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ABSTRACT

The Neoproterozoic rock assemblages in the Wadi Hafafit Culmination (WHC) can be subdivided into two main
units which are separated by the Nugrus Thrust. The structurally higher Nugrus unit is mainly composed of low
grade micaschists, metavolcanic, serpentinites, and metagabbros. The overthrusted Hafafit unit forms the
Hafafit domes and is composed of ortho- and para-gneisses associated with amphibolite and ultramafic rocks.
Mineral chemistry and thermobarometry indicate that the WHC was affected by two main metamorphic phases.
The first metamorphic phase (M1), observed in the micaschists of the Nugrus unit, is characterized by greenschist-facies conditions. Garnet-biotite and garnet-muscovite geothermometry, as well as temperatures calculated
by means of the TWEEQU program yield temperatures of 400°–550°C, whereas the white mica geobarometer
reveals pressure of 3.7-4.9 kbar for this metamorphic phase (M1). The second metamorphic phase (M2),
observed in gneisses and amphibolites of the Hafafit unit, is characterized by amphibolite-facies conditions.
Garnet-biotite, garnet-amphibole and amphibole-plagioclase geothermometry yield temperatures of
600°–750°C, whereas the garnet-hornblende-plagioclase-quartz geobarometer indicates pressures of 6-8 kbar
for the second metamorphic phase (M2). Sm-Nd and Rb-Sr whole rock-mineral isochron ages around 590 Ma
for gneisses and amphibolites probably represent cooling from the metamorphic thermal peak which was
attained around 600 Ma or slightly earlier. A 3-stage geologic evolution model is proposed for the tectonic evolution of the WHC. The first stage started earlier than 680 Ma ago with rifting and ocean floor spreading at a
time which is as yet unspecified. It was followed by a second stage of subduction and emplacement of subduction-related granitoids around 620-640 Ma. At this time, the Hafafit region has become an active margin with
the production of large amounts of calc-alkaline subduction-related volcanic and plutonic sequences. Subduction was terminated by collision and NW-ward Nugrus Nappe thrusting under greenschist-facies conditions
(M1) around 620-640 Ma. At this stage, rocks of Hafafit unit were subjected to intense deformation and metamorphism in amphibolite facies (M2). Next came the third stage of late-orogenic extension and crustal thinning
that was controlled by the Najd transform faults (620-580 my) and that resulted in exhumation of the Hafafit
domes through a combination of transpression and lateral extrusion.
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INTRODUCTION
The Egyptian Eastern Desert, Sudan, western Saudi
Arabia, Ethiopia, Eritrea, Jordan and Yemen belong to the
so-called Arabian Nubian Shield (Fig. 1), which is characterized by four main rock sequences: (i) an island arc
assemblage; (ii) an ophiolite assemblage; (iii) a gneiss
assemblage that comprises the core complexes; and (iv)
granitoid intrusions (Abdel Naby et al., 2000; Abd El-Naby
and Frisch, 2002). The core complexes and the major tectonic trend on both sides of the Red Sea strike northwest–southeast (Fig. 1) and are related to a crustal-scale
sinistral shear zone called the Najd Fault System (Stern,
1985).
A series of medium- to high-grade core complexes
have been recognized in the central and southern Eastern
Desert of Egypt. They are surrounded by low-grade volcano-sedimentary nappes of Neoproterozoic age (Fritz et
al., 1996, 2002). The most widely recognized basement
domes are the Meatiq, the Sibai and the Hafafit domes
(Fig. 2A). These core complexes and the adjacent volcano-sedimentary rocks are related to northwestward
propagating thrusts (Berhe, 1990). They have been linked
to possible subduction and collision phases during the
Neoproterozoic Pan-African orogeny (Stoeser and Camp,
1985; Abdelsalam and Stern, 1993). Similar core complexes have also been reported from the Wadi Kid area in
Sinai (Blasband et al., 1997, 2000).

Neoproterozoic exhumation of a core complex (Egypt, NE Africa)

The Wadi Hafafit Culmination (WHC) consists of two
main units which are separated by the Nugrus Thrust. The
structurally higher Nugrus unit is mainly composed of
low-grade ophiolitic melange and volcanic arc rocks
(Bennett and Mosley, 1987). The underlying Hafafit unit
consists of five granite-cored domes (domes A to E, Fig.
2C; Greiling et al., 1988). El Ramly et al. (1984) interpreted the Hafafit gneisses, the associated granitic cores
and the Wadi Ghadir melange at the north-eastern part of
the mapped area (Fig. 2B), as a result of Pan-African convergence and subduction of a marginal ocean basin. RbSr and K-Ar cooling ages of 620 Ma on mica separated
from migmatitic segregations of the psammitic gneisses
of the WHC have been reported by Hashad et al. (1981).
The granitic gneisses in the core of the WHC were earlier
regarded as pre-Pan-African basement because of their
complex metamorphic and structural history (e.g. El Gaby
et al., 1984, 1988). However, Stern and Hedge (1985)
obtained U-Pb dates on zircon of 682 Ma for the granitic
core that intrudes the Hafafit gneisses, which they interpreted as being of crystallization age. On the other hand,
Fritz et al. (2002) reported 40Ar/39Ar ages of 586 Ma for
hornblende separated from the granitic core of the Hafafit
domes. They interpreted these ages as cooling ages below
500°C associated with exhumation of WHC along
localised NE-trending extensional faults.
In general, there is a number of mechanisms and models or combinations of two or more of them that have

FIGURE 1 Schematic tectonic map of
the Arabian Nubian Shield showing
ophiolite belts, major structures and
lineaments (Kröner et al., 1992). Tectonic elements in the Wadi Hafafit Culmination (WHC) were defined by Fritz
et al. (1996). Major Tectonic units in
Arabia after Camp (1984) and Johnson
and Vranas (1984).
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been proposed for the origin of gneiss domes: (1)
diapirism (Gans et al., 1989; Lister and Baldwin, 1993),
(2) gravity collapse (Burchfiel and Royden, 1985; Blasband et al., 2000), (3) channel flow and ductile extrusion
(Mancktelow, 1995; Beaumont et al., 2001), (4) compression and extension (Edwards et al., 1996; Davidson et al.,
1997; Fritz et al., 2002), and (5) fold interference and
large-scale sheath-folding (Fowler and El Kalioubi,
2002).

Neoproterozoic exhumation of a core complex (Egypt, NE Africa)

metric data as well as Rb/Sr and Sm/Nd ages for rocks of
WHC. These results are important for understanding the
tectonometamorphic evolution of the WHC and add to the
body of information about metamorphic core complexes
in the Eastern Desert, their mode of formation and are
critical to future modeling of the overall tectonic evolution of the Arabian-Nubian Shield.

GEOLOGICAL SETTING
No quantitative data have been retrieved to characterize the metamorphism in the study area. Our data give a
first quantification in this respect and show up clear differences in metamorphic grade, which is interpreted in
terms of two metamorphic phases. We discuss field relations, petrography, mineral chemistry and thermobaro-

Lithologically, the rock types in the Hafafit area consist of two main units that occur at spatially distinct subareas and are separated by the Nugrus Thrust (Fig. 2C).
The overlying unit (Nugrus unit) is mainly made up of
low grade micaschists and metavolcanics that outcrop in

FIGURE 2 A) Location map of the study area. B) Detailed geological map of dome A (after El Ramly et al., 1993). C) General geological map of the
study area (modified from El Ramly et al., 1993). Dashed square shows the position of Figure 2B.
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the eastern and northern part of the WHC. These rocks
are associated with serpentinites and metagabbros. The
metavolcanic rocks are exposed mainly at the northern
and eastern border of the WHC. They are fine to medium
grained meta-andesites which are porphyritic in some
places. In the northern part of the mapped area (Fig. 2C),
serpentinites form a conspicuous ridge of Gabal Ras
Shait. Several other small serpentinite masses crop out to
the east of Nugrus Thrust.
The underlying unit (Hafafit unit) is represented
mainly by the Hafafit domes and consists of (from core
to rim, Fig. 2B): granitic gneiss of tonalitic and trondhjemitic composition, banded amphibolite, altered ultramafic rocks, alternating bands of biotite- and hornblende-gneiss and psammitic gneiss at the rim of the
domal structure. In some parts, the amphibolite is associated with metagabbro. Both units have been intruded
by undeformed leucogranites, especially along thrust
zones.
The granitic gneisses in the cores are coarse-grained
and moderately foliated. The foliation is defined by flattened biotite-rich streaks and indistinct, elongated lithosomes of quartz and feldspar in the intervening felsic
parts. The granitic gneisses show well-developed granoblastic-polygonal texture, and locally, mylonitic texture
is observed in strongly deformed varieties. Two main
types of granitic gneiss occur: predominant tonalitic
gneiss and subordinate trondhjemitic gneiss. These rocks
show a well-developed millimetre-spaced gneissic banding.
In some places, the tonalites are invaded by numerous thin
pegmatitic veinlets.
The amphibolites form irregular, lens-shaped bodies
overthrusted by altered ultramafic rocks. At the southern
part of dome A, the amphibolites are overlain by the
psammitic gneiss of Gabal Hafafit. The contact between
them is thought to be an initial preserved sedimentary
one (Abd El-Naby and Frisch, 2006). The strong foliation of the amphibolites may be related to the first deformational event (El Ramly et al., 1993), which led to a
metamorphic banding and may be synchronous with the
formation of alternating bands of biotite- and hornblendegneisses formed under amphibolite facies conditions. At
the eastern side of the Nugrus Thrust, minor amphibolites
occur in association with metagabbros, which probably
belong to the group of calc-alkaline metagabbros associated
with the Hafafit gneisses (El Ramly et al., 1993). Altered
ultramafic rocks, mainly serpentinized dunite and pyroxenite, are found as small masses in the core of the northern
Hafafit dome (dome A, Fig. 2B) overlying the amphibolites.
The alternating bands of biotite-gneiss and hornblende-gneiss are intercalated between the amphibolites
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and the psammitic gneiss. In Wadi Abu Rusheid, the
psammitic gneiss is mylonitized and dissected by several
shear zones. It exhibits extensive alteration, including silicification, sericitization, carbonatization and ferrugination. A secondary uranium mineralization is found in the
altered zone of the mylonitic psammitic gneiss, where it
occurs as stains along crevices and fracture surfaces and
as acicular crystals filling cavities. Uranium and thorium
contents vary from normal values to 55 and 225 ppm,
respectively. Uranophane is the most abundant uranium
mineral (Abd El-Naby and Frisch, 2006).
The latest Pan-African activity in the mapped area is
represented by a suite of leucogranites and minor intrusions of felsite and aplite which intruded the Hafafit
gneisses and the ophiolitic assemblage (El Ramly et al.,
1993). Elongated narrow intrusive leucogranite is found
parallel to the Nugrus Thrust (Fig. 2C). To the other side
of the Nugrus Thrust, there is another elongated granitic
belt forming Gabal Nugrus. Generally, these leucogranites are garnet-bearing, e.g. garnetiferous granites. Several
small lens-like plutonic masses of leucogranites are found
also in Wadi Abu Rusheid.
A structural evolutionary scheme involving eleven
deformation phases (D1 to D11) in the WHC was presented by El Ramly et al. (1984) and Greiling et al. (1984). It
was later grouped into four deformation stages (D1–D4;
D5–D7; D8–D10; D11) by El Ramly et al. (1993), and
subsequently modified to nine deformation phases (Greiling et al., 1994). These deformation phases led to a complex pattern of a series of anticlines and synclines, strikeslip and normal faults. Fowler and El Kalioubi (2002)
stated that the Hafafit domes are a result of the interference of four macroscopic fold phases, the first three of
which may represent a single deformational event. Table
1 (see p. 308) summarizes the sequence of structural
events for the WHC, as proposed by Greiling et al.
(1984), El Ramly et al. (1993), Greiling et al. (1994) and
Fowler and El Kalioubi (2002).

PETROGRAPHY

Nugrus unit
The micaschist of the Nugrus unit is mostly composed
of garnet, muscovite, biotite, quartz, plagioclase, chlorite,
and ilmenite (Fig. 3A). Garnet is present as idiomorphic
to subidiomorphic porphyroblasts with inclusions of
quartz, muscovite, biotite, chlorite and ilmenite. In the
matrix, biotite and muscovite occur as flakes, approximately 0.5 and 1.5 mm in length, respectively, which are
partly oriented parallel to the main foliation coexisting
with quartz, chlorite and garnet. Plagioclase is untwinned
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and some show compositional zoning. Alteration to epidote and inclusions of ilmenite, biotite and quartz were
observed. A small amount of retrogressive chlorite has
been found in some samples. Ilmenite occurs as inclusion
in garnet and along the foliation planes. Metavolcanic
rocks include meta-basalt and meta-andesite. They are
composed of hornblende or actinolite-tremolite and plagioclase (An43-50). Retrograde partial replacement of
hornblende by actinolite or tremolite and plagioclase by
epidote and calcite is observed. Metagabbros are generally medium to coarse grained and consist of highly saussuritized plagioclase and hornblende which is partly
altered to pale green actinolite and/or chlorite.

Neoproterozoic exhumation of a core complex (Egypt, NE Africa)

ples, occurs as inclusion-rich xenomorphic crystal and
generally shows embayed grain boundaries. The common

Hafafit unit
Less altered ultramafic rocks, found in the core of
dome A (Fig. 2B), are composed mainly of olivine, which
is widely replaced by serpentine forming the typical mesh
texture (Fig. 3B), whereas highly altered samples consist
of serpentine, talc, chlorite, tremolite and carbonate. The
fine-grained amphibolites can be divided into three compositional groups based on their preserved mineral assemblages. Group 1 are clinopyroxene amphibolites, which
consist of amphibole, clinopyroxene, plagioclase with little quartz and ilmenite. A few millimeters to one centimetre alternating bands are either dark grey, mainly of
amphibole and plagioclase or dark green, mainly of
clinopyroxene, respectively (Fig. 3C). In thin section,
clinopyroxene is colourless to pale green (in Z direction)
and varies in size from 0.2 to 2 mm. Some crystals are
altered to bluish green hornblende. Group 2 are garnet
amphibolites which consist of amphibole, plagioclase,
garnet, quartz, ilmenite, but locally contains clinopyroxene (sample H17, Table 2, see p. 308). The garnet is
coarse grained (up to 5 mm in diameter) and occurs
throughout the rock as anhedral porphyroblasts that contain inclusions of quartz, amphibole and ilmenite. Group
3 are massive amphibolites, which lack both clinopyroxene and garnet, and occur as lenses within the gneisses.
They are composed mainly of amphibole, plagioclase,
quartz and ilmenite.
The tonalitic/trondhjemitic gneiss consists of plagioclase, quartz, biotite and, locally, garnet. Plagioclase
forms subidiomorphic laths which show albite twinning
in most cases. Biotite forms flakes up to 2 mm long
which are partially aligned parallel to the foliation.
Pleochroism is moderate, from light brown to greenish
brown. Partial alteration of biotite to chlorite is common.
Garnet is found as small xenomorphic to idiomorphic
crystals with inclusions of quartz and plagioclase.
The biotite-gneiss is composed essentially of quartz,
biotite and plagioclase. Garnet, observed in some sam-
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FIGURE 3 A) Garnet porphyroblast in micaschist from the Nugrus
area. Note the external foliation of muscovite and biotite wrapping
around garnet. B) Less altered ultramafic rock showing relic olivine
grains in a mesh texture of serpentine. C) Back scattered image
showing alternation of amphibole-, plagioclase- and clinopyroxene–rich bands in clinopyroxene amphibolites. Mineral abbreviations
are after Kretz (1983).
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occurrence of biotite inclusions suggests that garnet was
formed by a biotite-consuming reaction. Chlorite and epidote are present as alteration phases in some samples. The
hornblende-gneiss consists mainly of hornblende, plagioclase and quartz with some ilmenite. Hornblende occurs
as aggregates of xenomorphic to subidiomorphic grains.
Subordinate biotite is recorded in some thin sections. The
psammitic gneiss forms the summits of the major mountains in the area (e.g. Gabal Hafafit and Gabal Migif). It is
essentially composed of quartz, K-feldspar, plagioclase,
and minor amphibole, biotite and epidote. The sedimentary origin of these gneisses in a back-arc basin is indicated
from their geochemical characteristics (Abd El-Naby and
Frisch, 2006). Leucogranites are medium to coarsegrained; they predominantly consist of quartz, plagioclase
and K-feldspar and contain small amounts of biotite,
muscovite and garnet. Garnet is ubiquitous and occurs as
equigranular euhedral grains containing few mineral
inclusions. Muscovite commonly shows poikilitic texture
indicating late-stage crystallization.

MINERAL CHEMISTRY
From the 50 samples of the different rock types studied, 15 were selected for mineral analyses using a JEOL
JXA-8900RL instrument at the Institute of Geosciences,
University of Tübingen, Germany. Analytical conditions
were 15 kV accelerating voltage, 10–20 nA beam current,
1–2 μm beam diameter and 10–20 seconds counting time.
Electron microprobe analyses were carried out on amphibole, plagioclase, garnet, clinopyroxene, biotite, chlorite
and muscovite from the amphibolites, biotite-hornblende
gneisses and micaschists. The mineral compositions are
used to constrain the metamorphic conditions which
occurred during mineral formation using suitable thermo-

FIGURE 4

Neoproterozoic exhumation of a core complex (Egypt, NE Africa)

barometric calculation. Table 2 (see p. 308) shows a summary of the mineral assemblages, whereas representative
analyses of these minerals and their chemical formula are
listed in Tables 3 to 8, (see p. 309-311).
Amphibole in hornblende-gneiss and amphibolite is
mainly magnesiohornblende (Table 3, Fig. 4), with the
exception of the clinopyroxene amphibolite sample
H21 which contains a magnesio-hastingsite and edenite, following the nomenclature of Leake et al. (1997).
Plagioclase (Table 4, see p. 309) shows a general
increase in anorthite content from the micaschists (An1417) over the biotite- and hornblende gneisses (An16-42) to
the amphibolites (An35-76) (Fig. 5A). However, in individual samples, the range is much smaller and does not
exceed 5 mol% in micaschists and 10 mol% in biotite
and hornblende gneisses and amphibolites. The plagioclase grains are either unzoned or show weak oscillatory
zoning. An increase in An-content of grains in contact
with garnet appears to be related to the depletion of Xgrs
[=Ca/(Fe+Mg+Mn+Ca)] in micaschists, whereas in
amphibolites, such an increase is related to the plagioclase rims in contact with amphibole.
Garnet of the amphibolites, biotite-gneisses and
micaschists is almandine-rich and XAlm [Fe/(Fe+Mg
+Mn+Ca)] varies from 53.3 to 93.6 mole % (Table 5, see
p. 310; Fig. 5B). Microprobe profiles across garnet from a
micaschist sample shows a virtually slight compositional
zoning with a core richer in almandine and pyrope, and
poorer in grossularite and spessartite (Fig. 6) than in
amphibolite and gneisses. Most garnet from the studied
rocks contains inclusions of quartz and ilmenite. However, evidence of rotation during growth is shown only in
some of the micaschist samples (Fig. 3A).

Composition of amphiboles from hornblende-gneisses and amphibolites plotted in the nomenclature diagram after Leake et al. (1997).
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Clinopyroxene (Table 6, see p. 310), found mainly in
the clinopyroxene amphibolites, is associated with garnet
in some places. It is diopside with Fe/(Fe+Mg) ranging
from 0.195 to 0.220, the maximum Na2O content being
0.24 wt.%. XMg =Mg/(Mg+Fe) of biotite (Table 7, see p.
310) ranges from 0.18 to 0.44 and 0.47 to 0.51 in micaschists of the Nugrus unit and the granitic gneisses of the
Hafafit unit, respectively. The biotite in the micaschist is
more titaniferous (1.5-2.9 wt.-% TiO2) than in the biotite
gneiss (0.01-0.62 wt.-% TiO2). Based on the classification
of Hey (1954), the chlorite (Table 8, see p. 311) from the
micaschist has the composition of rhipidolite and pycnochlorite. The Si contents of muscovite (Table 8) in the
micaschist vary from 6.51 to 6.61 per formula unit.

3 Chl + 8 Kfs = 5 Ann + 3 Ms + 9 Qtz + 4 H2O,

GEOTHERMOBAROMETRY
The diagnostic phases of most micaschists (garnet,
biotite, muscovite, plagioclase, quartz and ± chlorite) suggest that the rocks have been metamorphosed up to the upper
greenschist/lower amphibolite facies transition. The biotite
and muscovite could be formed from the following reaction

(1)

this reaction replaces the sedimentary assemblage Kfeldspar + chlorite by biotite and muscovite (Fig. 7). The
reaction affects rocks with low XAl that do not contain
pyrophyllite, where the first prograde biotite appears at
about 420°C (Bucher and Fry, 1994). The garnet could be
formed by the following reaction
1 Ms + 3 Chl + 3 Qtz = 4 Alm + 1 Ann + 12 H2O (2)
according to Bucher and Fry (1994), the equilibrium temperature for this reaction is approximately 540°C, where
the mineral assemblage muscovite + chlorite + quartz are
replaced by garnet and biotite (Fig. 7).
A basic assumption for geothermobarometry is that a
mineral assemblage formed in equilibrium, but it is
impossible to prove that minerals in an individual metamorphic rock ever achieved equilibrium. Therefore, care
has to be taken in selecting the appropriate phases for
electron microprobe analysis by choosing sharp grain
boundaries and direct contacts. The garnet-biotite geo-

FIGURE 5 (A) Plagioclase composition. Note the increase in anorthite contents from micaschists, biotite- and hornblende-gneisses to amphibolites,
presumably reflecting differences in bulk-rock composition. (B) Garnet composition of amphibolites, biotite-gneiss and micaschists. Or: orthoclase;
Ab: albite; An: anorthite; Alm: almandine; Prp: pyrope; Grs: grossular.
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FIGURE 6 Representative garnet zoning profiles in amphibolite, biotite-gneiss and micaschist. Garnet of mica schist is slightly zoned than in amphibolite and gneiss. Back-scattered electron images of the analyzed garnets are shown for comparison. Alm: almandine; Prp: pyrope; Grs: grossular.
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thermometer after Ferry and Spear (1978), Hodges and
Spear (1982), Bhattacharya et al. (1992) and Kleemann
and Reinhardt (1994) was used for the biotite-gneiss sample H18 and the micaschist samples N10 and N23. The
biotite-gneiss shows consistently higher temperatures
(598°-686°C) than the micaschist (405°-550°C; Table 9,
see p. 311). Temperatures for the micaschists (samples
N10, N23, N22) were also calculated using the garnetmuscovite geothermometer of Hynes and Forest (1988).
They yield temperatures between 400° and 527°C. These
temperatures are close to those obtained from the garnetbiotite pairs. Grt–Ms-An-Bt phase equilibria were calculated with TWEEQU-program of Berman (1991) for the
micaschist samples N10 and N23, yielding temperatures
between 465° and 550°C (Table 9).
The phengite component of white mica is used as a
pressure indicator (Velde, 1967; Guidotti and Sassi, 1976;
Ernst, 1988), which was calibrated by Massonne and
Schreyer (1987) as a barometer for quartz + biotite +
white mica + K-feldspar assemblages. White mica from
the micaschist samples N10, N23, and N22 yielded Si
contents of 6.32 – 6.46 apfu corresponding to a pressure
range of 3.5 to 5.7 kbar (at T = 450°C) and 4.3 to 6.4 kbar
(at T = 500°C). Due to the absence of K-feldspar in the
micaschist samples, the calculated pressures represent the
minimum values.
Temperatures were calculated from coexisting amphibole and plagioclase pairs in the amphibolites and hornblende-gneisses following the formulation of Holland and
Blundy (1994). The calculated temperatures are similar in
the hornblende-gneisses and amphibolites (660-730°C,
635-750°C, respectively; accuracy ± 75°C; Table 9).
Temperatures calculated from coexisting garnet and
amphibole pairs for the garnet amphibolites using the
calibration of Graham and Powell (1984) are 600750°C (± 60°C; Table 9).
For the garnet amphibolites, pressures were calculated
using the garnet-hornblende-plagioclase-quartz geobarometer (Kohn and Spear, 1990). Pressures estimated
for sample H19, in conjunction with the temperatures given
above (600-750°C), vary from 6.0 to 6.5 kbar (Table 9),
with an accuracy of ±1 kbar, whereas sample H17 yields
a pressure of 7.6-8.0 kbar and sample H4 of 6.5-7.6 kbar.
P-T diagram showing the range of the estimated P-T condition of metamorphism of the metamorphic rocks of the
WHC is shown in Fig. 7.

SM-ND AND Rb-Sr ISOTOPIC DATA
In order to constrain the timing of the metamorphic
event, three samples from the Hafafit unit (biotite-gneiss
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H18, hornblende-gneiss H23 and amphibolite H19) were
selected for age determinations. For Sm-Nd isotope
analyses, samples were spiked with a mixed 149Sm-150Nd
tracer solution. Plagioclase was dissolved in 52% HF for
four days at 120°C on a hot plate. Whole-rock and garnet
were digested in 52% HF for seven days at 180°C in a
Teflon bomb surrounded by a steel jacket. Before digestion, garnets were leached in 9 N HCl for one hour at
80°C. For Rb-Sr isotope analyses samples were spiked
with a mixed 84Sr-87Rb tracer solution and dissolved in
52% HF for four days at 120°C on a hot plate. All sam
ples were dried and re-dissolved in 6N HCl, dried again
and re-dissolved in 2.5N HCl. Rb, Sr, Sm and Nd were
separated using conventional chromatographic procedures. All isotopic measurements were made by Thermal
Ionization Mass Spectrometry, on a Finnigan MAT 262
mass spectrometer at the Institute of Geosciences, University of Tübingen, Germany. The La Jolla Nd-Standard
yielded a value of 0.511815 ± 0.000009 (reference value
0.511850) whereas the NBS 987 Sr standard gave a
87Sr/86Sr ratio of 0.710254 ± 0.000009 (reference value
0.710248). Blanks for Sm and Nd were less than 40 pg
and those for Rb and Sr less than 60 pg. The two-error
regression method of Wendt (1986) was used for isochron
calculation.
Sm-Nd isotopic data from garnet, plagioclase, and
whole rock were used to date the metamorphism of the
hornblende-gneiss sample H23 and the amphibolite H19
(Fig. 8, Table 10, see p. 312). The ages of 593 ± 4 and
585 ± 8 Ma, respectively, are identical within error. Moreover, a similar temperature (600°-750°C) for these rocks
is indicated from the thermobarometric data.
Considering the closure temperature for the Sm-Nd
system which may be around 600°C (Mezger et al.,
1992) and the peak temperature estimate for sample H19
(600°-690°C), we conclude that the ages reflect the
onset of cooling from the thermal peak. This conclusion
agrees with the age data of Moghazi et al. (2004), who
obtained Rb-Sr whole rock ages around 600 Ma for
lens-shaped leucogranite bodies along thrust faults in
the Sikait-Nugrus area, east of the WHC. They interpreted this age as the time of intrusion of the leucogranite
or as the time of the high-temperature metamorphic
overprint.
The biotite gneiss sample H18 yields a Rb-Sr biotitewhole rock-plagioclase isochron age of 573 ± 6 Ma. This age
is slightly younger than the Sm-Nd ages (593 ± 4 and 585 ± 8
Ma) and may reflect a later stage in the cooling history than
the Sm-Nd ages, as the closure temperature of the Rb-Sr system is at about 350°C for biotite. The present data agree with
the 40Ar-39Ar ages obtained by Fritz et al. (2002) for hornblende separates from the Hafafit gneisses (~585 Ma).
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FIGURE 7 Pressure-temperature diagram showing the estimated P-T
conditions of metamorphism for the rocks of the Wadi Hafafit Culmination. Curves 1 and 2 are reaction curves for pelitic rocks in the
FASH system that defines biotite-in and garnet-in reactions, respectively (after Bucher and Frey, 1994).
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metamorphism in their lower crustal sequence due to the
intrusion of granitoids into thinned crust (Gans et al.,
1989; Lister and Baldwin, 1993). The present pressure
estimates for the lowest structural level of the WHC
(i.e., the amphibolites) are 6-8 kb which reflects a depth
of 20-25 km. These data contradict the model of an
extensional setting during a gravitational collapse.
Moreover, extensional collapse required magmatic heating to weaken the lower and middle crust. In fact, field
occurrences of several leucogranites in the Hafafit
region point to the relation between granite intrusion
and thrusting (Fig. 2C), i.e., the role of magmatic activity could be restricted in facilitating the displacement
along thrust zones, but not to the extent as to promote
extensional collapse.

DISCUSSION
Three main mechanisms have been proposed to
explain exhumation of core complexes within Egyptian
Eastern Desert and Sinai. These include processes related
to: 1) Diapiric intrusion as suggested by El Ramly et al.
(1984) and Greiling et al. (1984) for the Hafafit gneiss
domes, (2) gravity collapse as suggested by Blasband et
al. (2000) for the Wadi Kid gneiss domes, and (3) compression and extension as suggested by Loizenbauer et al.
(1999) and Fritz et al. (2002) for the Meatiq gneiss dome,
Eastern Desert of Egypt.
Based on the obtained thermobarometric and
geochronological data, we will try to test the applicability
of each of these mechanisms to the formation of WHC. El
Ramly et al. (1984) and Greilling et al. (1984) suggested
gravitative uplift of the Hafafit domes, where the central
part of the domes is occupied by later intruded, less
deformed granitoid material. Fowler and El Kalioubi
(2002) disputed the gravitative uplift model as a component of the deformation history of the Hafafit domes.
Alternatively, they concluded that the fold interference
pattern shown by the gneiss-cored domes of the WHC is a
result of refolding of early macroscopic sheath folds. The
absence of undeformed granitic rocks in the core of the
Hafafit domes argues against the gravitative uplift model
as suggested by El Ramly et al. (1984) and Greilling et al.
(1984). Moreover, diapiric intrusion should produce a
more radial pattern of deformation, a situation which is
not recognized in the WHC.
Metamorphic core complexes in an extensional setting are characterized by low-pressure/high-temperature
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FIGURE 8

A, B and C) Isochron diagrams of Rb-Sr and Sm-Nd iso-

topic data.
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A combination of transpression and lateral extrusion model for the exhumation of the Hafafit domes is
proposed by Fritz et al. (2002) where the bulk convergence is balanced by both vertical thickening and horizontal NW–SE directed extension. This model seems
to be more applicable for three reasons: 1) The present
Sm/Nd and Rb/Sr cooling ages (~590 Ma) are in accordance with the 40Ar- 39Ar ages obtained by Fritz et al.
(2002) for hornblende separates from the Hafafit
gneisses (~585 Ma); 2) presence of both compressional
and extensional structural styles in the WHC; and 3)
emplacement of syn-extensional granitoids into the
WHC as reported by Moghazi et al. (2004). Moreover,
most previous works interpret the shear zones in the
Hafafit area, which represent late-stage structures cutting across all earlier structures, as the result of an
extensional event following continental collision, possibly related to the Najd Fault System.
Loizenbauer et al. (2001) and Fritz et al. (2002) divided the deformation events in the central Eastern Desert
into three main phases. They suggested that the oldest
observed deformation phase (D1) is related to the prePan-African deformation and is only recognized in

Neoproterozoic exhumation of a core complex (Egypt, NE Africa)

amphibolite enclaves within the core complexes. The D2
deformation is related to the Pan-African deformation
associated with oblique convergence of the arc and back
arc assemblage onto the Nile craton around 620–640 Ma
(Fritz et al., 1996). The D3 deformation in the central
Eastern Desert is characterized by the formation of
crustal-scale NW–SE sinistral shear zones of the Najd
Fault System (Stern, 1985; Loizenbauer et al., 2001) followed by exhumation of core complexes within orogen
parallel extension around 620–580 Ma. The D4 deformation occurred much later and may be related to brittle
deformation associated with the Red Sea rifting in Tertiary times.
P-T calculations using the various geothermobarometers on rocks from the WHC show two distinctly different sets of metamorphic conditions on either
side of the Nugrus Thrust. The first is observed in the
micaschists of the Nugrus unit to the northeast of the
Nugrus Thrust, with a low-temperature-low-pressure
assemblage, equilibrated between 400 and 550°C and
between 3.7 and 4.9 kbar. The second, medium-temperature-medium-pressure assemblage equilibrated in
the range 600-750°C at 6-8 kbar. This is observed in

FIGURE 9 Relative timing of metamorphic events of the Wadi Hafafit Culmination (WHC) and their correlation with the tectonic events in the central
Eastern Desert. See Figures 1 and 10 for location and further explanation of tectonic events and evolutionary stages.
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FIGURE 10 Sketch diagrams illustrating the possible geotectonic evolution of the Wadi Hafafit Culmination (modified from Abd El-Naby and Frisch,
2006). A) 620-640 Ma (D2 tectonic events): subduction of the oceanic crust, ophiolite detachment and thrusting in the Wadi Ghadir, with arc volcanism, arc-related plutonism and back-arc basin development in the Hafafit region. B) ~600 Ma (D3 tectonic events): NW vergent thrusting of Nugrus
unit over Hafafit unit. C) 580-600 Ma (D3 tectonic events): exhumation of Hafafit domes by orogen parallel extension. (D) Close up view of one of
Hafafit domes showing the extensional and transcurrent ductile shears associated with D3. See Figure 9 for further explanation of tectonic events.

the Hafafit unit and represented by gneisses and associated amphibolites. The low-grade metamorphic phase,
which is characterized by greenschist-facies conditions
(Nugrus unit), is related to NW-ward Nugrus Nappe
thrusting between 620-640 Ma (D2, Fig. 9). This event
was responsible for metamorphic imprint on the sedimentary series of the Nugrus unit and could be
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assigned as “M1” (Fig. 9). This is consistent with the
general conclusion of Neumayr et al. (1996, 1998) that
the D2 deformation in the central Eastern Desert took
place at greenschist facies conditions. At ~600 Ma or
slightly earlier, rocks of the Hafafit unit were subjected
to intense deformation and metamorphism in amphibolite facies (M2, Fig. 9). Moreover, the coincidence of
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the emplacement age of the leucogranite (594 ± 12 and
610 ± 20 Ma; Moghazi et al., 2004) and the metamorphic ages (~600 Ma as deduced from the present study)
of the Hafafit assemblages indicate that leucogranite
generation and metamorphism of the Hafafit units are
related to the same deformational event (late stage of
D2, Fig. 9).
A 3-stage geologic evolution model is proposed for
the tectonic evolution of the WHC. In this model, we
adopted the idea of major extensional structures within
overall compressive systems in mountain building
processes. The rock assemblages of the Hafafit area
correspond to accretion-collision units of island-arc
and back-arc basin composition correlated to the subduction during Pan-African time (Fig. 10). The first
stage started earlier than 680 Ma ago with rifting and
ocean floor spreading at a time which is as yet unspecified. It corresponds to the D1 deformational event in
the scheme of Loizenbauer et al. (2001) and Fritz et al.
(2002). This stage was followed by a second stage of
subduction and emplacement of subduction-related
granitoids at ca. 682 Ma (Stern and Hedge, 1985). At
this time, the Hafafit region has become an active margin with the production of large amounts of calc-alkaline subduction-related volcanic and plutonic
sequences (Fig. 10A). This is in agreement with the
chemistry of the granitic gneisses in the core of the
Hafafit domes that correlated with arc-related granitoids (Abd El-Naby and Frisch, 2006). Remnants of the
oceanic crust of the back-arc basin are represented by
the amphibolites and ultramafic rocks found in the
cores of Hafafit domes. The back-arc basin received
sediments from the volcanic arc and the continent in
the hinterland to the west (Nile Craton?).
Subduction and related calc-alkaline magmatism continued in the area for at least 80 Ma and was terminated
by collision around 600 Ma. Collision was associated
with NW-ward Nugrus Nappe thrusting under greenschist-facies conditions (M1). The back-arc basin
sequence became buried to depth greater than 20 km (Fig.
10B). At this stage, rocks of Hafafit unit were subjected
to intense deformation and metamorphism in amphibolite
facies (M2). Subduction and collision stage corresponds
to the D2 deformational event (Fig. 9). Next it came the
third stage of late-orogenic extension and crustal thinning, which was controlled by the Najd transform faults.
It gave exhumation of the Hafafit domes (Fig. 10C-D)
through a combination of transpression and lateral extrusion (D3, Fig. 9) as proposed by Fritz et al. (2002). Presence of extensional and transcurrent ductile shears within WHC gives support for this conclusion. These shears
cut across all of the above structures, hence, are late-stage
structures (Fowler and El Kalioubi, 2002).
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CONCLUSION
1. Documentation of ages and quantitative constraints on the pressure/temperature histories across
the Wadi Hafafit Culmination (WHC) provides new
insight into the tectono-metamorphic evolution of one
of the key localities to understand the Neoproterozoic
tectonometamorphic evolution in the Eastern Desert
of Egypt.
2. Two distinct metamorphic phases have been recognized within WHC which are in agreement with
petrogenetic grids for the observed assemblages. The
first metamorphic phase (M1), equilibrated between
400 and 550°C and between 3.7 and 4.9 kbar, is
observed in the micaschists of the Nugrus unit and is
related to its thrusting over Hafafit unit (D2). The
second metamorphic phase (M2), equilibrated in the
range 600-750°C at 6-8 kbar, is observed in gneisses
and amphibolites of the Hafafit unit and is related to
the late D2 stage.
3. Sm/Nd dating of whole rock-garnet-plagioclase
yields similar ages of ca. 590 Ma for Hafafit gneisses
and amphibolite, which is interpreted as cooling from
the thermal peak which was attained around 600 Ma or
slightly earlier. A younger Rb-Sr of whole rock-biotiteplagioclase for biotite gneiss (573 ± 6 Ma) is interpreted as reflecting a later stage in the cooling history than
the Sm-Nd ages.
4. The tectonic evolution of the WHC could be
explained in three main stages: a) rifting and ocean
floor spreading at a time earlier than 680 Ma; b) Subduction around 620-640 Ma. It was terminated by collision and nortwestward thrusting of the Nugrus unit
over the Hafafit unit; and c) late-orogenic extension
and crustal thinning that was controlled by the Najd
transform faults that resulted in exhumation of the
Hafafit domes through a combination of transpression
and lateral extrusion.
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TABLE 1 Sequence of structural events for the WHC, as proposed by Greiling et al. (1984), El Ramly et al. (1993), Greiling et al. (1994) and Fowler
and El Kalioubi (2002).

TABLE 2

Mineral assemblages of the studied samples.

Sample
H17 (Garnet amphibolite)

Hbl* Pl
x
x

Grt
x

Qtz
x

x

x

Cpx
x

Bt

H19, H4 (Garnet amphibolites)

x

x

H11, H21, H14 (Cpx-amphibolites)

x

x

x

H8, H24, H23 (Bt-Hbl-gneisses)

x

x

x

x

H18, H2, H16 (Bt-Hbl-gneisses)

x

Chl

Ms

Zrn

Ilm
x
x

x

x
x

x

x

x

x

x

N10 (Micaschist)

x

x

x

x

x

N21, N22, N23 (Micaschists)

x

x

x

x

x
x

x

x

x

*Mineral Abbreviation after Kretz (1983).
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TABLE 3

Representative electron microprobe analyses of amphibole.

TABLE 4

Representative electron microprobe analyses of plagioclase.
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TABLE 5

Representative electron microprobe analyses of garnet.

TABLE 6 Representative electron microprobe analyses
of clinopyroxene.
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Representative electron microprobe analyses of biotite.

310

ABD EL-NABY et al.

TABLE 8

Representative analyses of muscovite and chlorite in micaschists.

TABLE 9

Calculated temperatures and pressures for the Hafafit rocks.
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TABLE 10

Neoproterozoic exhumation of a core complex (Egypt, NE Africa)

Rb-Sr and Sm-Nd isotopic composition (in ppm).
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