Ali
et al. 2010a). Ali et al. (2010a) dated zircons from eight Atud
diamictite clasts (five granitoids, 1 quartzite, 1 quartz por-
phyry, and 1 arkose) and a sample of diamictite matrix. The
clasts gave a variety of ages. Two granitic clasts contained
only Neoproterozoic (~750 Ma) zircons; another granitoid
clast yielded mostly Neoproterozoic (0.75-0.79 Ga) zircons
along with abundant 2.1-2.4 Ga zircons; a fourth granitoid
also yielded Paleoproterozoic (2.0 Ga) ages, which were
partially reset in Neoproterozoic time; the fifth granitic clast
yielded only Paleoproterozoic—Archean ages. The quartz
porphyry clast yielded mostly Neoproterozoic ages (697—
778 Ma) along with one Early Paleoproterozoic and one
Archean zircon. The quartzite clast yielded Paleoproterozoic
to Archean (2.1-2.7 Ga) zircons. The arkose clast contained
Neoproterozoic (0.72-0.77 Ga) and older Paleoproterozoic
zircons (1.8-2.5 Ga). The diamictite matrix contains zircons
with mixed Neoproterozoic and Paleoproterozoic ages (Ali
et al. 2010a). There are no reliable pre-Neoproterozoic
radiometric ages for in situ units in the CED or anywhere else
in the Eastern Desert, so Atud diamicite pre-Neoproterozoic
clasts and matrix components must have been derived from
outside the CED and deposited in the oceanic basin that
existed ~750 Ma in the CED. Ali et al. (2010a) inferred that
Atud diamictite components may have been glacially eroded
from the Saharan Metacraton to the west (Abdelsalam et al.
2002), where pre-Neoproterozoic and Neoproterozoic crust
are both abundant (Sultan et al. 1994) during the Sturtian
(~730 Ma) “Snowball Earth” episode.

Banded Iron Formation (BIF) is another diagnostic
component of the CED metasedimentary sequence (Sims
and James 1984; El-Shazly and Khalil 2014). There are
thirteen different BIF localities in the CED (Fig. 4.4b). There
is a correlative BIF occurrence in NW Saudi Arabia, the
Sawawin deposit (Stern et al. 2013). Limited age constraints
suggest that these BIFs formed ~750 Ma. CED BIFs con-
sist of interlayered dense magnetite and hematite layers
alternating with jasper. BIFs and interbedded wackes are
strongly deformed and metamorphosed to greenschist and
occasionally amphibolite facies. CED BIFs are related to
distal submarine igneous activity and may reflect
re-oxygenation of the ocean during or after the Sturtian
glaciation (Stern et al. 2013).
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The above overview indicates that the CED ~730-
750 Ma was an ensimatic basin with an oceanic crustal
structure. By analogy with modern oceanic crust, this would
have been ~6 km thick. CED crust at this time may have
been somewhat thicker because of associated arc volcanics
and sediments. It is not clear when and how this region
attained its present thickness of ~30 km (Hosny and
Nyblade 2016). Some insight comes from the distribution
of ~600 Ma Hammamat sediments, which define terrestrial
basins that are especially well-developed in the northern
CED, adjacent to the NED. These sediments were deposited
on top of the Cryogenian sequences above an angular
unconformity. Thicknesses of these sequences can reach
several thousand meters (Fowler and Osman 2013). The
Hammamat basins show that the much of the northern CED
was low relative to the NED in Ediacaran time (Fowler and
Osman 2013). Hammamat basins are filled with coarse
clastic sediment that was largely eroded from the NED and
carried by one or more rivers south and deposited in ter-
restrial basins that are now best preserved in the northern
CED. The course of the Ediacaran river can be traced along
the western flank of the Meatiq Dome (strongly deformed
conglomerates of Wadi Um Esh; Ries et al. 1983) which
opens up southward into a broad expanse of Hammamat NW
of Wadis Hammamat, El Qash, and Arak (Fowler and
Osman 2013). The crust that supported Hammamat Basins
was somewhat above sea-level and so must have reached
approximately its present thickness by that time. Hammamat
basins formed in the CED formed without any evidence of
Najd shearing and about the same time as Dokhan volcanism
and intrusion of pink A-type granites, ~600 Ma. Fowler
and Osman (2013) concluded that Hammamat sequences
were deposited in basins formed by N-S extension.

Ediacaran granitic bodies were intruded in the CED but
these are significantly less abundant than in the NED or
Sinai. Early Ediacaran granitic rocks are mostly I-type
whereas Late Ediacaran intrusions are mostly A-type
(Fig. 4.2). There are also Cryogenian intrusions in the
CED, although these are more poorly known.

There are significant gold deposits in the CED (Fig. 4.4b),
including volcanogenic massive sulphide (VMS) deposits like
Wadi Hamama (Abd El-Rahman et al. 2015) and gold min-
eralized quartz veins like El-Sid (Helmy and Zoheir 2015).

The southern limit of the CED is a sharp, structural
boundary that follows the northern flank of the Migif-Hafafit
dome (Shalaby 2010) and its continuation to the SW and SE.
The Migif-Hafafit complex represents an excellent window
into the infrastructure-superstructure transition and the nat-
ure of the infrastructure, which repeated geochronologic and
isotopic measurements indicate is a juvenile Neoproterozoic
crustal addition (Liégeois and Stern 2010). The boundary is
a complex fault system that can be traced for several tens of
kilometers NW along Wadi Nugrus and Gebel Hafafit, then
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turns abruptly SW along Gebel Migif and Wadi Shait to
mark the boundary between superstructure and the CED to
the north and infrastructure and the SED to the south.

4.3.3 The South Eastern Desert

Precambrian basement exposed in the SED covers a much
larger area (~ 30,000 km?) and is much less studied than the
basement exposures of Sinai, the NED or the CED. In many
ways, the SED represents the “last frontier” for future studies
of the Precambrian basement of Egypt; this reflects its
remote location and lack of asphalt roads.

The SED can be partially defined by its geologic
boundaries (Fig. 4.7). In the north is the mostly tectonic

boundary with the CED, described in the previous section.
The eastern boundary is defined by the Red Sea coastal
plain. Before the Red Sea opened in mid-Cenozoic time, the
SED was contiguous with the Midyan terrane of NW Arabia
(Johnson and Woldhaimanot 2003), which is also poorly
known. The southern boundary of the SED is marked by the
Nubian portion of the Yanbu-Sol Hamed-Onib-Gerf-
Allagi-Heiani (YOSHGAH) suture; Stern et al. 1990). The
western boundary is poorly defined but seems to trend
~N-S along ~33°E just east of the Nile, where abun-
dant Ediacaran granitic rocks outcrop discontinu-
ously around Aswan and farther south; these have Nd
isotopic compositions and inherited zircons that indicate
involvement of older crust (Sultan et al. 1990; Finger et al.
2008).
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Fig. 4.7 Geological map for the Southern Eastern Desert of Egypt showing the Neoproterozoic basement rocks (modified from CONOCO
map 1:500 000 and compiled from two quadrangle maps: Gabal Hamata quadrangle NG 36 SE and Bernice quadrangle NF 36 NE). General
Petroleum Corporation, 1987, editors: Eberhard Klitzsch, Frank List, Gerhard P6hlmann and associate editors: Robert Handley, Maurice Hermina

and Bernard Meisner
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The SED contrasts with the CED by lacking BIF deposits. It
may also lack possible glaciogenic deposits comparable to the
Atud diamictite, although these have not been actively sear-
ched for. The SED also lacks significant Ediacaran sedimen-
tary or volcanic successions such as the Hammamat Group and
Dokhan Volcanics found in the NED and CED, although SED
volcanic successions have been mistakenly assigned to the
Dokhan. The SED and CED contain similar proportions of
serpentinites but these are scarcely studied except for ophio-
lites along the E-W trending Allagi-Heiani-Gerf suture in the
far south SED YOSHGAH suture and at Abu Dahr (Gahlan
et al. 2015). The SED seems to also show
infrastructure-superstructure relationships like those of the
CED, but the units in the SED are somewhat older (Stern
2018). The SED in general seems to represent a deeper level of
exposure than the CED and is much less affected by Najd
shearing. Because the SED is less studied than the CED, there
is less geochronologic data; what is available suggests that itis
generally slightly older than the CED (Stern and Hedge 1985),
but more geochronological studies are needed in order to
better outline the main features of SED crust.

The northernmost SED is dominated by gneiss, migma-
tite, and granitic rocks of the Migif-Hafafit region, a belt that
trends ~E-W. This complex metamorphic dome represents
an unusually large exposure of infrastructure (Bennett and
Mosely 1987) and is separated from the southernmost CED
by a broad mylonitic shear zone, the Nugrus thrust. Gneissic
metagabbros define large scale fold interference patterns
cored by foliated meta-tonalites (Fowler and El Kalioubi
2002). Three of these intrusions give zircon Pb evaporation
ages of 675-700 Ma (Kroner et al. 1994) and have Nd and
Sr isotopic compositions indicating that these are juvenile
crustal additions (Liégeois and Stern 2010).

South of the Migif-Hafafit gneissic terrane is a large and
poorly known granitic batholith. South of the great, poorly
studied E-W trending batholith there is a great E-W volcanic
belt ~25 km wide, the Shadli metavolcanics. This name is
sometimes mistakenly applied to CED metavolcanic rocks
but the two sequences are different. Near the Umm Samiuki
mine, the Shadli metavolcanics consist of the older Um
Samiuki and the younger Hamamid groups, both comprising
mafic to felsic successions of slightly metamorphosed lavas.
They both comprise bimodal suites with modes at 48-53 and
69-75 wt% SiO,. Basalts can be further subdivided into a
fractionated low K, high-Ti (~ 0.3 wt% K,0; >2 wt% TiO,)
and a primitive med.- K, low-Ti (~1 wt% K,0; ~1 wt%
TiO,) suites. These are both fairly depleted suites, with flat
or LREE-depleted REE patterns (Stern et al. 1991). A com-
posite Rb-Sr whole rock isochron age of 711 4+ 24 Ma and
eNd(t) = +6.3 to +7.8 was also reported by Stern et al.
(1991); U-Pb zircon ages for these volcanics are needed. On
trace element discrimination diagrams, these volcanics plot
outside the field of arc lavas; formation in a magmatic rift
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was suggested by Stern et al. (1991). This metavolcanic belt
is associated with polymetallic massive Zn-Cu-Pb-Ag sul-
fides, such as El Atshan, Egat, Derhib, Abu Gurdi, Helgate,
Magqaal, and Um Samiuki (Helmy 1999). These deposits
probably reflect submarine hydrothermal deposits.

On the southern margin of the Shadli metavolcanic belt
there are several mafic-ultramafic Alaska-type and layered
intrusions aligned ~E-W around 24°N. From W to E these
are: (1) Gabbro Akarem (24°00'N, 34°08'E, ~ 12 km?);
(2) Gabbro Gharbia (23°56'N, 34°38'E ~ 12 km?); (3) Abu
Hamamid (24°19.5'N, 34°44'E, ~0.5 km®); Dahanib (23°
46'N, 35°10'E, ~9 km?); El Motaghairat (23°52'N, 35°23'
E, ~8 kmz); and Zabargad in the Red Sea (23°37'N, 36°11’
E, ~7.5 km?). We do not know if these are different man-
ifestations of a single igneous event because we only have
radiometric ages for a quartz diorite near Dahanib (U-Pb
zircon age of 711 £ 7 Ma; Dixon 1981a, b), approximate
Rb-Sr and Sm-Nd ages of 650-700 Ma for Zabargad peri-
dotites (Brueckner et al. 1995), Sm-Nd errorchron of
963 + 81 Ma for Genina Gharbia (Helmy et al. 2014).

Gabbro Akarem is a concentrically-zoned
mafic-ultramafic intrusion (dunite core, then hornblende
lherzolite, olivine—plagioclase hornblendite, and plagioclase
hornblendite (Helmy and El Mahallawi 2003). It is elon-
gated ~80°E-260°W, ~10 km long and ~2 km wide,
intruded into metasediments. All lithologies have essentially
flat REE patterns. Genina Gharbia is an elongated NW-SE
(~3 x 6 km) cumulate intrusion into metasediments. It
consists of a core of pyroxenite and peridotite surrounded by
norite and gabbro (Helmy 2004), all with Nd isotopic
compositions indicating derivation from depleted mantle.
Abu Hamamid is elongated and intruded into Shadli vol-
canics (see below) on the north and granodiorite on the south
(Helmy et al. 2015). It is zoned from dunite through
clinopyroxenite to gabbro. A Sm-Nd isochron suggests an
age of 963 + 81 Ma (Helmy et al. 2014). Dahanib is a tilted
layered intrusion oriented N-S, ~6 km x 2 km, composed
of peridotite (dunite, wehrlite, lherzolite, pyroxenite, and
gabbronorite/norite (Dixon 1981a, b; Azer et al. 2017).
Trace elements of Dahanib igneous rocks indicate a con-
vergent margin tectonic environment (Azer et al. 2017). El
Motghairat consists of a NE-elongated ~4 x 1 km layered
intrusion of basal dunite, lherzolite, and pyroxenite; domi-
nant troctolite; and upper gabbro and anorthosite intruded
into metagabbro (Abdel-Halim et al. 2016). The Zabargad
intrusion  consists  of  scattered  exposures  of
amphibole-bearing plagioclase peridotites on a small
(~3 km across) island (Agrinier et al. 1993). Zabargad
peridotites are emplaced into HP-HT metamorphic rocks
(850 °C, 10 kbar or ~33 km deep in the crust; Boudier
et al. 1988) these gneisses give Rb-Sr and Sm—Nd ages of
655 £ 8 Ma and 699 + 34 Ma, interpreted as dating peak
metamorphism (Lancelot and Bosch 1991).
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SED mafic-ultramafic intrusions are associated with
potentially economic deposits of Cu-Ni-PGE (Helmy 2004).
Gabbro Akarem and Genina complexes contain Cu-Ni-PGE
ores, but these are currently deemed sub-economic (700,000
tons of ore at Gabbro Akarem with ~2 wt% Cu and Ni;
Genina Gharbia contains hundreds of thousands of tons of
ore with <1 ppm PGE).We have much to learn about the age
and significance of these and similar deposits further
south ~22°N at Abu Fas and Gerf-Khobani, most impor-
tantly whether they are the same age or not. Remote sensing
studies would be useful for mapping these intrusions and to
help search for more of these spectrally-distinctive bodies.

The region between the Shadli Metavolcanics ~24°30'N
and the YOSHGAH suture near 22°N is especially poorly
known. There are two key pieces of age information for this
poorly-known region, both indicating an age of ~710-
750 Ma. One is a U-Pb zircon age of 711 & 7 Ma for a
tonalite from Wadi Shut (23°45'N, 35°12'E; Dixon 1981b)
and the is for hornblende-bearing orthogneisses along Wadi
Beitan (~23°20'N, 35°E), where U-Pb zircon ages of
719 + 10 Ma, 725 £ 9 Ma, and 744 + 10 Ma are reported
(Ali et al. 2015). Zircon ¢Hf(t) values of —4.8 to +12.5 in the
Beitan gneisses hint that pre-Neoproterozoic crustal rem-
nants might exist in the SED although whole-rock eNd(t)
values of +5.1 to +6.6 indicate this is an overwhelmingly
juvenile crustal addition (Ali et al. 2015).

The southernmost geologic feature of interest in the SED
is the Yanbu-Sol Hamed-Onib-Gerf-Allaqi-Heiani (YOSH-
GAH) suture. The YOSHGAH suture is decorated with
abundant ophiolites and can be traced for ~600 km across
SE Egypt, NE Sudan, and NW Saudi Arabia (Stern et al.
1990). The YOSHGAH suture in Egypt trends approxi-
mately E-W just N of the Egypt-Sudan border until it
intersects the N-S trending Hamasana Shear Zone ~ 34°40’
E. YOSGAH ophiolites and surrounding rocks in the SED
are studied in the east (Gerf; east of 35°E) and the west
(Allaqi; west of 34°E), with few studies in between.

The Gerf complex is the largest ophiolite in Egypt (~ 1-
5 km wide, ~17 km long) and consists of basaltic pillow
lavas, sheeted dykes, isotropic and layered gabbros and
ultramafic mélange, all in thrust contact. Zimmer et al. (1995)
concluded from major and trace element data that pillow
lavas and sheeted dykes are indistinguishable from modern
high-Ti N-MORB whereas Abdel-Karim et al. (2016) con-
cluded from analyses of peridotites and pyroxenites that Gerf
formed in a fore-arc supra-subduction zone (SSZ) environ-
ment. Kroner et al. (1992) analyzed single zircons from a
coarse leucogabbro within the layered sequence using the
evaporation method. They obtained a mean **"Pb/**°Pb age
of 741 + 42 Ma (20 error) for four grains and interpreted this
as the crystallization age of the gabbro and thus the ophiolite.
eNd(t) values of +6.5 to +7.9 indicate derivation from
depleted mantle (Zimmer et al. 1995).
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Within the Halaib area is found the northernmost part of
the N-S Hamisana shear zone (HSZ) and the Onib segment
of the YOSHGAH suture. The HSZ formed after collision
formed the YOSHGAH suture and consists of
amphibolite-facies meta-igneous and metasedimentary rocks
intruded by deformed granitic plutons. The HSZ stands out
because it trends N-S encompassing about 1500 km® of
southeastern Egypt and northeastern Sudan and disrupts the
older, ~E-W trending YOSHGAH. de Wall et al. (2001)
used anisotropy of magnetic susceptibility along with field
and microstructural studies to demonstrate that HSZ defor-
mation was dominated by pure shear, producing E-W
shortening with a strong N-S-extensional component. This
deformation also led to folding of regional-scale thrusts
(including the YOSHGAH ophiolite and related structures).
Metamorphism to amphibolite facies (up to 600 & 50 °C
and 5-6.5 kbar, or 15-20 km deep in the crust; Ali-Bik et al.
2014). Three zircon Pb—Pb evaporation and two U-Pb con-
ventional zircon ages range from 663 +29 Ma to
844 4+ 10 Ma + 5 Ma; Rb-Sr whole rock isochron and
errorchron ages for 7 deformed granitic and gneissic bodies
range from 551 £ 28 Ma to 665 + 62 Ma; these ages
reflect a protracted episode of Neoproterozoic crust forma-
tion and deformation. Two mineral isochrons and one
undeformed granite give ages of 510+ 40 Ma to
573 £ 15 Ma, indicating that exhumation and cooling
encompassed a significant amount of Late Ediacaran and
perhaps Cambrian time (Stern et al. 1989). The northern
HSZ thus provides a remarkable exposure of exhumed ANS
middle crust, worthy of further integrated study involving
structural, metamorphic, and geochronological studies.

The western YOSHGAH suture has been studied around
Wadi Allaqi west of 34°E. Abdelsalam et al. (2003) carried
out structural studies supported by remote sensing to show
that this part of the suture zone constitutes three S-to SW
verging low-angle thrust sheets and folds, forming a 10 km
wide imbrication fan. Similar conclusions were reached by
Hamimi et al. (2019). Volcanic rocks including rhyolites and
felsic tuffs above metasedimentary rocks dominate the upper
allochthon. This overrides the central allochthon dominated
by arc and ophiolitic assemblages. The structurally lowest
nappe (southern allochthon) is dominated by amphibolite
facies schistose metavolcanic and metavolcanoclastic rocks.
Serpentinized ophiolitic peridotites are very depleted and
interpreted as fragments of forearc mantle on the basis of
major element and spinel compositions (Azer et al. 2013).
Mafic to felsic metavolcanics mapped as Dokhan volcanics
are exposed along Wadi Allaqi south of the southern
allochthon (EI-Nisr 1997).

There is some robust geochronological control for rocks
around the Allagi segment of YOSHGAH. Kroner et al.
(1992) obtained single zircon Pb—Pb evaporation ages of
729 £ 17 Ma and 736 4+ 11 Ma for gabbro and diorite
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samples, respectively, from a single intrusion into sheared
serpentinites; they were uncertain whether the dated gab-
brodiorite was part of the ophiolite or intruded it, but finally
interpreted it as a post-obduction intrusion. Ali et al. (2010b
reported five SHRIMP U-Pb zircon ages. Ophiolitic layered
gabbro gave a concordia age of 730 + 6 Ma, and a meta-
dacite from overlying arc-type metavolcanic rocks yielded a
weighted mean 2%°Pb/**U age of 733 & 7 Ma. Taken
together—and considering the results of Kroner et al. (1992)
—this indicates ophiolite formation at ~ 730 Ma. The
Allaqgi ophiolite is thus similar in age to Gerf and CED
ophiolites. Ophiolite emplacement in Wadi Allaqi is con-
strained by U-Pb zircon concordia ages for intrusive gabbro
(697 + 5 Ma) and quartz diorite (709 £ 4 Ma) indicat-
ing <30 million years between ophiolite formation by sea-
floor spreading and terrane accretion.

4.4 Aswan and the Southwestern Desert

Crust of the Western Desert of Egypt (Fig. 4.8) is mostly
buried beneath Phanerozoic sediments. Some oil companies
have drilled to basement but information about the basement
they encountered is not yet available to the public. Maps of the
magnetic field over this huge region would also be useful for
understanding basement lithologies and trends but these are
not available as of this writing in early 2018. Fortunately, the
Nubian Swell—an E-W trending uplift extending ~ 800 km
to the border of Libya (Thurmond et al. 2004)—allows
glimpses of this buried basement. We know that crust on the
buried northern flank of Arabia is mostly younger than ANS
crust and suspect that this is also true for adjacent parts of
Egypt, but the E-W transect provided by Nubian Swell
exposures are nevertheless extremely informative about the
nature of Egyptian crust buried beneath the Western Desert.
It is not easy to define the boundary between juvenile
Neoproterozoic crust of the Eastern Desert and older crust of
the northwestern Saharan Metacraton in the Western Desert
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of Egypt. This is sometimes interpreted as a tectonic
boundary, with Eastern Desert ensimatic assemblages thrust
over the Metacraton (e.g., Hamimi et al. 2019), but the
boundary is obscured by Ediacaran granitic intrusions. There
are extensive outcrops of Archean and Paleoproterozoic
rocks in the far west along the Nubian Swell around Gebel
Kamil and Gebel Oweinat but farther east these disappear
and are replaced by mostly Ediacaran igneous rocks that
preserve isotopic evidence that pre-Neoproterozoic crust
once existed here. Previous workers take the granitic expo-
sures around Aswan to mark the boundary between the
Saharan Metacraton and juvenile Neoproterozoic crust of the
SED (Harris et al. 1984; Sultan et al. 1990). These exposures
include several varieties of granite along with tonalite,
pegmatite, and metamorphic rocks (Gindy and Tamish
1998). U-Pb zircon ages by TIMS and LA-ICP-MS give
ages of 595 4+ 11 Ma to 622 &+ 11 Ma for Aswan plutonic
rocks (Finger et al. 2008) and 634 + 4 Ma for granitic
gneiss from Aswan (Sultan et al. 1994). These granitic rocks
show isotopic evidence for the involvement of
pre-Neoproterozoic crust, especially in terms of whole rock
eNd(t) = +1.0 to +2.3 (Harris et al. 1984; Sultan et al. 1990).

Basement exposures SW of Aswan and Gebel Umm
Shagir are the next important basement exposures west of
Aswan and the Nile. These outcrops are dominated by
migmatite, gneiss, post-tectonic granite, dikes, and sills
(Bernau et al. 1987; Sultan et al. 1994). Biotite granite gneiss
from 160 km SW of Aswan along the road to Abu Simbel
gave a U-Pb zircon TIMS age of 741 + 5 Ma whereas a
granitic migmatite from Gebel Umm Shaghir gave a U-Pb
zircon TIMS age of 626 & 4 Ma (Sultan et al. 1994).

The next important outcrop to the west of Gebel Umm
Shaghir is around Gebel El Asr, where amphibolite- to
granulite-facies quartzo-feldspathic gneiss and other meta-
morphic rocks (including BIF) dominate and intrusive rocks
are subordinant (Bernau et al. 1987). Anorthosite from Gebel
El Asr contain an unusually complex zircon population, with
2 fractions that give a TIMS U-Pb zircon concordia age of
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604 £ 5 Ma and a discordia with a lower intercept age
of ~689 Ma and upper intercepts of 1922-2141 Ma (Sultan
et al. 1994). These ages give clear evidence that
pre-Neoproterozoic crust was intensively reworked in Neo-
proterozoic time.

Bernau et al. (1987) identified three metamorphic stages
for rocks of Gebel Umm Shaghir and Gebel El Asr. The first
stage is reflected in scapolite formation in calc-silicates,
indicating lower T limits of ~800 °C and P ~8-9 kb
(~25-30 km deep in the crust). The second stage is shown
by the breakdown of scapolite into anorthite and calcite and
occurred at T ~750-800 °C and P < 6 kbar (<~20 km
deep in the crust). The third stage was retrogression under
greenschist-facies conditions. E-W trending mylonite zones
are common in basement outcrops around Umm Shaghir and
El Asr (Bernau et al. 1987).

The next major outcrop of basement to the west along the
Nubian Swell is around Bir Safsaf. This is a very large
exposure, encompassing ~ 1000 km*. Bernau et al. (1987)
show this large region as consisting of subequal proportions
of metamorphic and plutonic rocks (granite and granodior-
ite), all cut by dikes, but Bea et al. (2011a) depict it as
consisting entirely of various granitic rocks. Some of the
granites contain muscovite and show affinities with S-type
granites (Bernau et al. 1987). The dominant igneous rock at
Bir Safsaf is coarse red biotite granite (Bernau et al. 1987) or
pink granite, syenogranite, and granodiorite (Bea et al.
2011a); this intrudes granodiorite and sometimes contains
abundant xenoliths of the older granodiorite (Bea et al.
2011a). Bea et al. (2011a) carried out U-Pb SHRIMP dating
of zircons from 9 samples of Safsaf gneissic and granitic
rocks. Their results indicate that all Safsaf granitoids and
migmatitic gneisses formed during an Ediacaran magmatic
event that lasted from 627 to 595 Ma. They also noted that
some zircon cores and xenocrysts show ages of 2.1 and
2.7 Ga. They also analyzed 28 whole-rock samples for Sr
isotopic compositions and found that these defined an
errorchron with an age of ~616 Ma and an initial
¥S1/*°Sr ~0.7050. Twenty-eight analyses of whole-rock
Nd isotopic compositions yielded a narrow range of eNd(t),
between —5 and —6, clearly indicating the presence of
pre-Neoproterozoic crust. Bea et al. (2011a) obtained Nd
model ages of ~ 1.5 Ga but interpreted this as having no age
significance but as an artifact of mixing between 2.1 and
2.7 Ga old crust and juvenile Neoproterozoic melts.

Gebel Kamil is the next exposure to the west of Bir
Safsaf. The area around Gebel Kamil is the easternmost part
of the ~200 km wide basement outcrop that continues all
the way to Gebel Oweinat at the border with Libya and
Sudan, and here the oldest rocks in Egypt are exposed.
Sultan et al. (1994) dated five grains from a gabbroic
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anorthosite from Gebel Kamil using TIMS U-Pb zircon
techniques. Two single-grain analyses yielded identical
207ph/2%%Ph ages of 2629 4 3 Ma whereas three multigrain
fractions and two single grains define a discordia with an
upper intercept age of 2063 + 8 Ma and a poorly defined
Neoproterozoic lower intercept age. Sultan et al. (1994)
interpreted these results as reflecting an Archean igneous
rock that was metamorphosed in Paleoproterozoic time. Bea
et al. (2011b) confirmed the presence of Archean crust in the
Gebel Kamil—Gebel Oweinat uplift and a Paleoproterozoic
(~2.1 Ga) overprint. Bea et al. (2011b) also documented a
meta-igneous complex that they called the Gebel Kamil
complex, composed of low- to medium-K calcic to
calc-alkaline tonalitic to trondhjemitic, rarely granitic,
gneisses (TTG) associated with subordinate gabbro-dioritic
gneisses. These TTGs yield a Sm—Nd whole-rock isochron
age of 3.16 £ 0.16 Ga and have a range of U-Pb zircon ages
from 2.55 to 3.1 Ga. The most primitive TTG gneisses
contain zircons with crystallization ages between 3.1 Ga and
3.3 Ga peaking at 3.22 £ 0.04 Ga, almost identical, within
error, to the Sm—Nd isochron. These are by far the oldest
rocks in Egypt and some of the oldest rocks in Africa.

Karmakar and Schenk (2015) studied textural and com-
positional relationships in metapelites and metabasites from
all over the Gebel Kamil—Gebel Oweinat area. Metapelitic
granulites show a two-stage metamorphic evolution; the first
stage occurred at ~1050 °C and P ~10 kbar (~33 km
deep in the crust), and the second stage involved
near-isothermal decompression to ~6 kbar at T of 900—
1000 °C followed by near-isobaric cooling to temperatures
of ~700 °C at 5.5-6 kbar (17-20 km deep in the crust).
Karmakar and Schenk (2015) also documented the second
metamorphic stage in the associated metabasic granulites.
Karmakar and Schenk (2015) conducted
texturally-controlled in situ Th-U-total Pb monazite dating
of the metapelites and concluded that metamorphism first
occurred at ~2.6 Ga during an episode of Neoarchean
ultrahigh-temperature metamorphism. The second stage
occurred ~1.9 Ga during a Paleoproterozoic ultra-high
temperature isothermal decompression event. Karmakar
and Schenk (2015) found no evidence of significant Neo-
proterozoic metamorphism.

4.5 Buried Crust of the Western Desert

No summary of the Precambrian basement of Egypt would
be complete without mention of crust buried beneath
Phanerozoic sediments west of the Eastern Desert and north
of the Nubian Swell. We know nothing about this crust.
Aeromagnetic and gravity maps would be useful, but these
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are not readily available. Oil and gas drilling in this vast
region may have sampled this basement, but if so we know
nothing about where these penetrations occurred or what
was found. Nor can we extrapolate from the buried basement
of Libya, this crust is also unknown. What we do know is
that buried crust north of the Arabian Shield is surprisingly
heterogeneous. We know that 1.2-0.95 Ga crust is exposed
in Sinai. There is evidence of a Late Ediacaran (~ 580 Ma)
passive margin developed on the NW flank of Arabia
(Zenafim Formation; Avigad et al. 2015) buried beneath
younger sediments in Israel, and a similar passive margin
sequence might lie beneath the Phanerozoic sediments of the
Western Desert. We also know that Cadomian crust ~ 560
Ma lies beneath sediments in northern Jordan (Stern et al.
2016a, b) and that Carboniferous crust ~357 Ma lies
beneath sediments in southern Syria (Stern et al. 2014). It
will be for the next generation to explore the buried crust of
Egypt. Who knows what they will find?

4.6 Conclusions

Our overview of Egyptian basement rocks can be summa-
rized in the following 10 points:

1. Only a small fraction (~10%) of Egyptian crust is
exposed and available for study. Most of this exposed
crust is Neoproterozoic in age.

2. Exposures around the Red Sea mark the NW extent of
the Arabian-Nubian Shield. These are readily subdi-
vided into 4 basement provinces: Sinai, NE Desert,
Central E Desert, and SE Desert. Basement exposures
from Aswan westwards along the Sudan border to the
border with Libya represent a fifth basement province,
the SW Desert.

3. Sinai basement exposures include small remnants of
Cryogenian, Tonian, and Late Mesoproterozoic crust
that are engulfed in a sea of Ediacaran granites and
related dikes and volcanic rocks.

4. In the NE Desert, remnants of Cryogenian and Tonian
crust are engulfed in a sea of Ediacaran granites and
related dikes and volcanic rocks.

5. Cryogenian and Late Tonian sequences are spectacu-
larly exposed in the Central ED. Relationships between
infracrustal gneisses and mesozonal granitic rocks
structurally overlain by Late Tonian—Cryogenian ophi-
olites and distinctive sediments especially banded iron
formation and Atud diamictite are locally preserved
where they are not disrupted by Ediacaran shear zones
of the Najd system, cut by abundant Ediacaran granites,
or buried beneath Ediacaran terrestrial sediments of the
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Hammamat Group. Widespread carbonatization and
gold mineralization also characterize the CED.

6. Infrastructure gneisses and intrusives in CED and SED
are mistakenly thought to be pre-Neoproterozoic “fun-
damental basement” but these are clearly represent
juvenile middle crust that formed in Neoproterozoic
time, as shown by radiometric and isotopic
investigations.

7. Basement exposed in the SED covers a much larger
area and is much less studied than the basement expo-
sures of Sinai, the NED or the CED. SED basement
shares many petrologic characteristics like that of the
CED including abundance of ophiolites and gneisses.
Limited geochronologic data suggests that it is gener-
ally slightly older than the CED; the SED is less
affected by Najd shearing than is the CED. Much more
work is needed to better understand SED crustal evo-
lution, especially zircon geochronology and related
studies. The SED represents one frontier of Egyptian
basement geology.

8. The only well-preserved suture in Egypt is the E-W
trending Allaqi-Heiani-Gerf-Onib ophiolite
belt. ~730 Ma ophiolites were emplaced during ter-
rane collision ~700 Ma.

9. A glimpse of older basement is provided by scattered
outcrops along the E-W trending Nubian Swell, just N
of the Sudan border. The boundary between juvenile
crust of the Arabian-Nubian Shield in the east and the
Saharan Metacraton in the west is marked by a broad
zone of Neoproterozoic granites and gneisses with
isotopic compositions indicating reworking of older
crust. West of this transition zone are extensive out-
crops of Archean and Paleoproterozoic rocks in the far
SW of the Western Desert.

10. We need to find ways to obtain and study samples of
Precambrian basement buried beneath Phanerozoic
sediments west of the Eastern Desert and north of the
Nubian Swell. Future efforts to understand this crust
will require co-operation between industrial and aca-
demic geophysicists and geologists. Geophysical stud-
ies will be very useful for understanding the large scale
crustal structure of this region. Exploration of this “last
frontier” is likely to reveal some surprising results.
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