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Abstract

Regional cooling in the course of Neoproterozoic core complex exhumation in the Central Eastern Desert of Egypt is constraint

by 40Ar/39Ar ages of hornblende and muscovite from Meatiq, Sibai and Hafafit domes. The data reveal highly diachronous cooling

with hornblende ages clustering around 580 Ma in the Meatiq and the Hafafit, and 623 and 606 Ma in the Sibai. These 40Ar/39Ar

ages are interpreted together with previously published structural and petrological data, radiometric ages obtained from Neopro-

terozoic plutons, and data on sediment dynamics from the intramontane Kareim molasse basin. Early-stage low velocity exhu-

mation was triggered by magmatism initiated at �650 Ma in the Sibai and caused early deposition of molasses sediments within rim
synforms. Rapid late stage exhumation was released by combined effect of strike-slip and normal faulting, exhumed Meatiq and

Hafafit domes and continued until �580 Ma. We propose a new model that adopts core complex exhumation in oblique island arc
collision-zones and includes transpression combined with lateral extrusion dynamics. In this model, continuous magma generation

weakened the crust leading to facilitation of lateral extrusion tectonics. Since horizontal shortening is balanced by extension, no

major crustal thickening and no increase of potential energy (gravitational collapse) is necessarily involved in the process of core

complex formation. Core complexes were continuously but slowly exhumed without creating a significant mountain topography.

� 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Late orogenic histories are usually associated with
extension, exhumation of deeply buried rocks and de-
position of sediments adjacent to denudation zones. The
lower crust and mantle lithosphere in these orogenic
belts may have still being under compression while up-
per crust had experienced extension. Syn-convergent
extension in continental collision zones may by driven
by gravitational instabilities (body forces) induced by
increase of potential energy known as ‘‘gravitational

collapse’’ (e.g., Dewey, 1988; Lister and Davis, 1989;
England and Houseman, 1989) or by far-field stresses
induced by block motions associated with lateral ex-
trusion (Tapponier and Molnar, 1976; Neubauer et al.,
1999). During these processes that are initiated by me-
chanical instabilities, the velocity of tectonic activity
(deformation) is approximately an order of magnitude
higher than time required for heat conduction and re-
equilibration of the thermally disturbed lithosphere.
Consequently short term tectonic processes, rapid ex-
humation of rocks and clockwise pressure temperature
(P–T ) metamorphic loops have been predicted and re-
ported from these tectonic settings (England and
Thompson, 1984). Granitoids evolve during late stages
of extension when removal of a thickened root of cold
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lithosphere by convective thinning of the mantle litho-
sphere or slab-break-off releases both, gravitational in-
stabilities and enhances heat transfer (Houseman et al.,
1981; Platt and England, 1994, Davis and Blancken-
burg, 1995).
A contrasting evolution characterises oceanic and

oceanic/continental convergence zones where large
amount of magmas are generated continuously during
plate convergence. The amount of vertical material flow
is controlled by the horizontal component of the plate
velocity perpendicular to the plate boundary (released
by far-field stresses), possible lateral extrusion parallel to
the plate boundary, and the degree of strike-slip parti-
tioning (Oldow et al., 1990; Teyssier et al., 1995; Tikoff
and Teyssier, 1994). During oblique convergence,
lithospheric thickening can easily be compensated by
orogen-parallel extension and results in an orogen that
is not accompanied by significant crustal thickening or
topography. In such scenario, body forces do not play a
major role during rock exhumation. As documented
from ancient as well as from modern island arc set-
tings (e.g. Saint Blanquat et al., 1998), orogenesis is
accompanied by continuous magmatism that results in
weakening of the lithospheric shear strength, hence fa-
cilitating lateral motion. Since gravitational collapse
plays only a minor role in this type of tectonic setting
magmatism itself can be assumed to be the major driv-
ing force for mountain destruction and rocks exhu-
mation. Advectice mass transport that is imposed by
emplacement of plutons is balanced by downward
movement of cold and dense material resulting in rela-
tive vertical mass movement without creating significant
topography (England and Molnar, 1990, Warren and
Ellis, 1996; Stuewe and Barr, 1998). Since the thermal
structure of the lithosphere that was modified by con-
tinuous magmatism controls extensional tectonics rather
than far-field stresses or body forces, a continuous and
slow exhumation process has to be assumed. The cor-
responding P–T metamorphic paths, although highly
variable within those orogens (Warren and Ellis, 1996),
are defined by a classical anti-clockwise path (Sandiford
and Powell, 1990, Sandiford et al., 1991).
In order to identify stress induced from magmatically

controlled extension, we focus on the interrelation be-
tween extension tectonics, magmatism and depositional
dynamics of sedimentary basin during the evolution of
Neoproterozoic mountain building in the Central East-
ern Desert of Egypt. P–T metamorphic paths, kine-
matic, structural data and sedimentary data relevant to
understand the exhumation of core complexes and as-
sociated sedimentary basins are reviewed. Time rela-
tionships as well as velocities of tectonic and magmatic
processes are constrained using published geochrono-
logical data and complemented new 40Ar/39Ar cooling
ages of hornblende and muscovite. We hope to con-
tribute to the understanding of geodynamic processes

that drove Neoproterozoic extension in NE Africa by
presenting a general model to explain rock exhumation
in oblique island arc settings.

2. Geological framework

Many authors have interpreted the Neoproterozoic
evolution of the Nubian Shield in NE Africa as a result
of accretion of intra-oceanic island arcs, continental
micro-plates and oceanic plateaus in the course of con-
solidation of Gondwana (Gass, 1982; Stern, 1994;
Kr€ooner et al., 1994; Abdelsalam and Stern, 1996). In-
creasing attention has been paid to features associated
with extension (Stern et al., 1984; Burke and Seng€oor,
1986; Wallbrecher et al., 1993; Greiling et al., 1994). A
number of core complexes that developed within an
extensional regime have been recognised (Sturchio et al.,
1983; Fritz et al., 1996; Blasband et al., 2000; Fowler
and Osman, 2001). Core complex formation within the
Central Eastern Desert of Egypt is closely linked with
one of the most spectacular feature within this orogen;
the NW-trending Najd Fault System (Stern, 1985). This
dominantly sinistral strike-slip system strikes approxi-
mately parallel to the orogen over a distance of several
hundreds of km. It is exposed, due to disruption by the
young Red Sea Rift (Garfunkel, 1988; Omar et al.,
1989), in Egypt as well as in Saudi Arabia. Within the
Central Eastern Desert of Egypt, core complexes
(gneissic domes) namely the Meatiq-, Sibai- and Hafafit
dome occur along strike of the Najd Fault System (Fig.
1). They are entirely bound by sinistral strike-slip faults
and releasing north- and south-dipping NE-trending
normal faults that accommodated exhumation of these
core complexes. Those gneissic domes were referred to
as ‘‘infrastructure’’ El Gaby et al. (1990). They consti-
tute orthogneisses, psammitic schists and rare amphib-
olites that suffered amphibolite grade, polyphase
metamorphic conditions (Neumayr et al., 1996, Neum-
ayr et al., 1998). Structural cover grouped here as Pan-
African Nappes, was referred to as ‘‘suprastructure’’ by
El Gaby et al. (1990). These include ophiolites, melange
sediments of accretionary wedge-type and calc-alkaline
volcanics similar to modern arc magmatism. Metamor-
phism is of greenschist facies metamorphic grade (Ne-
umayr et al., 1998, Puhl, 1997). Based on the tectonic
juxtaposition of low-grade metamorphosed structural
cover units against high-grade metamorphosed base-
ment, the gneissic domes have been described as meta-
morphic core complexes (Sturchio et al., 1983).
Neoproterozoic molasse-type basins developed during
late orogenic history (Grothaus et al., 1979; Rice et al.,
1993; Messner et al., 1996; Fritz and Messner, 1999).
These sediments are either incorporated into the Pan-
African nappe assembly (Type Hammamat Basin) or
were accumulated in intramontane troughs along the
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Najd Fault System (Type Kareim Basin; Fig. 1). Finally
extensive granitoid magmatism persisted throughout the
Neoproterozoic era of the Nubian Shield in the Eastern
Desert of Egypt.
The structural assembly in the Central Eastern Desert

has been interpreted as a result of oblique convergence
that partitioned into an internal wrench corridor rep-
resented by the Najd Fault System and a western fold
and thrust belt (Fritz et al., 1996; Fritz and Messner,
1999). While thrusts propagated westward to incorpo-
rate the Hammamat molasse sediments into the nappe
edifice (Fig. 1), extension occurred simultaneously
within the Najd Fault System. Exhumation of internal
core complexes accompanied NW–SE sinistral strike-
slip faulting that resulted in NW–SE directed extension
which provided depocentres for the accumulation of
intramontane molasse basins of the Kareim Basin Type
(Fig. 1) (Fritz and Messner, 1999) as well as weak zones
for the intrusion of granitoid rocks. Approximately 30%
of surface outcrops within the Meatiq core complex and

90% of the Sibai core complex constitute granitoid
rocks.
The Neoproterozoic evolution of the Arabian Nubian

Shield includes: (1) ophiolites interpreted as oceanic
crust which formed by rifting of Rodinia (Abdelsalam
and Stern, 1996). The ages of the ophiolites range be-
tween 900–740 Ma (Ries et al., 1983; Kr€ooner, 1985;
Kr€ooner et al., 1992, 1994; Loizenbauer et al., 2001); (2)
Development of sutures associated with arc accretion
that occurred between �750–650 Ma (Abdelsalam and
Stern, 1996; Blasband et al., 2000); and (3) Late oro-
genic extension and exhumation of core complexes
constrained by radiometric ages on core complex exhu-
mation (Fritz et al., 1996), estimates on molasse basin
formation (Grothaus et al., 1979; Rice et al., 1993, Willis
et al., 1988) and ages of late to post-tectonic magmatic
activity (Sturchio et al., 1993; Stern and Hedge, 1985;
Hassan and Hashad, 1990). The data suggest close as-
sociation between tectonic and magmatic activity at
620–580 Ma as will be discussed below.

Fig. 1. Metamorphic Core Complexes and molasses-type basins in the Central Eastern Desert of Egypt aligned along the Najd Fault System.

Numbers (7, 8) denote sample locations for 40Ar/39Ar dating in the Hafafit. In insert map NFS ¼ Najd Fault System.
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3. Extension in the Central Eastern Desert

NW–SE directed extension in the Central Eastern
Desert exhumed a number of basement complexes,
namely the Meatiq-, Sibai-, and Hafafit dome and re-
sulted in the formation of the Kareim intramontane
molasse basin (Fig. 1) between the Meatiq and the Sibai.
Extensional structures are very similar throughout the
belt including sinistral strike-slip shear zones and NW-
and SE-dipping normal faults (Figs. 1, 2 and 4). How-
ever, exhumed rock types and the interplay between
magmatic and tectonic activities is very different. In the
Meatiq dome and Hafafit dome gneisses dominate and
only a limited amount of late- to post-extensional
granitoids are exposed (El Gaby et al., 1990; Rashwan,
1991; Greiling et al., 1994; Neumayr et al., 1995; Ne-
umayr et al., 1996; Neumayr et al., 1998). On the other
hand the Sibai dome is made up almost entirely of late
Pan-African plutons (Kamal El Din, 1993; Khudeir
et al., 1995; Greiling et al., 1994, Bregar, 1996).

3.1. The Meatiq core complex

A discussion on the complex metamorphic and
magmatic history of the Meatiq dome is beyond the
scope of this study. The focus is on the late Neoprote-
rozoic evolution dominated by of extensional tectonics.
Along the southern margin of the Meatiq core complex
the sheet-like calc-alkaline Abu Ziran granitic body in-
truded between the Meatiq structural basement and the
detached structural cover rocks of the Pan-African
Nappe Complex (Fig. 2). This syn-extensional em-
placement has been documented by studying the rela-
tionship between magmatism and solid state flow (Fritz
et al., 1996; Fritz and Puhl, 1996). It has been shown

that the regional NW–SE directed extension opened
space that was progressively sealed with different mag-
matic phases ranging from mafic precursor rocks to
tonalites and granodiorites (Fritz and Puhl, 1996).
Thermal metamorphic aureoles had been identified es-
pecially within the southern adjacent Pan-African
Nappes. The contact aureole itself was disturbed by
NW–SE directed extension. To the north of the Abu
Ziran granitoid, exhumed ‘‘hot’’ rocks of the Meatiq
core complex have bee juxtaposed against the pluton
and only a narrow aureole was developed. Barometric
data from mafic enclaves, based on Altot content of
hornblende (Schmidt, 1992), suggest early magma crys-
tallisation at �14 km depth (�5 kbar, Fritz and Puhl,
1996). The 614� 8 Ma U/Pb zircon crystallisation age
(Stern and Hedge, 1985) is thus interpreted to date mid-
crustal extension in the Meatiq. Sinistral strike-slip
movement along shear zones that produced extension
has been dated by newly grown, syn-tectonic white mica
that gave 40Ar/39Ar ages of 588 Ma and 595 Ma (Fritz
et al., 1996). The upper limit of the Neoproterozoic tec-
tonic activity in the Meatiq is given by circular shaped,
post-tectonic Arieki granitoid that gave an whole rock
Rb/Sr age of 579� 6 Ma (Hassan and Hashad, 1990).

P–T evolutionary paths using conventional cation
exchange thermobarometer combined with fluid inclu-
sion studies have been established for the Meatiq
structural basement (core complex) as well as for Pan-
African nappes next to the Abu Ziran granitoid (Puhl,
1997; Neumayr et al., 1995, 1998; Loizenbauer, 1998;
Loizenbauer et al., 2001). Entrapment of individual fluid
generations had been carefully correlated with tectonic
events. These studies indicate that the internal portions
of the Meatiq core complex (Fig. 3, path 1) exhibit peak
metamorphic conditions of �750 �C and �8 kbar fol-

Fig. 2. Simplified map of the Meatiq Core Complex. Locations sampled for 40Ar/39Ar age determination are indicated by the numbers 1, 2, 3, 4, 9.
40Ar/39Ar ages of 588 and 595 Ma interpreted to date exhumation related to strike-slip and normal faults are from Fritz et al. (1996). Crystallisation

ages of 614 Ma from the syn-extensional Abu Ziran Pluton is from Stern and Hedge (1985) and the age of 579 Ma from the post-tectonic Arieki

pluton is from Hassan and Hashad (1990).
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lowed by a moderate decrease of pressures and tem-
peratures down to 4–5 kbar and 450 �C. Next to the Abu
Ziran pluton, rocks were advectively heated and subse-
quently experienced isobaric cooling at �4 kbar. Late
stages of exhumation are characterised by a steep pres-
sure gradient as shown by decrepitation features of late
aqueous fluid inclusions. Structural cover units repre-

sented by the Pan-African Nappe Complex were affected
by greenschist metamorphic conditions at �450 �C and
4 kbar although temperature peak of 640 �C had been
reached along the pluton/host-rocks interface. Subse-
quent to advective heating, both pluton and host rocks
once more suffered isobaric cooling followed by mod-
erate decompression during final exhumation (Fig. 3,
Path 2).
Extensional events in the Meatiq area can be sum-

marised as follow: (1) moderate extension started in
mid-crustal level before 614 Ma resulting in exhumation
of rocks of the Meatiq core complex from �20 km depth
to �14 km depth; (2) isobaric cooling at down to �400
�C around 614 Ma; and (3) final exhumation rapidly
exposed rocks from �10 km close to surface levels
around 590 Ma.

3.2. The Sibai core complex and Kareim Sedimentary
Basin

Approximately 90% of the Sibai core complex (Fig. 4)
is made-up of Neoproterozoic granitoid rocks of calc-
alkaline to alkaline chemical affinity (Kamal El Din,
1993; Khudeir et al., 1995; Bregar, 1996). Pre-granitic
host rocks are limited to rare lenses of amphibolites. The
Pan-African Nappes Complex includes serpentinites and
melange-type sediments that are tectonically imbricated
together with deformed granitoids such as El Shush
Gneiss of modern arcs chemical affinity. Single zircon

Fig. 3. Pressure–temperature–time paths of the Meatiq Core Complex

(path 1), the Pan-African Nappe Complex next to the Abu Ziran

pluton (path 2), and the Abu Ziran pluton (path 3). Data are compiled

from Fritz and Puhl (1996), Puhl (1997), Neumayr et al. (1998), Loi-

zenbauer (1998) and Loizenbauer et al. (2001).

Fig. 4. Simplified map of the Sibai Core Complex and the Kareim sedimentary basin including sample locations for 40Ar/39Ar data (5, 6) (modified

after Fritz and Messner, 1999). Basin subsidence within the Kareim sedimentary basin (strike-line contours are inserted) to the north of the Sibai

dome was accomplished by NE–SW trending normal faults and was coeval with final exhumtion of the Sibai core complex (for details see text).
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evaporation ages from the El Shush Gneiss, interpreted
as magmatic ages (Bregar, 1996) indicate that the ac-
cretionary stage of Pan-African orogenesis in the Sibai
occurred at �680 Ma.
Succession and relative timing of deformational pha-

ses during extension and exhumation of the Sibai rocks is
constraint by interrelations between magmatic and tec-
tonic events (all geochronological ages in this section
were obtained from 207Pb/206Pb single zircon evaporation
techniques and are average values of data from 4–6 in-
dividual zircons). During the first stage of the NW–SE
directed extension vertically foliated diorites with mag-
matic ages of �660 Ma intruded the central parts of the
Sibai (Bregar, 1996). These ‘‘Central Gneisses’’ (Fig. 4)
are elongated in a NW–SE direction and are bounded by
the sinistral ‘‘Inner Sibai Shear Zones’’ along their
southwestern and northeastern margins. To the south-
east and northwest of the Sibai, the Central Gneisses and
shear zones are discordantly cut by younger granitoids of
within-plate chemical affinity and extensional shear
zones defining a second stage of extensional tectonics.
These granitoids are represented by the Abu Markhat
and Abu Sibai intrusions which gave crystallisation ages
ranging between 650 and 640 Ma. The extensional shear
zones are associated with a younger phase of sinistral
strike-slip faulting referred to as ‘‘Outer Sibai Shear
Zones’’ that post-dates pluton emplacement. A younger
suite of highly differentiated late- to post-tectonic
granitoids occurs as isolated bodies within the Sibai as
well as along its margins. Along the southwestern Sibai
margin the �580 Ma (Rb/Sr) Atawi granitoid (Fig. 4;
Hassan and Hashad, 1990) was deformed by post-
emplacement sinistral strike-slip shearing. The emplace-
ment of this pluton was synchronous with deposition of a
small pull-apart molasse basin (Pelz, 1996).
Exhumation of the Sibai has its manifestation on the

sedimentary record within the northerly adjacent Ka-
reim Molasse Basin (Fig. 4). Basin subsidence and sed-
imentary delivery rates in the basin point to several
denudation stages of the to the Sibai dome. Approxi-
mately 7000 m of siliciclastic sediments, dominantly
transported from the Sibai swell in the south have been
deposited in prevalent lacustrine and braided stream
environments to the north (Fritz and Messner, 1999).
The synform geometry of the basins is displayed by S-
dipping strata in the north, steeply N-dipping strata in
the south, and a generally W–E trending basin axes.
Sinistral strike-slip faults of the outer set of shear zones
in the Sibai transsect the basin along its northeastern
margin (Fig. 4). Sedimentary facies and component
analyses have been used to constrain subsidence history
of the basin. The subsidence history of the basin in turn
has been correlated with the exhumation history of the
Sibai Core Complex (Fritz and Messner, 1999). It is
concluded that transport energy of sediments was pro-
vided by the average height of relief between the depo-

center (synform trough) and the source area of the
clastic sediments (Sibai exhumation).
Three major sedimentary events (megacycles) have

been distinguished in the Kareim Basin (Fig. 5): (1)
basin formation started with constant shallow water
lacustrine facies that was characterised by low sedi-
mentation rates. Subsequent increase in relief energy
resulted in deposition of coarse grained fluviatile sedi-
ments on top of the sequence, hence an upwards
coarsening megacycle; (2) sediment delivery and relative
denudation of hinterland decreased progressively re-
sulting in deposition of lacustrine sediments, an upwards
fining megacycle; (3) sudden change in depositional en-
vironment is indicated by accumulation of very coarse
alluvial fanglomerates signalising a phase of rapid sub-
sidence and high sediment delivery rates during late-
stage sedimentary evolution.
The sedimentary facies and subsidence history of the

Kareim Basin suggest minor vertical uplift of the hin-
terland during early stages of basin formation. This was
followed by gradual increase in relief energy as indicated
by the upward coarsening megacycle. Subsequently,
exhumation process within the hinterland decreased and
progressively fine-grained sediments were delivered. It is
suggested that magmatically-driven subsidence during
the early stage of basin formation (Fig. 5) was induced
by extraction and uprise of northern Sibai granitoids.
This was balanced by downward movement of cold and
dense material and formed a rim syncline, similar to
what has been suggested by Weinberg and Podladchikov
(1995), Warren and Ellis (1996) and Fritz and Messner
(1999). This scenario is supported by illite crystallinity
data from the Kareim basin that cluster around 0.24
(full-width at half-height at 10 �AA: Fritz and Messner,
1999) which suggest high thermal gradient and/or con-
tribution of heat by magma advection. Late stage sub-
sidence and basin modification was tectonically driven
(Fig. 5) and was triggered by a combination of strike-
slip and normal faulting (Fritz and Messner, 1999; Ka-
mal El Din, 2000). Very high subsidence rates and ex-
tensive erosion of a granitic source characterise this
stage.
There are no age constraints for the Kareim Basin.

Willis et al. (1988) used a whole rock Rb/Sr age of
585� 15 Ma from Hammamat sediments north to the
study area to infer the age of deposition. An age of �585
Ma is suggested for the late stage sedimentary evolution.
The �585 Ma Gebel Atawi granitoid which was em-
placed along the Outer Sibai Shear zone is approximately
coeval with the formation of a small pull-apart basin
(Pelz, 1996). The southern margin of the Kareim basin is
intruded by a late magmatic body of a presumable late
Neoproterozoic age. Nevertheless, we emphasise that
timing of events of molasses-type sedimentation may
differ significantly in the Eastern Desert from one basin
to another (Messner et al., 1996).
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Data from the Sibai dome and the Kareim basin
suggests that: (1) The Neoproterozoic accretionary
phase in the Sibai continued until 680 Ma. (2) NW–SE
directed extension initiated at �660 Ma together with
emplacement of Central Gneisses in mid crustal levels.
Major vertical rock flow might have not accompanied
this phase. (3) Moderate exhumation of the Sibai and
delivery of sediments to the Kareim basin initiated at
�645 Ma and was accompanied by extensive magmatic
activity such as intrusion of the Gebel Sibai and Gebel
Markhat granitoids suggesting magmatically-induced
exhumation. (4) The major rapid exhumation phase and
extension within a dominant strike-slip setting suggests a
tectonically induced exhumation that occurred after 645
Ma and continued until 580 Ma.

4. The cooling history

Exhumation was highly diachronous in the Central
Eastern Desert reflecting a long term tectonic process
that was closely related to intensive magmatic activity.
In the Meatiq core complex, tectonic and magmatic
history related to exhumation processes between �614
Ma and 580 Ma contrast that of the Sibai area. In Sibai

extension started with emplacement of within-plate
granitoids at �660 Ma followed by exhumation at �645
Ma. In order to obtain age data on the late-stage cooling
histories, 40Ar/39Ar age determinations on hornblende
and white mica from Meatiq-, Sibai- and Hafafit domes
were performed. Sample locations are shown in Figs. 1,
2, 4, and 8.

4.1. Analytical procedure

Hornblende and white mica concentrates were
wrapped in aluminium-foil packets, encapsulated in
sealed quartz vials, and irradiated for 40 h in the central
thimble position of the TRIGA Reactor in the US
Geological Survey, Denver. Variation in the flux of
neutrons along the length of the irradiation assembly
was monitored with several mineral standards, including
MMhb-1 (Samson and Alexander, 1987). The samples
were incrementally heated until fusion in a double-vac-
uum, resistance heat furnace. Temperatures were mon-
itored with a direct-contact thermocouple and are
controlled to �1 �C between increments and are accu-
rate to �5 �C. Measured isotopic ratios were corrected
for total blanks and the effects of mass discrimination.
Interfering isotopes produced during irradiation were

Fig. 5. Stratigraphic columns of the Kareim basin (modified after Fritz and Messner, 1999) including grain size distribution, main lithological units,

sedimentary facies and depositional environment (classification after Postma (1990)). Gm: high density mass flows; Gms: sheet flow, stream flow; Gg:

channel flow; Sm: rapid suspension fallout; Sh: planar bed flows; St: dunes, lower flow regime, Sc: scour fills.
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corrected using factors reported by Dalrymple et al.
(1981) for the TRIGA Reactor. Apparent 40Ar/39Ar ages
were calculated from corrected isotopic ratios using the
decay constants and isotopic ratios listed by Steiger and
J€aager (1977) following the methods described in Dall-
meyer and Takasu (1992). The intralaboratory uncer-
tainties (1r) reported here have been calculated by
statistical propagation of uncertainties associated with
measurement of each isotopic ratio through the
age equation. The interlaboratory uncertainties are
��1.25–1.5% of the quoted age. Total-gas ages have
been computed for each sample by appropriate weight-
ing of the age and percent 39Ar released within each
temperature increment. A ’’plateau’’ is considered to be
defined if the ages recorded by two or more continuous
gas fractions each representing >4% of the total 39Ar
evolved are mutually similar within a �1% interlabo-
ratory uncertainty. A detailed description of the proce-
dure is given in Dallmeyer et al. (1992).

4.2. The geochronological data

Hornblende concentrates were prepared from am-
phibolites collected from the Meatiq core complex
(samples 1–4), from the Sibai (samples 5 and 6), and
from the Hafafit (samples 7 and 8). One muscovite
concentrate has been obtained from the Meatiq core
complex (sample 9). Age spectra are shown in Fig. 6.
Analytical data are provided in Table 1 (samples 1 and
2). The hornblende concentrates display variably dis-
cordant 40Ar/39Ar age spectra (Fig. 6). The relatively
small volume low-temperature gas fractions indicate
considerable variation in apparent ages. These are
matched by fluctuations in apparent K/Ca ratios which
suggest that experimental evolution of argon occurred
from compositionally distinct, relatively non-retentive
phases. These could be represented by: (1) very minor
optically undetectable mineral contaminants in the
hornblende concentrates; (2) petrographically unre-
solved exsolution or compositional zonation within
constituent hornblende grains; and/or (3) intracrystal-
line inclusions. Most intermediate- and high-tempera-
ture gas fractions display little intra-sample variation in
apparent K/Ca ratios, suggesting experimental evolution
of gas occurred from compositionally uniform sites.

4.3. Horblende and white mica from the Meatiq dome

The optically unzoned hornblende crystals in the
concentrates from samples 1–4 have been derived from
migmatitic amphibolites that occur in schollen within
the Um Baanib gneiss (Fig. 2). These rocks suffered a
polyphase metamorphic history (Neumayr et al., 1995,
1999). They have been deformed and migmatised prior
to 780 Ma, intruded by the Um Baanib gneiss at � 780

Ma and incorporated into the Pan-African Nappe
Complex around 660 Ma (Loizenbauer et al., 2001).
The intermediate- and high-temperature increments

(820 �C-fusion) evolved from samples 1, 3, 4 do not
rigorously define a plateau. However, the apparent ages
display relatively little variation within the sample, and a
36Ar/40Ar vs. 39Ar/40Ar isotope correlation of these data
are well defined. The inverse ordinate intercept (40Ar/
36Ar ratio) is only slightly larger than the 40Ar/36Ar ratio
in the present-day atmosphere and suggests therefore
only minor intracrystalline contamination with extra-
neous argon components. The plateau ages of all
hornblende concentrates are very similar (579–587 Ma)
and close to the 588–595 Ma 40Ar/39Ar white mica ages
obtained from shear zones that accommodated exhu-
mation of the Meatiq core complex (Fritz et al., 1996).
Thus the obtained data are considered geologically sig-
nificant and interpreted to date post-metamorphic
cooling through temperatures required for intracrystal-
line retention of radiogenic argon in constituent horn-
blende grains. Harrison (1981) suggested that
temperatures of � 500� 25 �C are appropriate for ar-
gon retention within most magmatic hornblende com-
positions in the range of cooling rates likely to
characterise most geologic settings. However, closure
temperatures for metamorphic hornblende might be
slightly lower because of their more complicated min-
eralogy compared to magmatic ones (Onstott and Pea-
cock, 1987; Baldwin et al., 1990).
Muscovites derived from sample 9 (Fig. 6) is part of

the high temperature mineral assembly of garnet-kyanite
bearing metapelites 4 km north of the southern margin
of the Meatiq dome (Fig. 2). Peak metamorphic condi-
tions of �750 �C and 8 kbar subsequently followed by
decompression down to 4–5 kbar (Neumayr et al., 1998)
was associated with localised extensional shear zones
along the southern margin of the Meatiq dome. All gas
fractions evolved from the muscovite concentrates were
characterised by very large apparent K/Ca ratios. These
display no significant or systematic intra-sample varia-
tions. Therefore, apparent K/Ca spectra are not pre-
sented with the apparent age spectra in Fig. 6. The
muscovite concentrate is characterised by internally
concordant 40Ar/39Ar age spectra which define a plateau
age of 582 Ma. The 40Ar/39Ar plateau age is interpreted
to date cooling through temperatures required for argon
retention in the course of Meatiq core complex exhu-
mation. Although not rigorously calibrated experimen-
tally, using the experimental data of Robbins (1972) in
the diffusion equations of Dodson (1973) suggests that
temperatures of �375–400 �C may be appropriate for
argon retention in muscovites of normal composition.
These calculations depend highly on the diffusion ge-
ometry within mica and may be overestimated. Recently
Hames and Bowring (1994) proposed a cylindrical dif-
fusion geometry with an effective diffusion dimension
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equal to the crystal diameter. Cliff (1985) and Blanck-
enburg et al. (1989) and McDougall and Harrison (1999)
estimated closure temperatures of �350–410 �C as ap-
propriate temperatures for argon retention within white
mica based on field studies.
Hornblende (579–587 Ma) and muscovite cooling

ages (582 Ma) are very similar and may reflect rapid
cooling form temperatures exceeding 500 �C down to
350 �C.

4.4. Hornblende from the Hafafit dome

Two hornblende concentrates have been separated
from ortho-gneisses exposed in the central portions of
the Hafafit gneiss culmination that host diorite and
tonalite schollen (Greiling et al., 1994; Kr€ooner et al.,
1994). Previous geochronological data from Hafafit
suggest emplacement of trondhjemites which are
part of an I-type calc-alkaline assembly at �700 Ma

Fig. 6. The 40Ar/39Ar incremental-release age and apparent K/Ca spectra for hornblende concentrates from (A) the Meatiq Core Complex (samples

1, 2, 3, 4, and 9); (B) the Sibai Core Complexes (samples 5 and 6); and (C) the Hafafit Core Complex (samples 7 and 8). For sample locations see Figs.

1, 2 and 4. Analytical uncertainties (intra-laboratory) shown by the vertical width of bars. The inter-laboratory uncertainties are ca. �1.25–1.5% of
the quoted age.
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(207Pb/206Pb single zircon evaporation ages: Kr€ooner et al.,
1994). Crystallisation ages from the granitoid gneis-

ses are 682 Ma (Stern and Hedge, 1985), 698 Ma and
700 Ma (Kr€ooner et al., 1994). These ages are close to the

Fig. 6 (continued )
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Table 1
40Ar/39Ar analytical data for incremental heating experiments on hornblende and muscovite concentrates from the Eastern Desert of Egypt

Release temperature (�C) (40Ar/39Ar)a (36Ar/39Ar)a (37Ar/39Ar)c 39Ar % of total % 40Ar non-

atmos.+

36ArCa (%) Apparent Age

(Ma)b

Sample 1: Hornblende from amphibolite schollen within the Um Baanib gneiss (Meatiq) J ¼ 0.009015

600 102.71 0.25426 3.672 0.85 27.13 0.39 405.1� 0.9
700 46.14 0.04623 1.620 0.79 70.66 0.95 465.2� 0.3
800 43.71 0.02439 2.659 1.80 83.99 2.96 516.5� 0.3
850 41.00 0.02493 4.815 1.36 82.96 5.25 483.8� 0.6
875 38.17 0.02943 5.160 2.20 78.29 4.77 431.5� 0.5
900 41.65 0.01243 7.396 4.48 92.59 16.18 540.4� 0.2
925 43.13 0.00623 8.645 15.22 97.33 37.76 581.7� 0.4
950 42.50 0.00540 8.755 19.29 97.88 44.06 577.2� 0.3
975 42.55 0.00559 8.497 14.10 97.71 41.35 576.9� 0.3
1000 42.03 0.00277 7.835 7.20 99.53 76.82 579.7� 0.1
1025 42.48 0.00603 8.459 10.36 97.39 38.16 574.4� 0.2
1050 43.24 0.00473 8.866 7.65 98.40 50.96 588.5� 0.3
1100 42.94 0.00339 8.591 8.91 99.26 68.93 589.3� 0.2
Fusion 42.94 0.00433 9.230 5.78 98.72 57.95 582.0� 0.3

Total 43.07 0.00903 8.223 100.00 96.11 43.92 570.4� 0.3

Total without 600–900 �C 88.51 580.3� 0.3

Sample 2: Hornblende from amphibolite schollen within the Um Baanib gneiss (Meatiq) J ¼ 0.009791

600 99.01 0.23918 3.987 1.02 28.94 0.49 447.0� 0.8
700 41.91 0.01423 1.003 0.80 90.07 1.90 567.6� 0.3
750 39.66 0.01011 1.817 0.69 92.82 4.89 555.8� 0.2
800 39.24 0.04032 2.431 0.58 70.13 1.64 413.0� 1.0
825 31.62 0.01338 3.598 0.52 88.39 7.31 437.1� 1.0
850 38.66 0.00915 6.227 0.50 94.29 18.51 552.3� 1.3
875 37.23 0.02515 6.931 0.96 81.52 7.50 471.2� 1.1
900 39.58 0.00344 8.102 2.72 99.06 64.01 588.6� 0.2
925 40.29 0.00908 6.313 9.35 94.58 18.90 573.9� 0.1
950 39.64 0.00514 9.225 19.86 98.03 48.85 584.5� 0.2
975c 39.55 0.00385 8.664 18.42 98.87 61.23 587.5� 0.2
1000 39.44 0.00357 8.351 2.82 99.02 63.70 586.7� 0.4
1050 39.71 0.00374 9.041 26.47 99.03 65.76 590.5� 0.2
Fusion 39.77 0.0508 8.664 15.30 97.96 46.42 585.6� 0.2

Total 40.26 0.00774 8.348 100.00 96.98 51.05 781.3� 0.3

Total without 600–925 �C 82.87 587.3� 0.2

Sample 3: Hornblende from amphibolite schollen within the Um Baanib gneiss (Meatiq) J ¼ 0.009235

600 79.77 0.17168 8.862 3.47 37.29 1.40 440.1� 0.5
700 42.61 0.02963 2.826 3.18 79.97 2.59 494.4� 0.1
800 38.63 0.01467 3.640 7.33 89.53 6.75 501.6� 0.1
850 37.05 0.01189 5.883 3.38 91.78 13.46 494.2� 0.2
875 39.50 0.01968 8.552 3.90 86.99 11.78 499.6� 0.2
900 41.57 0.01523 11.838 8.14 91.44 21.14 546.3� 0.2
925 40.42 0.00558 11.905 7.11 98.28 58.06 567.5� 0.2
950 37.90 0.00336 10.912 4.40 99.69 88.23 543.1� 0.3
975 39.66 0.00341 11.831 4.54 99.84 94.31 565.8� 0.2
1000 40.76 0.00549 13.446 11.37 98.66 66.64 573.9� 0.3
1050 41.92 0.00724 14.612 26.05 97.68 54.86 583.2� 0.2
1100 42.20 0.00872 13.684 13.06 96.48 42.57 580.2� 0.2
Fusion 40.99 0.01393 12.088 4.08 92.32 23.61 544.3� 0.3

Total 42.21 0.01530 11.637 100.00 93.27 23.61 553.3� 0.2

Total without 600–950 �C
and fusion

55.02 579.1� 0.2

Sample 4: Hornblende from amphibolite schollen within the Um Baanib gneiss (Meatiq) J ¼ 0.009505

600 145.62 0.35407 3.427 0.85 28.34 0.26 598.1� 1.4
700 62.13 0.08991 2.195 0.73 57.51 0.66 528.1� 0.2
800 50.18 0.04736 6.284 1.46 73.11 3.61 541.5� 0.3

(continued on next page )
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Table 1 (continued)

Release temperature (�C) (40Ar/39Ar)a (36Ar/39Ar)a (37Ar/39Ar)c 39Ar % of total % 40Ar non-

atmos.+

36ArCa (%) Apparent Age

(Ma)b

850 49.92 0.04618 6.312 1.46 73.67 3.72 542.7� 0.4
875 41.11 0.01380 12.742 1.75 92.56 25.11 560.8� 0.4
900 41.48 0.01496 11.105 2.83 91.48 20.19 559.0� 0.2
925 41.59 0.00798 11.300 10.78 96.50 38.49 586.5� 0.2
950 41.01 0.00679 11.185 20.15 97.29 44.81 583.5� 0.2
975 40.45 0.00548 9.696 6.47 97.91 48.14 579.4� 0.1
1000 40.70 0.00678 9.457 5.75 96.93 37.94 577.5� 0.2
1050 41.02 0.00498 10.137 31.91 98.38 55.32 588.9� 0.3
1100 40.95 0.00889 10.194 11.30 95.57 31.18 573.7� 0.1
Fusion 41.38 0.01190 11.157 4.56 93.65 25.49 569.2� 0.4

Total 42.36 0.01181 10.305 100.00 95.93 41.94 580.6� 0.2

Total without 600–900 �C
and fusion

86.36 583.9� 0.2

Sample 5: Hornblende from amphibolite lenses within the Sibai J ¼ 0.009552

600 222.47 0.56989 19.264 1.05 25.00 0.92 776.1� 9.4
700 83.60 0.11520 47.181 0.17 63.81 11.14 761.4� 3.7
800 63.68 0.10305 31.437 0.92 56.14 8.30 539.2� 0.8
850 51.36 0.05896 22.523 1.99 69.59 10.39 526.4� 0.3
900 43.00 0.00953 19.585 46.67 97.10 55.92 611.9� 0.2
925 41.90 0.00728 19.890 2.83 98.67 74.33 606.7� 0.2
950 42.29 0.00691 18.960 3.50 98.76 74.64 611.7� 0.2
975 42.08 0.00683 18.847 11.85 98.79 75.06 609.3� 0.3
1000 41.61 0.00906 18.318 23.68 97.09 55.01 594.5� 0.2
1025 40.94 0.01362 17.738 2.35 93.64 35.43 568.3� 0.3
1050 42.26 0.00692 18.360 2.02 98.64 72.14 610.5� 0.4
Fusion 40.08 0.00494 17.576 2.98 98.86 96.69 589.6� 0.9

Total 44.66 0.01674 19.267 100.00 95.70 58.22 605.4� 0.4

Total without 600–850 �C
and 1025 �C-fusion

88.52 606.7� 0.2

Sample 6: Hornblende from the Abu Markhat gneiss (Sibai) J ¼ 0.009782

600 131.29 0.33013 10.522 1.52 26.34 0.87 528.5� 2.2
700 68.28 0.08706 12.851 0.81 63.83 4.01 644.9� 2.0
750 51.55 0.06235 8.985 0.37 65.65 3.92 518.3� 2.0
800 41.22 0.01828 6.604 1.15 88.17 9.83 550.7� 1.4
850 49.30 0.02649 12.630 1.67 86.17 12.97 631.0� 1.0
875 43.35 0.01745 11.962 3.11 90.31 18.65 588.6� 0.4
900 44.92 0.01108 13.943 6.60 95.19 34.23 635.0� 0.3
925 44.68 0.01081 14.979 17.22 95.53 37.69 634.5� 0.2
950 44.06 0.00982 15.662 4.22 96.26 43.40 631.2� 0.3
975 42.67 0.00870 14.845 8.27 96.76 46.41 616.8� 0.1
1000 42.06 0.00604 14.685 5.63 98.55 66.13 618.8� 0.2
1050 42.21 0.00674 14.584 35.60 98.05 58.88 618.0� 0.2
1100 43.18 0.00894 14.869 10.39 96.63 45.22 622.3� 0.2
Fusion 44.35 0.02053 14.918 3.43 89.00 19.64 593.7� 0.8

Total 44.84 0.01526 14.417 100.00 94.77 45.45 619.1� 0.3

Total without 600–875 �C
and fusion

87.93 623.6� 0.2

Sample 7: Hornblende from orthogneisses within the Hafafit J ¼ 0.009784

600 119.73 0.28135 4.341 0.58 30.85 0.42 557.7� 1.2
700 47.92 0.05182 4.205 0.26 68.74 2.21 505.0� 0.7
800 50.52 0.04628 6.146 0.81 73.90 3.61 563.4� 0.6
850 42.58 0.01371 6.412 1.37 91.68 12.72 585.5� 0.1
875 40.59 0.00548 6.007 4.33 97.19 29.83 590.5� 0.2
900 39.59 0.00354 5.963 10.48 98.55 45.84 585.0� 0.3
925 39.52 0.00225 5.960 15.66 99.51 72.04 589.0� 0.4
950 38.85 0.00226 5.703 8.30 99.44 68.61 580.0� 0.3
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660 Ma granitoids from the Meatiq (Loizenbauer et al.,
2001) and the Sibai (Bregar, 1996; Fritz et al., 2000).
Similar to Meatiq, the granitoids in the Hafafit intruded
the enveloping high grade gneisses (Kr€ooner et al., 1994).
Apparent ages from the optically unzoned amphiboles
from Hafafit (samples 7, 8) display relatively little vari-
ation within the sample and gave not rigorously defined
plateau ages of 586 and 584 Ma (Fig. 6) which are very
similar to those from Meatiq. The data are interpreted
to data cooling below 500 �C associated with exhuma-
tion of Hafafit along localised NE-trending extensional
faults (Fritz et al., 1996).

4.5. Hornblende from the Sibai dome

By contrast to Meatiq and Hafafit, Sibai constitutes
predominantly juvenile magmatic rocks. Two horn-
blende concentrates have been prepared (Fig. 6). Sample
6 was extracted from hornblende rich portions of the
Abu Markhat gneiss (Fig. 4) that intruded at �645 Ma
(Bregar, 1996) and has been later incorporated into ex-
tension tectonics (Bregar et al., 1996). We interpret the
623 Ma age to closely date cooling below 500 �C, al-
though the plateau age is not rigorously defined. Sample
5 was taken from a foliated amphibolite lens which

Table 1 (continued)

Release temperature (�C) (40Ar/39Ar)a (36Ar/39Ar)a (37Ar/39Ar)c 39Ar % of total % 40Ar non-

atmos.+

36ArCa (%) Apparent Age

(Ma)b

975 39.57 0.00317 5.918 21.74 98.82 50.83 586.1� 0.2
1000 39.51 0.00290 5.795 17.16 98.99 54.30 586.2� 0.2
1050 39.47 0.00285 5.860 13.12 99.05 55.98 585.9� 0.3
Fusion 39.84 0.00398 5.962 6.18 98.23 40.72 586.5� 0.2

Total 40.16 0.00529 5.884 100.00 98.13 53.52 585.5� 0.2

Total without 600–850 �C 96.98 586.1� 0.3

Sample 8: Hornblende from orthogneisses within the Hafafit J ¼ 0.009792

600 238.49 0.70416 16.523 2.53 13.31 0.64 492.6� 3.9
700 69.65 0.15977 10.032 0.47 33.37 1.71 372.0� 1.5
800 53.51 0.09522 10.987 1.36 49.06 3.14 415.2� 1.1
850 42.48 0.01746 10.195 2.72 89.77 15.88 575.5� 0.3
875 40.32 0.01298 10.663 7.62 92.60 22.34 565.2� 0.2
900 39.29 0.00384 11.227 4.76 99.40 79.60 587.7� 0.2
925 39.53 0.00752 12.057 11.51 96.82 43.64 577.9� 0.1
950 39.47 0.00843 11.972 10.96 96.11 38.62 573.5� 0.1
975 39.73 0.00625 12.658 26.68 97.90 55.07 586.1� 0.2
1000 40.19 0.00669 12.794 8.18 97.62 52.02 590.5� 0.1
1050 39.62 0.00540 12.811 17.12 98.55 64.49 588.1� 0.2
1100 37.87 0.00311 10.807 1.51 99.85 94.50 571.5� 0.3
Fusion 39.70 0.00498 11.551 4.57 98.62 63.09 589.1� 0.1

Total 45.13 0.02674 12.248 100.00 94.07 49.55 576.9� 0.3

Total without 600–875 �C
and 1100 �C-fusion

79.21 584.2� 0.2

Sample 9: Muscovite from garnet kyanite schists within the Meatiq J ¼ 0.009685

500 42.22 0.01888 0.041 1.67 86.78 0.06 540.3� 0.2
550 41.72 0.00127 0.042 2.30 99.09 0.90 599.3� 0.3
580 41.47 0.00177 0.024 3.84 98.73 0.37 594.3� 0.3
610 40.95 0.00062 0.048 2.91 99.55 2.12 592.1� 0.2
640 40.89 0.00031 0.048 3.81 99.77 4.27 592.5� 0.3
670 40.68 0.00130 0.029 5.86 99.04 0.60 586.2� 0.1
700 40.31 0.00139 0.024 10.78 98.97 0.47 581.3� 0.2
740 40.18 0.00088 0.016 16.79 99.35 0.50 581.6� 0.2
780 40.16 0.00090 0.044 15.61 99.33 1.32 581.3� 0.2
820 40.31 0.00157 0.032 10.66 98.84 0.55 580.6� 0.2
860 40.34 0.00089 0.020 11.41 99.34 0.61 583.6� 0.3
900 40.24 0.00091 0.043 10.08 99.33 1.29 582.3� 0.2
Fusion 40.57 0.00090 0.091 4.28 99.35 2.75 586.5� 0.1

Total 40.44 0.00135 0.034 100.00 99.01 1.01 583.1� 0.2

Total without 500–640 �C 85.48 582.3� 0.2
aMeasured; corrected for post-irradiation decay of 37Ar (35.1 day 1/2-life) þ [40Artot � ð36Aratmos:Þ (295.5)]/40Artot.
b Calculated using correction factors of Dalrymple et al. (1981); two sigma, intralaboratory errors.
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represents one of rare occurrences of pre-intrusive
basement (>660 Ma) in Sibai (Fig. 4). Those lenses oc-
cur in the vertically foliated and NW–SE stretched
Central Gneisses which gave crystallisation ages of �660
Ma. At the sample locality, both Central Gneisses and
amphibolite lenses occur as schollen within a younger
intrusion, which is part of a group of highly differenti-
ated post-tectonic granitoids that intruded after 645 Ma.
Thus the well defined plateau age of 606 Ma may reflect:
(1) regional cooling in the course of denudation of Sibai;
or (2) cooling after advective heating by granitoid em-
placement. We emphasize that Sibai cooled below rele-
vant blocking temperatures at least 20 Ma earlier then
the Meatiq and Hafafit core complexes.

5. Interpretation

40Ar/39Ar data presented in this study are interpreted
to reflect cooling below relevant respective blocking
temperatures in the course of late Neoproterozoic ex-
tension and exhumation of core complexes. Regional
cooling pattern within the Central Eastern Desert in-
cludes two age groups (Figs. 7 and 8). Cooling ages from
the Meatiq (mean of 4 hornblende ages 582 Ma, inter-
laboratory error �7.5 Ma) and Hafafit Core Complexes
(mean of 2 hornblende ages 585 Ma, inter-laboratory
error �8 Ma) cluster around 580 Ma; those from the
Sibai gave ages of 606 and 623 Ma (mean of 2 horn-
blende ages 615 Ma, inter-laboratory error �7.6 Ma).
Also the ages of earliest extension-related plutons is
different within the three domes with ages clustering
around 620 Ma in Meatiq and Hafafit and ages around
650 Ma in Sibai.
In Meatiq 40Ar/39Ar ages of both white mica and

hornblende are close to the 585 Ma intrusion ages of
youngest granitoid rocks and close to the �590 Ma ages
interpreted to date activity of shear zones that accom-
modated exhumation of the domes. This reflects rapid
exhumation coevally with extension tectonics. Some-
what earlier to this upper crustal level deformation,
extension started at middle crustal levels (�12 km)
already around 614 Ma as indicated by emplacement
dynamics of the Abu Ziran Granitoid. The combined
P–T -deformation-time path drawn in Fig. 3 displays
relations between tectonic and magmatic events in
Meatiq. Rocks from the Meatiq core complex suffered a
clockwise P–T path which contrasts the anticlockwise
path obtained from the Pan-African Nappe Complex.
Both structural unit cooled isobarically at �620 Ma in
12 km depth and then experienced almost isothermal
decompression due to tectonic exhumation.
In contrast to Meatiq and Hafafit, the two horn-

blende cooling ages of 623 and 602 Ma from the Sibai
core complex are distinctly older. In Sibai, extension
started already at �660 Ma, when granitoids of the

Central Gneisses have been intruded and stretched in
NW–SE direction. No major exhumation necessarily

Fig. 7. Chronology of accretionary, extension and late- to post-tec-

tonic plutonic events in the Central Eastern Desert of Egypt (Data

compiled from Stern et al., 1984; Stern and Hedge, 1985; Hassan and

Hashad, 1990; Kr€ooner, 1985; Kr€ooner et al., 1992, 1994; Stern, 1994;

Abdelsalam and Stern, 1996; Blasband et al., 2000; Loizenbauer et al.,

2001; Bregar et al., in press). Accretionary stage plutons include calc-

alkaline bodies of El Shus Gneiss type (Sibai: Fig. 4); first extensional

stage plutons include NW–SE stretched Central Gnesses at Sibai and

the Abu Ziran granitoid at Meatiq (Figs. 2 and 4); late to post tectonic

plutons include undeformed alkaline bodies of Arieki type (Meatiq:

Fig. 2) and Atawi type (Sibai: Fig. 4). Also plotted are new 40Ar/39Ar

cooling ages, 40Ar/39Ar ages that date activity of strike-slip and normal

faulting in the Meatiq (Data from Fritz et al. (1996)) and reference age

of sedimentation in the Kareim Basin (Data from Willis et al. (1988)).

Fig. 8. Spatial variation of 40Ar/39Ar cooling ages within the Central

Eastern Desert of Egypt. Hbl: hornblende; Mu: muscovite. Legend as

in Fig. 1.
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accompanied extension because horizontal convergence
was largely balanced by NW–SE directed extension.
Subsequently, upward magma migration of �650 Ma
plutons (Gebel Sibai and Gebel Markhat) was accom-
panied by moderated vertical mass flow and deposition
of early Kareim molasse sediments in rim synclines. A
second phase of rapid, tectonically-induced extension
and major exhumation around 585 Ma is suggested by a
line of arguments which include: (1) rapid sediment ac-
cumulation in late stage evolution of the Kareim basin;
and, (2) emplacement of late- to post-tectonic granitoids
coeval with molasses sedimentation.
Two scenarios may explain the variation of cooling

ages within single domes in the Eastern Desert: (1) the
Sibai core complex may have cooled and exhumed ear-
lier, thereby carrying rocks below retention tempera-
tures of Ar in hornblende. During a second stage, major

exhumation associated with cooling occurred in the
northerly adjacent Meatiq and the southerly Haffafit
domes and, to a minor extend, Sibai. We suggest that
early exhumation was a slow, magmatically induced
process, whereas late stage exhumation was rapid and
tectonically induced by strike-slip and normal-faults
(Fig. 9). (2) Another possibility is that all three domes
started to cool simultaneously during an en-block ex-
humation. This would imply that rocks from the Sibai
crossed the 500 �C palaeo-isotherm (relevant blocking
temperature for the 40Ar/39Ar hornblende system) much
earlier (latest 600 Ma) and hence have been exhumed
from shallower crustal levels. Continuous exhumation
exposed rocks from the Meatiq and Hafafit core com-
plexes to relevant blocking temperatures at �580 Ma.
This scenario would imply extremely low exhumation
rates in early phases that likely increased with time.

Fig. 9. Schematic model of progressively evolving extension and exhumation in the Central Eastern Desert of Egypt. (a) Extension initiated within

the precursor of the Sibai Core Complex by extraction of melt at �660 Ma when the crust-contaminated Central Gneisses (Bregar et al., in press) had
been emplaced. (b) Gebel Sibai and Gebel Markhat granitoids intruded at �645 Ma. Buoyant uprise of magma caused a rise in palaeo-isotherms and
early deposition of Kareim sediments within rim synforms. Minor rock exhumation and cooling in Sibai is indicated by the black arrow. (c) Major

extension associated with regional cooling at �585 Ma exposed the Meatiq and Hafafit core complexes. The tectonically induced phase of exhu-
mation triggered coarse-grained alluvial fan deposits in the Kareim basin north of Sibai. South to Sibai, no equivalent molasse basin is preserved due

to younger tectonic activity in the Wadi Mubarak zone (E–W striking domain south of Sibai; see Fig. 1). The �585 Ma plutons intruded the Kareim
sediments and cores of Meatiq and Hafafit and terminate tectonic activity. In the course of exhumation (indicated by the black arrows) rocks from

Meatiq and Hafafit have cooled below Ar retention temperatures for hornblende (�550 �C), whereas rocks above the 550 �C palaeo-isotherm had
been exhumed in Sibai.
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Common feature of both scenarios is that the exhu-
mation process was slow covering a time span of 20–40
Ma. Slow, magmatically-induced exhumation at the
beginning of exhumation was followed by rapid, tec-
tonically induced exhumation at the end of the Neo-
proterozoic extensional history of the Nubian Shield in
the Eastern Desert of Egypt.
It is worth noticing that almost all 40Ar/39Ar horn-

blende spectra show young ages around 400 Ma in low
temperature incremental heating steps (Fig. 6). This may
be explained by minor loss of radiogenic argon during a
Palaeozoic thermal event and fits nicely the Fission
Track (FT) data presented by Kohn et al., 1992) and
Bojar et al., 2001). Based on FT ages from zircon and
sphene derived from the study area, the authors argue
for a Late Devonian–Early Carboniferous thermal event
in the Central Eastern Desert related to intraplate tec-
tonics (Kohn et al., 1992; Bojar et al., 2001).

6. Discussion

Exhumation of core complexes had been a substan-
tially debated topic within the scientific community in
recent years. Despite the existence of several models
most authors outlined the importance of thickened crust
by earlier plate convergence (Dewey, 1988; Lister and
Davis, 1989; England and Houseman, 1989). These au-
thors argue for a tectonically controlled-process (such as
orogenic collapse) where exhumation was initiated when
lateral buoyancy forces exceeded horizontal driving
forces. This gives rise to rapid exhumation with similar
cooling ages throughout the orogen and P–T loops that
include isothermal decompression. This scenario had
been suggested by Blasband et al. (2000) for the Late
Neoproterozoic history in Sinai. We favour another
mechanism driving exhumation in the Central Eastern
Desert. In our opinion, exhumation was a long-term
process that covered a time span of tens of millions of
years, continuously accompanied by magmatic activity.
It is important to note that the overall tectonic regime
was convergent as seen by continuous shortening within
foreland tectonic units.
Continuous magmatic activity together with strike-

slip tectonics is typical for obliquely convergent island
arc settings, ancient as well as modern (Barnes et al.,
1998; Saint Blanquat et al., 1998). During oblique island
arc convergence, plate motion released a partitioned
deformation including sinistral strike-slip shearing and a
component of orogen-parallel extension including NW–
SE oriented stretching faults and NE–SW oriented
normal faults. These were localised within the Najd
strike-slip system where large volumes of melts had been
continuously expelled (Fritz et al., 1996). We argue for a
combined transpression–extrusion model (Teyssier and
Tikoff, 1999) where bulk convergence is balanced by

both, vertical thickening and horizontal NW–SE di-
rected extension. The amount of vertical thickening may
easily be compensated by stretch parallel to the Najd
Fault System thereby triggering extension tectonics
without significantly increasing the potential energy in
the orogen. In our model, the ongoing convergence as-
sists orogen-parallel extension and exhumation of core
complexes. This explains the long-term process and
continuous, slow exhumation. No major crustal thick-
ening is required as convergence is continuously bal-
anced by lateral extrusion.
We assign early exhumation of core complexes in the

Central Eastern Desert as magma facilitated deforma-
tion. However, the question arises whether there is a
tectonically-controlled magmatism or, vice versa, a
magmatically controlled tectonism. Interference of both
processes is evident in the Meatiq and Sibai core com-
plexes as well as in the evolution of the Kareim sedi-
mentary basin. Transpression–extrusion kinematics
implies a component of horizontal shortening and ver-
tical motion of particles following the flow line pattern
(Robin and Cruden, 1994). In addition the orthogonal
component of transpression during oblique plate motion
imposes overpressuring that increases with the square of
depth (Saint Blanquat et al., 1998). This pronounced
vertical component of overpressuring is most effective in
lower crustal levels and, when combined with body
forces (buoyancy), effectively moves granitic melts up-
wards in the crust. In transpressional regimes this pro-
cess creates vertically foliated and granitoids and, when
combined with lateral extrusion horizontally stretched
granitoids as in the case of the Central Gneisses in the
Sibai. Granitoids may also intrude in regions of maxi-
mum horizontal stretching as suggested for the Abu
Ziran granitoid (Fritz and Puhl, 1996). For both ex-
amples, magma emplacement is product of tectonism.
As soon as magma migrates upwards it may induce

exhumation tectonics in two ways: (1) upward magma
flow may be balanced by downward movement of colder
and denser material inducing relative vertical mass flow.
Upward motion of the Abu Sibai granitoids and early
subsidence in the Kareim basin is one of those examples;
and (2) even more important, magmatic activity ther-
mally weakens the crust to facilitate extension by change
in crustal rheology. We consider magmatism and shear
zone activity as auto-catalytic long-terms processes that
can give rise to the formation of core complexes without
significant crustal thickening, and without creating sig-
nificant potential energy.
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