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Neoproterozoic crust is beautifully exposed in the Eastern Desert (ED) of Egypt as an unbroken rift-flank
uplift extending ~800 km between the Nile and the Red Sea, from near Cairo to the Sudan border.
Different but related Neoproterozoic rocks are exposed in the northern, central and south Eastern Desert
(NED, CED, and SED). Teleseismic data from four ED stations suggest that the crust is thin (28—33 km)
and contains a mafic underplate ~5 km thick at its base. The CED is the best known of the three blocks
because of low relief, good roads, and mineral deposits. The CED is mostly composed of Late Tonian-
Cryogenian (~700—750 Ma) superstructure, of largely ensimatic character: disrupted ophiolitic crust
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Eg{,pt with associated immature clastic sediments, diamictite, banded iron formation, and arc sequences. CED
Neoproterozoic superstructure was deformed, metamorphosed to greenschist facies and especially ultramafic rocks
Ophiolite pervasively altered by interaction with CO, —rich fluids of mostly mantle origin. Several domes bring

deeper rocks of the gneissic infrastructure to the surface; these generally give younger radiometric ages
than superstructure rocks, demonstrating that the infrastructure was hot, partially molten, and weak
while the superstructure deformed above it. Special emphasis is given to a subhorizontal shear zone
termed the Eastern Desert Decollement (EDD), localized at the boundary between brittle, greenschist-
facies superstructure and ductile, partially molten infrastructure. The EDD was active during Najd
strike-slip deformation ~600 Ma, but the infrastructure began forming in the south ~710 Ma, younging
northward to the Ediacaran magmatic culmination in the NED. Melting of the infrastructure reflected
magmatic underplating, now apparent as a 5 km —thick mafic lower crust. Fluid infiltration accompa-
nying superstructure deformation and infrastructure magmatism were responsible for generating most
of ED gold deposits. The SED is broadly similar to the CED but is poorly known. The NED is very different
than the CED or SED and is almost entirely an Ediacaran magmatic construction, although minor relicts of
Late Tonian —Cryogenian superstructure have been identified. Some suggestions for future studies are
provided.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction except for the Arabian-Nubian Shield (Johnson and

Woldehaimanot, 2003). For better known regions such as the

We, like Prof. El Ramly, want to understand how the Neo-
proterozoic crust of the Eastern Desert of Egypt evolved and how
this was accompanied by economically significant gold minerali-
zation. Eastern Desert lithosphere is of interest to the global geo-
science community because it is an excellent example of the ~4
million km? of Neoproterozoic lithosphere in N Africa (McKenzie
et al., 2015). The hypotheses that we concoct for the formation of
this lithosphere must be consistent with our overall understanding
of the regional geology of this huge region, which at present is poor
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crust of Egypt, we must also explain the three-fold subdivision of
the Eastern Desert (Stern and Hedge, 1985). The North, Central and
South Eastern Desert domains (hereafter, NED, CED, and SED) all
reveal different aspects of the region's protracted and intense
Neoproterozoic episode of deformation and igneous activity. Sur-
face exposures of the rocks of these three regions reveal different
aspects of this evolution. In this contribution, I build on Prof. El
Ramly's distinguished career of many years of research in the
Eastern Desert to provide some new insights about how this crust
evolved, and suggest some lines of future research. First, the sub-
divisions of the Eastern Desert are briefly reviewed. The Sinai
peninsula also contains significant exposures of Neoproterozoic
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crust but is not considered here because it is complicated by the
presence of older ~1 Ga crust that is not recognized in the Eastern
Desert (Be'eri-Shlevin et al., 2012; Abu El-Enen and Whitehouse,
2013); a review of Sinai Precambrian basement is needed. Along
with outlining the most important features of the three Eastern
Desert blocks, some ideas about ED crustal structure are presented.
Specifically, the significance of the sharp transition from cool su-
perstructure to hot infrastructure that existed ~600 Ma is empha-
sized. This transition separated partially molten felsic middle crust
(infrastructure) from overlying greenschist-facies ensimatic as-
semblages (superstructure). This rheological boundary also local-
ized Najd-related deformation and concentrated the fluids
responsible for carbonate alteration of supracrustal ophiolitic pe-
ridotites, which in turn played an important role in generating
gold-mineralized quartz veins. Below we briefly summarize the
most important aspects of the three crustal domains, then explore
how we can use this understanding to reconstruct processes
happening ~600 Ma near this transition. In this review, I use
internationally accepted subdivisions for Neoproterozoic time:
Tonian (1000—720 Ma), Cryogenian (720—635 Ma), and Ediacaran
(635—541 Ma). Fig. 1 uses this timescale to summarize the geologic
history of the region, including many processes and relationships
described in greater detail below.

2. Geologic overview

As noted above, the North, Central and South Eastern Desert
domains (hereafter, NED, CED, and SED) all reveal different aspects
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Fig. 1. Neoproterozoic time, showing time subdivisions used here. Also shown are the
six Eastern Desert magmatic pulses identified by Augland et al. (2012) as well as the
cutting of Rum unconformity as preserved in Jordan (Powell et al., 2014). This un-
conformity marks when the ANS — including the Eastern Desert - cooled completely
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., 2016).

of how the continental crust of the Eastern Desert formed. We start
with the CED because it best preserves the oldest (Tonian-Cry-
ogenian) history and also best preserves Ediacaran deformation as
well as associated (Hammamat) basins, then the SED because it is
just as old if not older than the CED, and finish with the NED, which
is dominated by Ediacaran igneous rocks.

2.1. The Central Eastern Desert

The CED is in many ways the best known of the three Eastern
Desert subdivisions. This is partly due to its accessibility (it is tra-
versed by two asphalt highways) and because it is a region of
relatively subdued relief, but also because its supracrustal se-
quences are especially interesting and informative. The oldest ev-
idence for how Eastern Desert crust formed is preserved in the
Central Eastern Desert (CED), which is dominated by rocks of Cry-
ogenian and Tonian age. The CED exposes 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. 2B, C, D).
The ensimatic assemblages represents the oldest documented CED
units, with ~750 Ma U-Pb zircon ages (Kroner et al., 1992; Andresen
etal., 2009; Ali et al., 2009). The supercrustal ensimatic assemblage
is punctured by Cryogenian I-type granitoids and Ediacaran A-type
granites (Fig. 1) and are further disrupted by several Ediacaran
magmatic-metamorphic core complexes. These 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 supracrustal sequences are locally
overlain by Ediacaran (~600 Ma) successor basins of the Hamma-
mat Group. Hammamt 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.

Eastern Desert infrastructure consists of upper amphibolite-
facies quartzofeldspathic (granitic) gneisses and amphibolites
exposed in several places in the CED, including the Meatiq, Abu
Had, El Shalul, and El Sibai domes as well as the Migif-Hafafit and
Beitan domes in the SED (Fig. 2B). These gneisses are intruded by
dioritic, granodioritic, and granitic plutons, which likely formed in
the infrastructure and differentially rose up through weak crustal
shear zones. The contact between superstructure and infrastruc-
ture is sometimes an intrusive contact and sometimes a high-strain
mylonitic zone. The infrastructure of the Eastern Desert is described
in greater below in the section “Infrastructure” below.

The CED is perhaps best known for its abundance of ophiolitic
rocks, which makes up the base of the superstructure. CED ophio-
lites are mostly highly disrupted and carbonated, although com-
plete if abbreviated sequences of peridotites, gabbros, and pillow
basalts can be found in a few places, 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 all show 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 EI-Rahman
et al., 2009a, b; Farahat, 2010).

Understanding the significance of Eastern Desert ophiolitic ul-
tramafics is an especially difficult challenge because these are
heavily altered by carbonate and disrupted by intense shearing. 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). Serpentinized peridotites and related
talc-carbonates are very weak and easy to deform so these tend to
localize major faults and shear zones. As a result, they readily form
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Fig. 2. (A) Reconstructed Arabian-Nubian Shield, showing location of the Eastern Desert as the NW flank of the Arabian-Nubian Shield. B) Geological map of the Eastern Desert of
Egypt showing granitoids, gneisses, and arc units, along with basement subdivisions of North, Central, and South Eastern Dessert (modified after Ali et al., 2015). C): Map showing
the distribution of ophiolites and ophiolitic mélanges in the Eastern Desert, modified after Shackleton (1994). D) The northern ANS banded iron formation (BIF) -ophiolite-diamictite
basin, modified after Ali et al. (2010a,b). Map of pertinent regions of Egypt and Saudi Arabia with Red Sea closed, showing eight BIF localities in the Central Eastern Desert (CED) of
Egypt (Sims and James, 1984) and Sawawin BIF in Arabia are shown with squares (Goldring, 1990). The association of BIF, diamictite and ophiolite is taken to outline a ~750 Ma

marine basin. E) Locations of significant vein-type gold deposits (from Zoheir et al., 2008)

and seismic stations (from Hosny and Nyblade, 2016) in the Eastern Desert of Egypt. Gold

deposits: 1 = Um Mongul, 2 = Um Balad, 3 = Fatira, 4 = Abu Marawat, 5 = Semma, 6 = Hamana, 7 = Erediya, 8 = Atalla, 9 = Fawakhir, 10 = El Sid, 11 = Um Rus, 12 = Barramiya,

13 = Dungash, 14 = Atud, 15 = Sukkari, 16 = Hanglaliya, 17 = Um Ud, 18 = Hamash, 19 =

Abu Rahaya, 20 = Um Eleiga, 21 = Hutit, 22 = Hariari, 23 = Haimur, 24 = Um Garaiart,

25 = Atshani, 26 = Murra, 27 = Seiga, 28 = Umm Tuyur, 29 = Betam, 30 = Um Egat. Seismic stations are at Hurghada (HRG), near Abu Dabbab (NABD), Marsa Alam (MRS) and

Berenice (BRNS).

mélange (Fig. 2C) and are easily mylonitinized so that some altered
peridotites are so intensely sheared as to appear in the field to be
bedded metasediments. Fortunately, modern orbital remote
sensing technology allows us to identify the distinct spectral
characteristics from space (Sultan et al., 1986). It is clear that altered
ultramafic rocks are especially abundant in the CED and also
common in the SED (EI Ramly, 1972). Studies of CED ophiolitic ul-
tramafics show that, before serpentinization and carbonation,
these were highly depleted harzburgites (Azer and Stern, 2007;
Khalil and Azer, 2007); such depleted peridotites are only found
in forearc environments today. Abd El-Rahman et al. (2012) pro-
posed that CED ophiolitic sequences in the west formed in a forearc
whereas those in the east formed in a backarc basin, but this
interpretation is not yet convincing.

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 volca-
niclastics. Early ideas that CED arc volcanic sequences strati-
graphically overlie ophiolites and metasediments (Stern, 1981) are
not supported by U-Pb zircon geochronology. No discernible dif-
ference in age is found for ophiolites and arc sequences; both range
in age from ~730 to ~750 Ma. One of the most interesting features of
the arc metavolcanics is the abundance of pre-Neoproterozoic
zircon xenocrysts in them (Stern et al.,, 2010). These volcanics
show no isotopic evidence for involvement of pre-Neoproterozoic
crust, leading Stern et al. (2010) to conclude that the old zircons
were inherited from the mantle. No modern studies of CED meta-
sediments have been carried out; we know these are related to the
BIF and Atud diamictite and are broadly andesitic in bulk compo-
sition, but not much more.

The Atud diamictite is an especially interesting component of

supracrustal metasediments. It is limited to the CED (although a
correlative unit, the Nuwaybah diamictite, is identified 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
porphyry, and 1 arkose) and a matrix sample from the diamictite.
The clasts gave a mixture of ages. Two granitic clasts contained only
Neoproterozoic (~750 Ma) zircons; another granitoid clast yielded
mostly Neoproterozoic (750—790 Ma) along with abundant 2.1-2.4
Ga zircons; a fourth granitoid also yielded Paleoproterozoic
(2006 + 15 Ma) ages, which were partially reset in Neoproterozoic
time; the fifth granitoid clast yielded only Paleoproter-
ozoic—Archean ages. The quartz porphyry clast yielded mostly
Neoproterozoic ages (697—778 Ma) along with one Early Paleo-
proterozoic and one Archean zircon. The quartzite clast yielded
Paleoproterozoic to Archean (2093—2732 Ma) zircons. The arkose
clast contained Neoproterozoic (722—773 Ma) and older Paleo-
proterozoic zircons (1.8—2.5 Ga). The diamictite matrix contains
zircons that were derived from mixed Neoproterozoic and Paleo-
proterozoic sources (Ali et al., 2010a). As noted above, reliable pre-
Neoproterozoic radiometric ages for in situ units in the CED or
anywhere else in the Eastern Desert are unknown, so the pre-
Neoproterozoic clasts and matrix in the Atud diamictite must
have been derived from outside the CED and deposited in the
oceanic basin that existed in the CED ~750 Ma. Ali et al. (2010a)
suggested that this material may have been eroded by glacial ac-
tivity during the Sturtian (~730 Ma) glacial episode from the
Saharan Metacraton to the west (Abdelsalam et al., 2002), where
pre-Neoproterozoic and Neoproterozoic crust are both abundant
(Sultan et al., 1994).

Another diagnostic CED supracrustal unit is banded iron for-
mation (BIF; El-Shazly and Khalil, 2014). BIFs occur at thirteen
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localities scattered over ~30,000 km? in the CED (Fig. 2D). There is
only one correlative BIF in Saudi Arabia, the Sawawin deposit
(Stern et al., 2013). Where we can get age constraints, these BIFs
seem to have formed ~750 Ma. The BIFs consist of interlayered
dense magnetite and hematite layers alternating with jasper. BIFs
and interbedded wackes are strongly deformed and meta-
morphosed to greenschist and occasionally amphibolite facies.
They are clearly related to distal submarine igneous activity and
may reflect re-oxygenation of the ocean associated with the
Sturtian glaciation.

The important point is that ~750 Ma, what is today the CED was
a crustal tract that had an oceanic crustal structure, with ~6 km
thick oceanic crust associated with arc volcanics and overlain by
sediments. It is not clear when and how this region attained its
present thickness of ~30 km (Hosny and Nyblade, 2016). An
important clue comes from the distribution of ~600 Ma Hamma-
mat sediments, which define ~600 Ma basins and show that the
much of the northern CED was low relative to the NED at this time
(Fig. 2, Abdeen and Greiling, 2005), further suggesting that CED
crust was relatively thin at that time. 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 terres-
trial basins that are now best preserved in the northern CED, for
example the Kareim Basin. 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).
Hammamat basins formed about the same time as Najd shearing,
Dokhan Volcanism and intrusion of pink A-type granites, ~600
Ma.

We are beginning to understand the deformation history of
the CED. Clearly Najd deformation during the interval 620—580
Ma strongly affected the region (Stern, 1985) but what was its
deformation history before the Ediacaran collision, particularly
that accompanying terrane accretion (e.g., Ries et al., 1983)? A
clear story has yet to emerge. What is important for this study is
that deformation of the superstructure was brittle, with abun-
dant faults and shear zones, whereas deformation of the infra-
structure was ductile and damage zones were often healed by
magmas.

The northern limit of the CED is a diffuse boundary marked by
intrusions of granitic batholiths of the southern part of the NED.
This transition is marked by increased metamorphic grade north-
wards — from greenschist to amphibolite facies as the NED bath-
olith is approached. It is more of a 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 in-
tersects the surface. Another window into the infrastructure-
superstructure boundary is found south of the NED-CED bound-
ary, around the Meatiq dome (Fig. 2B). There, the transition be-
tween infrastructure and superstructure is mostly structural (a
shear zone), partly intrusive.

The southern limit of the CED is sharp, structural, and lies along
the northern flank of the Migif-Hafafit dome (Fig. 2B; Shalaby,
2010). There are several explanations for the detailed structural
history of the Migif-Hafafit complex, but for the purposes of this
review, it represents an excellent window into the infrastructure-
superstructure transition and the nature of the infrastructure. The
boundary is a complex fault system that can be traced for several
tens of kilometers NW along Wadi Nugrus and Gebel Hafafit, then
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.

2.2. The South Eastern Desert

The SED differs from the CED in several ways. First of all, it is
much less studied, partly a reflection of its remote location and lack
of asphalt roads. Second, it lacks interesting sediments such as BIF
and diamictite. Third, it has some volcanogenic massive sulfide
deposits whereas the CED does not (Abd El-Rahman et al.,, 2012).
Fourth, it lacks significant Ediacaran sedimentary or volcanic suc-
cessions such as the Hammamat Group and Dokhan Volcanics
found in the NED and CED. The Shadli metavolcanics are superfi-
cially similar to the Dokhan but are significantly older (~710 Ma;
Stern et al., 1991). The SED and CED contain similar proportions of
serpentinites but these are scarcely studied except for ophiolites
along the E-W trending Allagi-Heiani-Gerf suture in the far south
SED (Zimmer et al., 1995; Gahlan and Arai, 2009; Ali et al., 2010b;
Azer et al,, 2013; Abdel-Karim et al., in press) and at Abu Dahr
(Gahlan et al., 2015) (Fig. 1C). In general there are few modern
studies of SED basement. It seems to also show infrastructure-
superstructure relationships like those of the CED, but the units
in the SED are somewhat older. The SED in general seems to
generally represent a deeper level of exposure than the CED and is
less affected by Najd shearing. Because the SED is less studied than
the CED, there is less geochronologic data here; what is available
suggests that it is generally slightly older than the CED (Stern and
Hedge, 1985), but more geochronological studies are needed.

2.3. The North Eastern Desert

The NED is very different than either the CED or the SED.
Ophiolites are absent and gneisses are rare. BIF and Atud diamictite
is unknown from the NED. Najd deformation is also missing.
Instead, the NED is overwhelmingly composed of a wide range of
Ediacaran igneous rocks and associated Hammamat sediments.
There is strong evidence for extension, in the form of abundant
~600 Ma bimodal dike swarms 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 also require passive
emplacement and indirectly demonstrate strong extension. The
Dokhan Volcanics were also thought to have erupted during this
“magmatic flare-up” (Stern and Hedge, 1985; Wilde and Youssef,
2000). It was thought up to recently that the overwhelming ma-
jority of NE Desert igneous rocks and associated Hammamat sedi-
ments 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 sub-
volcanic dacitic bodies from the NED. These ages range between
592 and 630 Ma, indicating that Dokhan volcanism occurred over a
40 Ma timespan.

The crustal subdivision of infrastructure and superstructure is
not as useful for understanding the NED as it is for the CED and
perhaps the SED. It is also noteworthy that Najd shears are not
documented from the NED. There may have been some such rela-
tionship early in the evolution of the NED, but the Ediacaran
magmatic flux overwhelmed the superstructure. There are hints
that superstructure once existed in the NED. One of the most
exciting recent developments in studies of the NED is that we are
beginning to identify small tracts of pre-Ediacaran crust. We have
known since Stern and Hedge (1985) that there are some older
(Cryogenian and Tonian) igneous rocks, including the 666 Ma Mons
Claudianus granodiorite, but new studies are discovering more and
older crustal remnants. From a region SW of Gebel Dara near 27°50’
N where previous Rb-Sr geochronology suggest the presence of
Tonian muscovite tonalite (Abdel-Rahman and Doig, 1987), Eliwa
et al. (2014) documented the presence of I-type muscovite
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trondhjemite and granodiorite with complex SIMS U-Pb zircon ages
of ~740 Ma. Biihler et al. (2014) studied supracrustal units from this
same region and documented the presence of ~720 Ma ignimbrites
unconformably overlying the ~740 Ma granitoids, and Abd El-
Rahman et al. (2017) documented that ~780 Ma dacite is also
found in this small region. These ages are similar to those of CED
crustal units, and these units may be related but further effort to
identify and study slivers of Cryogenian-Tonian crust hidden in the
NED will be need to evaluate this possibility.

3. Geophysical background

Geophysical data provides important constraints needed for
understanding the crust of any region. A wide range of datasets are
needed in order to understand crustal composition and structure at
depth, including inferences from passive (teleseismic) networks,
like Earthscope Transportable Array < http://www.usarray.org/
researchers/obs/transportable>, active source (reflection and
refraction seismology, like Lithoprobe; Hammer et al., 2010)
seismic experiments, gravity and magnetics. Unfortunately, there
are few such geophysical constraints for the Eastern Desert, with
only passive seismic data providing broad constraints on crust and
upper mantle structure. There are four seismic stations in the
Eastern Desert; three are broadband stations (VBB) and one is a
short-period station (SP): (Hurghada (HG; VBB); Abu Dabbab
(NABD; SP), Marsa Alum (MRS; VBB), and Berenice (BRNS; VBB)
(locations shown in Fig. 1E). Hosny and Nyblade (2016) performed
receiver function analysis on teleseismic arrivals from these and
other seismic stations in Egypt, but we are only interested in results
for the 4 Eastern Desert stations here. These results are summa-
rized in Fig. 3.

Four useful inferences can be drawn from these seismic velocity
profiles. First, the average Vp/Vs (1.78) indicates an intermediate
bulk crustal composition, perhaps indicating mixtures of mafic and
felsic lithologies at many scales within the crust. There is some
variability in the Vp/Vs ratios between the stations, but given their
uncertainties they are not much different. Second, Eastern Desert
crustal thickness appears to be significantly (~30%) less than
normal typical continental crust. Crustal thickness — defined by the
depth to Vs = 4.3 km/s - is 28 km beneath HRG, NABD, and BRNS

Ave. Crustal
Vp/Vs 175 1.87 1.72 ND
Vs 3.6 3.6 3.7 3.6
HRG NABD BRNS MRS

Depth (Km)

0_
109 crust
20
30
40- Mantle
50-
60
70

807 T T 1 1 IIIII
452345234523

Shear Wave velocity (km/s)

Fig. 3. Shear wave velocity models for the four Eastern Desert seismic stations (HRG).
(NADB), (BRNS) and (MRS) (Locations shown in Fig. 1E. HRG is near Hurgada on the Red
Sea coast (broadband station, VBB). NABD is in the Abou Dabbab area (VBB). MRS is
located in Mars Alam area near the Red Sea coast south of the NABD station (SP sta-
tion). BRNS is near Berenice in southern Egypt, inland and away from the Red Sea coast
(VBB station). The Moho is taken to be where Vs reaches 4.3 km/s.

and 33 km beneath BRNS. Normal continental crust is generally
~40 km thick. It is not clear why Eastern Desert crust is so much
thinner than normal continental crust. An additional constraint is
the low metamorphic grade of many Eastern Desert supercrustal
sequences, for example the Hammamat Group. This suggests that
there has not been a lot of erosion since the end of Precambrian
time, so the observed crustal thickness could have been established
at that time or by delamination loss of ~10 km of mafic lower crust
associated with Red Sea opening. It is more likely that this thickness
was established by mid-Ediacaran time (~600 Ma), when a regional
episode of delamination is suggested to have occurred (Avigad and
Gvirtzman, 2009). A third point is that there is no obvious subdi-
vision of slower upper crust on faster upper crust, as seen for
normal continental crust including that of the Arabian Shield
(Mooney et al., 1985). The high Vs zones in the upper crust beneath
MRS, BRN and NABD perhaps indicate large mafic intrusions.
Finally, there is evidence of a mafic underplate that is ~5 km thick.
By analogy with the thicker mafic lower crust of the Arabian Shield,
this may have formed ~600 Ma and been responsible for heating
the infrastructure and providing fluids, as discussed below.

Fig. 4 presents a simplified version of our present understanding
of Eastern Desert lithospheric composition, based on the above
considerations coupled with the results of xenolith studies for
Arabia (not possible for the Eastern Desert) as summarized by Stern
and Johnson (2010).

4. Infrastructure

As discussed above, the overall vertical structure of the middle
to upper crust in the CED and SED consists of a deformed, ophiolite-
dominated superstructure on top of gneissic infrastructure, and this
relationship is best seen in the CED. Infrastructure is migmatitic,
gneissic, amphibolitic, and granodioritic. The boundary between
Tier 1 superstructure and Tier 2 infrastructure is sometimes a low-
angle shear associated with mylonitic gneisses and granites and
sometimes is intruded by granite and granodiorite. The exhumation
of ANS infrastructure at several localities (Meatiq, Migif-Hafafit, El-
Sibai, El Shallul, and Betian) reflect interaction of Najd strike-slip
shearing with hot and/or partially molten infrastructure. Exam-
ples of infrastructure geology and relations with surrounding
supracrustal rocks are shown by the Meatiq and Hafafit domes
(Fig. 5). These two examples show the heterogeneity of ED infra-
structure, with more mafic rocks in the Hafafit exposures and
abundant quartz-rich metasediments at Meatiq.

Eastern Desert infrastructure shows significant age variations
from north to south, as summarized in Fig. 6. U-Pb zircon ages, take
to approximate the time of crystallization and cooling below
~800 °C (Carlson, 2011) are oldest in the south (~720 Ma at Beitan)
and young northward, with the youngest ages found in the
northernmost exposure (~600 Ma at Meatiq), adjacent to the NED,
which was an igneous hotspot ~600 Ma. These ages tell us when the
lithosphere — especially its lower crust — was hot, partially molten,
and weak. A variety of cooling ages — with blocking temperatures
that range from ~600 °C (Sm-Nd garnet) to ~300 °C (Ar-Ar and Rb-
Sr on mica; Carlson, 2011) - range from ~620 to ~570 Ma. These
temperatures are well below the solidus of silicate rocks and so
indicate when the lithosphere of a given region became strong; by
this measure, Eastern Desert crust became essentially rigid by ~580
Ma. Fig. 8 summarizes how lithospheric strength varies as a func-
tion of temperature. The transformation of the middle and lower
crust from exceptionally weak to strong over Cryogenian and Edi-
acaran time progressively northward exerted a strong control on
how Najd shearing was manifested in the Eastern Desert.

Hot temperatures in the infrastructure probably were due to
mafic underplating. Depending on the flux of mafic magma from
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the Eastern Desert of Egypt.

the mantle, such a magmatic “hot zone” of the sort described by
Annen et al. (2006) could be established in a few million years.
Because terminal collision between E and W Gondwana began ~630
Ma (Stern, 1994), arc magmas would have dominated early basaltic
underplated magmas and influenced formation of infrastructure in
the older domes (Beitan, Hafafit, and El Sibai), whereas post-
collisional within-plate basaltic underplates influenced formation
of <630 Ma crustal melts. The overall evolution of igneous rocks
during this transition, from older, calc-alkaline, I-type, and hydrous
to younger, alkali, A-type, and anhydrous has been documented in
Sinai (Eyal et al., 2010) and a similar evolutionary trend is consis-
tent with Eastern Desert granitic rocks. The changing nature of
underplating magmas has important implications for crustal fluids;
early mafic magmas related to subduction are likely to have been
rich in water but late mafic magmas are likely to have been rich in
carbon dioxide. Studies of fluid inclusions in well-dated Eastern
Desert plutonic rocks are needed to test this possibility.

Because of their relative high metamorphic grades and their

schistose or gneissic fabrics, Eastern Desert infracrustal rocks were
earlier interpreted as remnants of pre-Neoproterozoic continental
crust (e.g., Habib et al., 1985; El Gaby et al., 1988, 1990). However,
everywhere that geoscientists have been able to obtain reliable U-
Pb zircon ages, these rocks are Neoproterozoic, as summarized in
Fig. 6, without xenocrystic zircons of greater age. Determinations of
the initial isotopic composition of Sr, Nd, Pb, or Hf for Eastern Desert
infrastructure rocks also show the distinctive isotopic composition
expected for Neoproterozoic mantle or can be explained by
remelting of juvenile volcanics (Liégeois and Stern, 2010). The ju-
venile (mantle-derived) nature of supracrustal igneous rocks has
already been discussed, and the geochronologic and isotopic data
for infrastructure rocks also is further evidence that Eastern Desert
crust in its entire thickness was entirely produced by mantle
melting of Neoproterozoic mantle, with further processing by
fractionation and remelting in this juvenile Neoproterozoic crust.
In spite of abundant evidence to the contrary, some geo-
scientists — mostly Egyptian - persist in believing that Eastern
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Desert infrastructure may be Archean or Paleoproterozoic “funda-
mental basement”. These skeptics must demonstrate the existence
of such remnants using modern and reliable tools. Modern
geochronology and isotope geochemistry has failed to find any
evidence in support of this old idea; even geoscientists who
continue to argue for the involvement of pre-Neoproterozoic crust
in the infrastructure acknowledge that these isotopic compositions
are overwhelmingly mantle-like (Khudeir et al., 2008), and show
very little if any evidence for the involvement of pre-
Neoproterozoic crust. The situation for the Eastern Desert con-
trasts with what modern approaches yield for Sinai basement.
Basement rocks with ~1.0 Ga U-Pb zircon ages are documented
from the Sa'al region (Be'eri-Shlevin et al., 2012). Abu El-Enen and
Whitehouse (2013) carried out U-Pb zircon dating of 14 samples of
orthogneiss, paragneiss, and granitic rocks from the Feiran-Solaf
gneiss belt (~50 km west of Sa'al). They found that 4 samples pre-
served compelling evidence of ~1.0 Ga zircons in the infrastructure,
even though the region was later affected by four major melting
episodes at ~800 Ma, ~700 Ma, ~620 Ma, and ~600 Ma. For this
reason, it seems likely that if significant tracts of pre-
Neoproterozoic crust exist in the Eastern Desert, there should be
compelling geochronologic or isotopic evidence for this. The one

place where there is some U-Pb zircon evidence for pre-
Neoproterozoic ages in the Eastern Desert infrastructure is at
Sikait, east of Migif-Hafafit, where Abdel-Monem and Hurley
(1979) reported a very discordant U-Pb zircon age ~1770 Ma. It
would be very useful to undertake a careful study of infrastructure
rocks around the Zabara, Sikait, and Umm Kabo emerald deposits,
emphasizing careful mapping and collection of samples for
geochronological and isotopic studies.

Some of the infrastructure domes (Meatiq, Migif-Hafafit, El-
Sibai, El Shallul, and Beitan) have been studied to reconstruct their
pressures and temperatures of equilibration; these are summarized
in Fig. 7. Amphibolites of the Meatiq Dome show maximum P
~8 kbar and T ~750 °C (Neumayr et al., 1998; Fritz et al., 2002). This
P corresponds to ~26 km deep in the crust. Similarly, Hafafit
gneisses experienced peak metamorphic conditions of ~7 kbar
(corresponding to ~23 km deep) and T ~650 °C (Abd El-Naby et al.,
2008). Bregar et al. (2002) observed similar geologic relationships
around the El-Sibai dome SE of Meatiq. The Sibai magmatic core
complex consists of strongly deformed gneisses with (amphibolite
lenses) and associated granitic rocks (infrastructure) that are
tectonically separated from surrounding rocks of the ensimatic
assemblage (superstructure). Similar P-T estimates are made for
exposed infrastructure in the Feiran-Solaf metamorphic complex in
Sinai, where Abu-Alam and Stiiwe (2009) estimated peak meta-
morphic conditions of 700—750 °C and 7—8 kbar. Similar estimates
come from ANS exposures in NW Arabian Shield, where Meyer et al.
(2014) studied infrastructure-superstructure relations exposed in a
Najd-related gneiss dome around the Qazaz dome. They used the
hornblende-plagioclase thermometer and Al-in-hornblende
barometer to estimate peak metamorphic conditions of
560—640 °C and pressures of 7.5 + 0.5 kbar for a gneiss in the core
of the dome and 570—630 °C and 7.0 + 0.5 kbar for a gneiss on the
periphery of the dome, indicating that this gneiss rose up from ~23
to 24 km deep in the crust; nearby sediments of the Thalbah Group
are very similar to the Hammamat and demonstrate that gneiss
exhumation occurred in Ediacaran time, associated with Najd
shearing.

Fig. 7 summarizes the typical clockwise P—T paths of Eastern
Desert infrastructure exposures. These cooling paths are inter-
preted by Fritz et al. (2013) as resulting from advective heat
transport induced by magma emplacement together with exhu-
mation. In contrast, rocks of the superstructure were subjected to
significantly lower T and P. Ophiolitic rocks around the Meatiq
dome show a maximum P ~4 kbar and ~450 °C (Fritz et al., 2002).
Superstructure rocks around the El-Sibai core complex were
metamorphosed at 480—525 °C and 2—4.5 kbar (6.6—15 km; Abd
El-Wahed, 2008). A schist sample from west of the Qazaz dome
reached peak conditions of 400—460 °C and 4.4—5.0 kbar
(15.5—17.5 km depth; Meyer et al., 2014). A sample of Thalbah
group (probable Hammamat equivalent) from ~120 m distant from
the Qazaz shear zone reached 450 °C and 0.7 + 0.2 kbar (depth
~1.6—3.2 km).

In summary, these studies indicate markedly different P-T en-
vironments for Eastern Desert infrastructure and superstructure,
with P-T estimates of 7—8 kbar and 560—750 °C for gneissic infra-
structure and 2—5 kbar and 400—500 °C for greenschist-facies
superstructure. This further indicates that the boundary between
infrastructure and superstructure is marked by a telescoped ther-
mal gradient that is sometimes a mylonite zone and sometimes an
intrusive contact, essentially juxtaposing hot, partially molten,
ductile middle and lower crust with cooler, brittle upper crust. This
telescoped temperature gradient represents a rheological boundary
of fundamental significance to understanding the evolution of the
Eastern Desert and its economic potential, as discussed in the next
section.
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Lithospheric strength is likely to have varied significantly
beneath the Eastern Desert ~600 Ma. The reasons for this are
summarized in Fig. 8, which graphically shows that lithospheric
strength reflects its thermal structure. Hot lithosphere is much
weaker than cold lithosphere. Regional deformation (strain) is
preferentially concentrated where lithosphere is weakest. At ~600
Ma, when Najd shearing and NE Desert extension occurred, this
deformation would naturally have been concentrated where the
lithosphere was hottest and weakest, in the NED and northern CED.
At this time the moho beneath the NED and northern CED was
probably ~1000 °C due to mafic underplating whereas the southern
CED and SED was probably cooler and stronger. It is also important
to note that steep Najd faults at this time would only be preserved
in cool superstructure and deformation in partially molten infra-
structure would not preserve such structures. Najd shears are likely
to have flattened near the boundary with partially molten infra-
structure. The nature of the deforming contact between infra-
structure and superstructure played an important role in
concentrating fluids at this important rheological boundary ~600
Ma.

A final point is that the base of the superstructure is dominated
by serpentinized ophiolitic ultramafics, and there is an opportunity
to use these to reconstruct superstructure thermal structure. Ser-
pentinites come in three varieties: lizardite, chrysotile, and anti-
gorite and differ in terms of their T stability. Lizardite and chrysotile
are stable at T up to 300—400 °C whereas antigorite is stable up to
~600 °C (Evans, 2004). These varieties of serpentinite have been

documented in the Eastern Desert (Surour, in press; Boskabadi
et al.,, in press). It is likely that the lower parts of the superstruc-
ture were more heated than the upper parts, so the distribution of
these serpentinite varieties in the Eastern Desert might reveal how
close different serpentinite outcrops are to the infrastructure, with
antigorite dominating the lower superstructure and lizardite-
chrysotile dominating higher up. An important step forward
would be to better understand what is the distribution of these
varieties of serpentinite in the Eastern Desert, and whether or not
these varieties are organized systematically.

5. Fluid transport and the Eastern Desert Decollement

As noted above, a major, boundary separates infrastructure and
superstructure, and this boundary was tectonically active ~600 Ma.
The boundary between these two realms was due to movement on
the subhorizontal shear zone (Meyer et al., 2014), at least late in its
development ~600 Ma; we don't know when it formed. The shear
zones form a system of crustal dislocations referred to as the
Eastern Desert Shear Zone (EDSZ) (Andresen et al., 2009, 2010). The
EDSZ originated as a subhorizontal shear zone but was subse-
quently deformed so that exposures are often subvertical. The EDSZ
is related to ~600 Ma Najd faulting, as shown by consistent NW-SE
oriented mineral lineations in the CED and adjacent regions (Ries
et al., 1983; Loizenbauer et al., 2001; Abd El-Wahed, 2008; Sha-
laby, 2010; Meyer et al., 2014). It may be useful to rename the
infrastructure-superstructure boundary as the Eastern Desert
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Table 1

Radiometric age constraints for Five Eastern Desert Infrastructure Exposures
Region Latitude Lithology and name Infras/super Age Technique Reference
Meatiq 26.1 Felsite super 748 + 3 U-Pb zirk TIMS Andresen et al., 2009
Meatiq 26.1 Fawakhir ophiolite super 737 £ 1 U-Pb zirk TIMS Andresen et al., 2009
Meatiq 26.1 Abu Ziran diorite infra 606 + 1 U-Pb zirk TIMS Andresen et al., 2009
Meatiq 26.1 Arieki granite infra 590 + 3 U-Pb zirk TIMS Andresen et al., 2009
Meatiq 26.1 Diorite lense 1 infra 609 + 1 U-Pb zirk TIMS Andresen et al., 2009
Meatiq 26.1 Diorite lense 2 infra 606 + 1 U-Pb zirk TIMS Andresen et al., 2009
Meatiq 26.1 Um Baanib Gneiss 1 infra 570 £ 0.3 Hb 40/39 Fritz et al., 2002
Meatiq 26.1 Um Baanib Gneiss 2 infra 581 +£ 0.2 Hb 40/39 Fritz et al., 2002
Meatiq 26.1 Um Baanib Gneiss 3 infra 579 + 0.2 Hb 40/39 Fritz et al., 2002
Meatiq 26.1 Um Baanib Gneiss 4 infra 584 + 0.2 Hb 40/39 Fritz et al., 2002
Meatiq 26.1 Metapelite (garnet-kyanite schist) infra 582 +0.2 Msc 40/39 Fritz et al., 2002
Meatiq 26.1 Abu Ziran granodiorite infra 614+ 8 U-Pb zirc. Conv. Stern and Hedge, 1985
El-Sibai 25.75 Amphibolite lense infra 607 + 0.2 Hb 40/39 Fritz et al., 2002
El-Sibai 25.75 Abu Markhat gneiss infra 624 + 0.2 Hb 40/39 Fritz et al., 2002
El-Sibai 25.75 AAO07-16 El-Shush granodiorite infra 682 + 4 U-Pb zirk TIMS Augland et al., 2012
El-Sibai 25.75 AAO07-17 El-Shush granitic gneiss infra 679 + 2 U-Pb zirk TIMS Augland et al., 2012
El-Sibai 25.75 AA07-18 El-Shush coarse granitic gneiss infra 685+ 3 U-Pb zirk TIMS Augland et al., 2012
El-Sibai 25.75 AAO07-25 Umm Gheigh anorthosite infra 541 + 2 U-Pb zirk TIMS Augland et al., 2012
El-Sibai 25.75 AAO07-26 Um Gheigh syenogranite dike infra 540 + 1 U-Pb zirk TIMS Augland et al., 2012
El-Sibai 25.75 KP273 El Shush gneiss infra 694 + 27 zirc evap Bregar et al., 2002
El-Sibai 25.75 MP320 El Shush gneiss infra 679 +7 zirc evap Bregar et al., 2002
El-Sibai 25.75 MB184 Central gneiss infra 659 + 14 zirc evap Bregar et al., 2002
El-Sibai 25.75 AB281 granite infra 645 + 5 zirc evap Bregar et al., 2002
El-Sibai 25.75 ED151 granite infra 653 + 15 zirc evap Bregar et al., 2002
El-Sibai 25.75 MB195 granite infra 657 + 24 zirc evap Bregar et al., 2002
Hafafit 24.6 orthogneiss infra 586 + 0.3 Hb 40/39 Fritz et al., 2002
Hafafit 24.6 orthogneiss infra 584 + 0.2 Hb 40/39 Fritz et al., 2002
Hafafit 24.6 EG 27 granitoid gneiss infra 700 + 12 zirc evap Kroner et al., 1994
Hafafit 24.6 EG28 granitoid gneiss infra 698 + 14 zirc evap Kroner et al., 1994
Hafafit 24.6 EG30 granitoid gneiss infra 677 +9 zirc evap Kroner et al., 1994
Hafafit 24.6 7-81 tonalite infra 682 +2 U-Pb zirc. conv. Stern and Hedge, 1985
Hafafit 24.6 Nugrus infra 591 +4 U-Pb zirk TIMS Lundmark et al., 2012
Hafafit 24.6 Hangalia infra 629 +5 U-Pb zirk TIMS Lundmark et al., 2012
Hafafit 246 Zabara infra 633 +5 U-Pb zirk TIMS Lundmark et al., 2012
Hafafit 246 El Sukkari infra 689 + 3 U-Pb zirk TIMS Lundmark et al., 2012
Hafafit 24.6 Migmatitic tonalite gneiss infra 659 + 5 U-Pb zirk TIMS Lundmark et al., 2012
Hafafit 24.6 H18 Biotite Gneiss infra 573 +6 Rb-Sr internal Abd El-Naby et al., 2008
Hafafit 24.6 H19 Amphibolite infra 585+ 8 Sm-Nd internal Abd El-Naby et al., 2008
Hafafit 24.6 H23 Hornblende Gneiss infra 593 + 4 Sm-Nd internal Abd El-Naby et al., 2008
Beitan 233 EG747 infra 704 + 8 zirc evap Kroner et al., 1994
Beitan 233 WB21 tonalitic gneiss infra 719+ 10 zirc SIMS Ali et al., 2015
Beitan 233 WB23 granodiritic gneiss infra 725+ 9 zirc SIMS Ali et al., 2015
Beitan 233 WB24 tonalitic gniss infra 744 + 10 zirc SIMS Ali et al., 2015
El Shalul 255 SH1 granite infra 637 +5 zirc LA-ICP-MS Ali et al., 2012
El Shalul 255 SH6 granitic gneiss infra 631 +6 zirc LA-ICP-MS Ali et al., 2012

Decollement (EDD) in order to emphasize its origins as a pre-
dominantly subhorizontal shear zone (Fig. 9).

The rheological contrast marked by the EDD and the strain
gradient that it represented when it was deforming played key
roles in concentrating fluids and melts. This was for three reasons.
First, fluids had different sources in the infrastructure and super-
structure. The infrastructure remained partially molten as long as
mafic magma continued to be added to the base of the crust. Vol-
atiles (especially CO, and H,0) released from mafic underplating
magma flowed upwards through the infrastructure towards the
EDD (Fig. 9). In contrast, some fluids in the superstructure origi-
nated as meteoric (surface and near-surface) water and flowed
downward towards the EDD. Breakdown of hydrous minerals in
infrastructure (biotite and hornblende) and superstructure
(serpentine) also contributed to the fluid budget. Second, the EDD
separated two different rheological regimes, ductile in the infra-
structure and brittle in the superstructure. Deformation favored
alteration and alteration weakened the rocks, further concentrating

strain. We do not know what fluid pressures were on the EDD but if
overpressuring occurred there, this would have further favored
movement there. Third, the EDD corresponded to a major change in
thermal regime, from hot infrastructure — dominated by ductile
deformation — to overlying cooler infrastructure, where deforma-
tion was mostly brittle, with fracturing favoring fluid flow.

We have some information about the nature of Eastern Desert
fluids as they existed ~600 Ma. Evidence for fluid involvement in
infrastructure was reported by Loizenbauer et al. (2001), who
documented three generations of fluid inclusions in Meatiq
gneisses. The first generation is dominated by H,0 and CO, whereas
the second generation consists of two assemblages: CO, + H,O-rich
and CO,-rich. Fluid inclusions with constant Xco; (0.5—0.7) were
documented from the eastern and western strike-slip (Najd) shear
zones. Loizenbauer et al. (2001) found similar fluid inclusions in the
associated ophiolitic rocks. These fluid inclusions are often aligned
parallel to shear zones and boudins, suggesting that at least some of
the fluid migrated during deformation.
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The origins and effects of the carbonate-rich fluids in Eastern
Desert superstructure are particularly interesting. The origin of
these fluids has been studied by Stern and Gwinn (1990), who
focused and massive carbonate intrusive bodies. They used C, O,
and Sr isotopic data to identify three distinct reservoirs for these
bodies: (1) sedimentary carbonates, with moderately high 87Sr/%0sr
and heavy C and O; (2) depleted mantle, with low 87Sr/%0sr and
light C and O; and (3) enriched mantle or lower crust, with high
875r/86sr and light C and O. Isotopic data indicate that the intrusive
carbonates of the North Eastern Desert were derived from reservoir
(2). The origin of other intrusive carbonates of the Central Eastern
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Fig. 8. Simplified yield strength profiles showing how lithospheric strength depends
on temperature. Crust is modeled using quartz rheology, mantle is modeled using
olivine rheology. Total lithospheric strength is area to the left of curve. Linear increase
of strength with depth follows Byerlee's Law (Byerlee, 1968) from the surface down
until the brittle-ductile transition, below which the rocks are hotter and strength is
determined by strain rate and temperature (Brace and Kohlstedt, 1980). The two
simplified strength profiles have conductive geothermal gradients; note the much
greater strength of lithosphere where moho T = 500 °C compared to the case where
moho T = 700 °C. See text for discussion of how the different strength of lithosphere
beneath different parts of the Eastern Desert controlled many aspects of its evolution
in Ediacaran time.

Desert and Sudan is best explained as due to mixing between
remobilized sedimentary carbonates and mantle fluids, i.e. reser-
voirs (1) and (2).

Similar carbonate-rich fluids pervasively altered ED ophiolitic
ultramafics, which were mostly highly serpentinized harzburgites.
Boskabadi et al. (in press) studied lizardite serpentinites, antigorite
serpentinites, and listvenitic rocks associated carbonate and quartz
veins around the Meatiq dome. C, O and Sr isotopes of vein samples
cluster between —8.1%o and —6.8%0 3'3C, +6.4%o to +10.5%0 5'20,
and 37Sr/%5sr of 0.7028—0.7034, and plot within the depleted
mantle compositional field. The Lz- and Atg-serpentinite isotopic
compositions reflect mixing between the depleted-mantle and
sedimentary carbonate fields. Carbonate vein rocks contain abun-
dant carbonic (CO,+CH4+N3) and aqueous-carbonic (H,0-NaCl-
CO2+CH4+N>) low salinity fluid inclusions, with trapping condi-
tions of 270 °C—300 °C and 0.7—1.1 kbar (2.5—4 km deep in the
crust).

There is strong evidence that gold mineralization and carbonate
fluid infiltration in the ED were intimately related. Fluid inclusion
and stable isotope compositions of CED Au deposits are similar to
those from the carbonate veins. Boskabadi et al. (in press) suggest
that carbonation of ANS ophiolitic rocks due to influx of mantle-
derived CO,-bearing fluids broke down Au-bearing minerals such
as pentlandite, releasing Au and S infiltrating fluids that later
formed the Au-deposits. Mineralized quartz veins may be related to
remobilization of silica due to conversion of olivine-rich peridotites
(40 wt % SiOy) into talc-rich (30 wt % SiO;) by reactions with car-
bonate fluid. Illuminating in this regard is the listvenite gold
mineralization of Barramiya (CED; Zoheir and Lehmann, 2010).
Gold-bearing quartz veins are associated with carbonaceous, list-
venitized serpentinite and adjacent to post-tectonic granite stocks.
Mineralized quartz veins contain abundant carbonic
(CO2+CH4+H,0) and aqueous-carbonic (H;0—NaCl—CO,+CHy) in-
clusions. Based on the fluid inclusions data combined with ther-
mometry of arsenopyrite, Zoheir and Lehmann (2010) estimated
that the pressure—temperature conditions of mineralization
ranged from 1.3 to 2.5 kbar (4—7 km deep in the crust) at
325—-375 °C. 5°%S values of sulfides range from —5.6 to +3.2,
bracketing the mantle value 5**S—0 (Zoheir and Lehmann, 2010).
Zoheir and Lehmann (2010) suggested that the ore fluids infiltrated
into the sheared listvenite rocks, where interaction with carbona-
ceous wallrocks lowered fluid fO, and triggered gold deposition.

Similar results were found for shear zone-related, mesothermal
gold deposits of Um Egat and Dungash in the ED south of Barrimaya
(Zoheir et al., 2008). The gold deposits are hosted by greenschist
facies metavolcanic and/or metasedimentary superstructure se-
quences. Both deposits comprise boudinaged quartz veins con-
taining pyrite, arsenopyrite + pyrrhotite + chalcopyrite + galena;
gold occurs is usually included in arsenopyrite, pyrite, or pyrrhotite
next to fragments of altered country rocks, or disseminated in
alteration haloes. Arsenic in arsenopyrite and Aliv in chlorite geo-
thermometers indicate that wall-rock alteration and ore mineral
precipitation occurred at temperatures between 400° and 250 °C.
Three types of fluid inclusions were identified based on petrog-
raphy and laser micro-Raman spectroscopy: (1) two-phase car-
bonic inclusions with CO; + CHs = N + HyO, (2) two-phase
aqueous inclusions, and (3) three-phase aqueous-carbonic in-
clusions with CHg4. Field, petrographic, and microthermometric
data suggest that low-salinity aqueous-carbonic fluids interacted
with graphite-bearing rocks in the superstructure to form CHy at
T > 400 °C and P > 3 kbars, where supercritical conditions were
likely. These reduced fluids leached gold as they circulated through
the metavolcanic rocks, carrying it in the form of bisulfide com-
plexes. Interaction of these aqueous-carbonic fluids with the
country rocks caused hydrothermal alteration and precipitated



RJ. Stern / Journal of African Earth Sciences 146 (2018) 15—27 25

Gneiss dome

Atud Gabbro

10

15

R
)

kilometers
>
el

2\

~&—Infrastructure > m ~€&— Superstructure >

~600 Ma Hammamat

~750 Ma arc volcanics and
immature sediments
including BIF & diamictite

YA

XA ~750 Ma ophiolitic pillow

NN

20K basalts v 9

7N Ny o T v =

"1 ~750 Ma ophiolitic »n O

DTS =

3253 gabbro a§
i ui O

«mm» Chrysotile/Lizardite serpentinite
- Antigorite serpentinite

Carbonated ultramafics

H,O-rich fluids (from depth or from surface)

COz—rich fluids (exsolved from magma)

720-580 Ma granitic rocks

E=_~ 720-600 Ma gneiss and
migmatite

720-600 Ma intrusive
gabbro

Moho

Mantle (partially molten)

RS
20— ot |
b
% e
25 AR IS iy
W [T T afic " INNINND oo
% A W, Magma (aiinLy Wt Mafic t
‘ n 2 afic lower crus
Il .."J'ﬁ%".!ﬂl‘.'.'”‘““.‘”ﬂﬂm i b I!!I!IAHMMW II\IUI -
30 1] I I & T, ey
35
40

Fig. 9. Schematic diagram illustrating crustal structure and processes beneath the Central Eastern Desert ~600 Ma. Partial melting of upper mantle produces large volumes of mafic,
volatile-rich, mafic magma. Volatile-rich magma is mostly underplated to the base of the crust but also is emplaced higher up in the infrastructure and small batches reach near the
surface (Atud Gabbro). These magmas heat infrastructure amphibolites and gneisses to generate granitic melts. Mafic magmas release volatiles as they rise into the crust and
crystallize. Hydrous fluids also circulate downward from the surface. Deformation is concentrated along the Eastern Desert Detachment (EDD) where fluids from depth and surface
mix and alter sheared rocks, especially serpentinized harzburgites, carbonating them into talc-carbonate (listvenite).

gold-bearing sulfides in the alteration zones. A drop of pressure
during the migration of these fluids to shallower depths along the
shear zones led to phase separation at ~300 °C and P ~2.3 kbars
(~7 km deep). Quartz crystallizing over a range of lower tempera-
tures and pressures trapped carbonic and aqueous fluids as sepa-
rate inclusions. Deformation remobilized the gold, depositing it as
globules of higher fineness in secondary sites.

We do not yet have much geochronology for gold deposits of the
Eastern Desert, but we have a Re-Os age of 601 + 17 Ma for
mineralization in the Fawkhir-El Sid gold deposit (Zoheir et al.,
2014). We need more Re-Os ages for ED gold deposits.

Key insights into the nature of processes that occurred along the
infrastructure-superstructure contact are provided by emerald
deposits along the NE flank of the Migif-Hafafit dome, at Zabara,
Sikait and Umm Kabo. Grundmann and Morteani (2008) noted that
these deposits are concentrated along the sheared infrastructure-
superstructure contact. They conducted detailed microstructural
and chemical studies and noted the Cr- and Mg-rich composition of
these emeralds, indicating a metamorphic origin. Grundmann and
Morteani (2008) emphasized the local availability of Cr-, Mg- and
Be-rich fluids during metamorphism, which accompanied Najd

(~600 Ma) deformation. Emerald-rich quartz lenses demonstrate
that those fluids mobilized silica as well.

6. Conclusions

We are starting to reconstruct the processes that contributed to
the shaping of Eastern Desert crust, but there is much more
fundamental research that is needed. The following are a few
specific suggestions for future research.

1) We need more geophysical studies to understand ED crustal
and lithospheric structure, including gravity, passive seismic
(teleseismic) and active seismic (reflection to better under-
stand its thickness and structure, particularly whether or not
there is a velocity inversion in the crust. Seismic traverses
across each of the three blocks are needed (NED, CED, and
SED). Seismic data would be very useful for constraining
gravity models for crustal density structure. We also need a
magnetic map for the ED to better reveal structural trends.

2) We want to better understand the age and nature of the
Ediacaran ED magmatic underplate. The Atud gabbros may
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be representatives of this magmatic phase. Representative
Atud gabbro intrusions should be studied and radiometri-
cally dated to evaluate this possibility.

3) The origin of Late Tonian- Cryogenian clastic sediments in
the CED is unresolved. Representative sections should be
identified, mapped and studied carefully, including U-Pb
zircon ages designed to constrain age and provenance.

4) The extreme north of the NED should be mapped, studied in
the lab, and radiometrically dated to see if evidence for ~1 Ga
crust like that in Sinai can be recognized.

5) The possibility of a Hammamat River, flowing from the NED
into the NW part of the CED should be tested by careful field
mapping and study of detritus, including U-Pb zircon ages.

6) Modern geochronological and isotopic studies should be
carried out east of Migif-Hafafit, where Abdel-Monem and
Hurley (1979) reported a very discordant ~1770 Ma U-Pb
zircon age.

7) There is a pressing need to better understand the age and
nature of SED crust. Specifically, we need more U-Pb zircon
ages and radiometric isotope studies of well-characterized
SED basement samples. Traverses may be a good way to
accomplish this.

8) The origin and nature of fluids that altered the superstruc-
ture needs to be better characterized by a wide range of
studies. We need more fluid inclusion studies and isotopic
studies of the fluids and suitable altered rocks, especially
serpentinites, to better understand how these interacted
with ophiolitic harzburgites and what if any relationship
these interactions had to gold mineralization.

9) The distribution of different serpentine mineral species in
especially the CED needs to be better understood, and how
this does or does not reflect proximity to the Eastern Desert
Decollement. If there is any systematic evolution of fluids
through the EDD, this needs to be worked out in better detail.

10) We need more Re-Os ages for well-mapped and documented
ED gold deposits in order to understand the relationship
between Najd deformation and gold mineralization. Focused
studies to understand the origin of gold-bearing quartz veins
and what if any relations these have to carbonic fluid infil-
tration are also needed.

In this way we can more firmly link fundamental research in
crustal evolution to economic geology and better honor the
important contributions of Prof. El Ramly to our understanding of
the very interesting geology of the Eastern Desert of Egypt.
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