
Precambrian Research 123 (2003) 203–221

Neoproterozoic deformation in the northeastern part of
the Saharan Metacraton, northern Sudan

Mohamed G. Abdelsalama,∗, El-Shaikh M. Abdel-Rahmanb,
El-Fadil M. El-Fakib, Bushra Al-Hurb, Fathel-Rahman M. El-Bashierb,

Robert J. Sterna, Allison K. Thurmonda

a Center for Lithospheric Studies, The University of Texas at Dallas, Richardson, TX 75083-0688, USA
b Regional Geological Mapping Department, Geological Research Authority of the Sudan, Khartoum, Sudan

Received in revised form 4 March 2002; accepted 5 March 2002

Abstract

The northeastern part of the Saharan Metacraton is dominated by medium to high-grade gneisses and migmatites, disrupted
by belts of low-grade volcano-sedimentary sequences representing arc assemblages and highly dismembered ophiolites, and
intruded by A-type granitoids. This part of the Saharan Metacraton is affected by three Neoproterozoic deformation events:
(1) Emplacement of S- to SE-verging nappes of ophiolites and passive margin sediments. The most prominent of these nappes
is the Atmur-Delgo fold and thrust belt which extends westward from the eastern margin of the Saharan Metacraton to just
east of the Third Cataract Nile. This belt is interpreted as manifesting the closure of a restricted oceanic basin between the
Bayuda and Halfa Terranes at∼700–650 Ma. (2) Development of N- to NE-trending folds as a result of E-W shortening that
accompanied NW-SE oblique collision between the Saharan Metacraton and the Arabian-Nubian Shield at∼650–590 Ma.
This event, although dominantly localized along the Keraf Suture at the boundary between the Saharan Metacraton and the
Arabian-Nubian Shield, also resulted in deformation within the northeastern part of the Saharan Metacraton. N- to NE-trending
folds occur either as broad belts (Wadi Halfa Fold Belt) or narrow and discrete zones (Third Cataract Shear Zone). Thrust
stacking and folding thickened the Saharan Metacraton lithosphere as shown by numerous gneissic domes, such as the Delgo
Dome, in the northern part of the Bayuda Terrane. Crustal thickening also generated A-type granitoids that intrude the north-
eastern part of the Saharan Metacraton. E-W shortening culminated in the development of∼590–550 Ma, N- to NNW-trending
sinistral strike-slip shear zones, sometimes coinciding with the N-trending fold belts as in the case of the Third Cataract
Shear Zone. (3) Thickening of the Saharan Metacraton lithosphere triggered orogenic collapse with N-trending moderate-angle
normal-slip faults developed after 550 Ma. Neoproterozoic deformation and igneous activity in the northeastern part of the
Saharan Metacraton are interpreted as due to processes that involve collision, lithospheric mantle delamination, and regional
extension.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction

Africa comprises Archean cratons such as the
Congo and West African Cratons and Neoprotero-
zoic orogenic belts such as the Arabian-Nubian and
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Fig. 1. The Saharan Metacraton (modified afterAbdelsalam et al., 2002).

the Tuareg Shields (Fig. 1). However, the tract of
continental crust that occupies the area between the
Arabian-Nubian Shield in the east and the Tuareg
Shield to the west and the Congo Craton in the south
and the Phanerozoic cover of the northern margin of
the African continent in southern Egypt and Libya
(Fig. 1) is not a craton nor an orogenic belt in the
classical meanings of the terms. Geochronological
and isotopic data (Pegram et al., 1976; Klerkx and
Deutsch, 1977; Meinhold, 1979; Abdel-Monem and
Hurly, 1979; Dixon, 1981; Barth et al., 1983; Harris
et al., 1984; Ries et al., 1985; Curtis and Lenz, 1985;
Pin and Poidevin, 1987; Toteu et al., 1987; Kroner
et al., 1987; Wust et al., 1987; Pin and Poidevin, 1987;
Schandelmeier et al., 1988; Wust, 1989; Davidson
and Wilson, 1989; Harms et al., 1990, 1994; Sultan

et al., 1990, 1992, 1993, 1994; Stern and Dawoud,
1991; Stern et al., 1994; Küster and Liégeois, 2001)
indicate that this crust contains heterogeneous mix-
ture of Archean, Paleo-, Meso-, and Neoproterozoic
rocks which have old continental as well as juvenile
isotopic signature. This contrasts with the Neopro-
terozoic juvenile crust of the Arabian-Nubian Shield
to the east and the Archean continental crust of the
Congo Craton and the West Africa Craton in the
south and west respectively. This region largely con-
sist of pre-Neoproterozoic continental crust which is
dominated by medium- to high-grade gneisses and
migmatites as well as containing a significant amount
of Neoproterozoic juvenile material including arc
assemblages and dismembered ophiolite belts and
A-type granitoids.
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Precambrian rocks exposed in this region were
previously referred to as the Nile Craton (Rocci,
1965), the Sahara-Congo Craton (Kroner, 1977), the
Eastern Saharan Craton (Bertrand and Caby, 1978),
or the Central Saharan Ghost Craton (Black and
Liegeois, 1993). Abdelsalam et al. (2002)reviewed
geochronologhical and isotopic data and proposed the
name “Saharan Metacraton.” They defined the term
“metacraton” as “a craton that has been mobilized
during an orogenic event but that is still recognizable
dominantly through its rheological, geochronological,
and isotopic characteristics.” They further explained
that the prefix “meta” abbreviates “metamorphosis”
in the general sense of the term and not only the
restricted geological meaning “metamorphosis.”
Abdelsalam et al. (2002)also identified boundaries for
the Saharan Metacraton on the east, west, and south
whereas its northern boundary is not known because
it is buried under Phanerozoic cover. The eastern
boundary of the Saharan Metacraton is defined by
the N-trending Keraf-Kabus-Sekerr Suture in eastern
Sudan and northeastern Kenya (Fig. 1). This suture re-
sulted from collision between the Saharan Metacraton
in the west and the Arabian-Nubian Shield to the east
(Vail, 1983, 1985, 1988; Almond and Ahmed, 1987;
Abdelsalam and Dawoud, 1991; Abdelsalam et al.,
1995, 1998, 2000; Abdelsalam and Stern, 1996). The
western boundary of the metacraton is assigned to the
N-trending Raghane Shear Zone in Algeria and Niger
(Fig. 1) and thought to be the product of collision be-
tween the metacraton in the east and the Tuareg Shield
to the west (Liégeois et al., 1994, 2000; Abdelsalam
et al., 2002). The southern boundary of the Saharan
Metacraton is defined by the E-trending Oubanguides
Orogenic Belt in Cameroon, Central African Republic
and Congo (Fig. 1). This orogenic belt is interpreted
as a suture between the Saharan Metacraton and the
Congo Craton (Pin and Poidevin, 1987; Abdelsalam
et al., 2002). Abdelsalam et al. (2002)further pro-
posed a model that involves collision, sub-continental
lithospheric mantle delamination, regional extension
and assembly of exotic terranes to explain remobiliza-
tion of the Saharan Metacraton during Neoproterozoic
time.

Neoproterozoic remobilization of the northeastern
part of the Saharan Metacraton was in the form of
deformation (Vail, 1971, 1976; Schandelmeier et al.,
1987; Stern et al., 1994; Sultan et al., 1994; Denkler

et al., 1994; Harms et al., 1994; Abdelsalam et al.,
1995, 1998; Küster and Liégeois, 2001), metamor-
phism (Kroner et al., 1987; Stern and Dawoud,
1991; Denkler et al., 1994) and emplacement of
A- and I-type granitoids (Harms et al., 1990, 1994;
Stern et al., 1994; Sultan et al., 1990, 1992, 1994).
Moreover, the northeastern part of the Saharan
Metacraton might have been affected by opening
of restricted oceanic basins that were subsequently
closed, resulting in collision between drifted blocks
(Schandelmeier et al., 1991, 1994; Abdel-Rahman
et al., 1990; Stern et al., 1994). Nevertheless, ge-
ological, geochronological and isotopic evidence
indicate the existence of continental crust before
Neoproterozoic time: (1) The region is dominated
by medium to high-grade gneisses, migmatites and
supracrustal rocks that are fundamentally different
from the low-grade volcano-sedimentary-ophiolite
assemblages of the Neoproterozoic Arabian-Nubian
Shield; and (2) Rb/Sr and U/Pb zircon ages as well as
Nd model ages and initial Sr data indicate the pres-
ence of pre-Neoproterozoic continental crust (Fig. 2;
Klerkx and Deutsch, 1977; Abdel-Monem and Hurly,
1979; Dixon, 1981; Kroner et al., 1987; Wust et al.,
1987; Wust, 1989; Davidson and Wilson, 1989;
Harms et al., 1990, 1994; Sultan et al., 1990, 1992,
1993, 1994; Stern et al., 1994; Küster and Liégeois,
2001).

This article outlines the nature of Neoproterozoic
deformation affecting the northeastern part of the
Saharan Metacraton in northern Sudan. This is a suit-
able place to study and understand what happened to
the Saharan Metacraton during Neoproterozoic time
(Fig. 3). Field studies, remote sensing data includ-
ing Shuttle Imaging Radar (SIR) C/X-band Synthetic
Aperture Radar (SAR) images and previously pub-
lished structural and geochronological data are used
to synthesize the deformational history of the re-
gion. Remote sensing techniques and applications
of SIR-C/X-SAR images for mapping Precambrian
structures in arid regions especially in northern Su-
dan have been discussed inAbdelsalam et al. (1995,
1998, 2000)andAbdelsalam and Stern (1996), hence
will not be discussed here. Age constraints for dif-
ferent deformation events are obtained from data
published byRies et al. (1985); Harms et al. (1990,
1994); Sultan et al. (1994); Stern et al. (1994); and
Abdelsalam et al. (1998).
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Fig. 2. The northeastern part of the Saharan Metacraton. Geochronological and isotopic data fromAbdel-Monem and Hurly (1979), Dixon
(1981), Harris et al. (1984), Kroner et al. (1987), Schandelmeier et al. (1988), Wust (1989), Davidson and Wilson (1989), Harms et al.
(1990, 1994), Sultan et al. (1990, 1994), and Küster and Líegeois (2001). Black circles denote pre-Neoproterozoic U/Pb Zircon ages. 1:
Sabaloka granulite; 2 and 3: Wadi Miyah greywacke; 4, 5, and 6: Wadi Allaqi greywacke; 7: Aswan granite; 8: Wadi Allaqi dike; 9, 10,
11, and 12: Duweishat gneiss; 13: Duweishat granitic conglomeratic cobble; 14 and 15: Jebel Kamil anorthosite; 16 and 17: Jebel Al Asr
anorthosite. Grey circles denoteISr higher than 0.704. 1: Shallal granite; 2: Deifallab granite; 3: Sabaloka granite; 4 and 5: Nubian Desert
granite; 6 and 7: Wadi Hower granite; 8: Bir Safsaf granite; 9: Wadi Halfa granite. White circles denoteTDM ages older than 1500 Ma. 1
and 2: Karkur Murr charnockite; 3 and 4: Rahaba metasediment; 5: El Obeid granite; 6: Wadi Hafafit granitic conglomeratic cobble; 7:
Sabaloka granite; 8: Nubian Desert gneiss; 9: Nubian Desert granite; 10: Wadi Hower migmatite; 11: Wadi Hower granite; 12, 13, and
14: Jebel Marra xenolith; 15: Jebel Kamil gneiss; 16 and 17: Jebel El Asr gneiss; 18 and 19: Nubian Desert gneiss; 20: Nubian Desert
granite; 21: Nubian Desert granodiorite; 22: Wadi Hower migmatite; 23: Wadi Hower gneiss; 24: Wadi Hower granite; 25: Jebel Rahib
gneiss; 26: Bir Safsaf gneiss; 27: Bir Safsaf diorite; 28 and 29: Bir Safsaf diorite enclave; 30: Bir Safsaf gabbro enclave; 31: Bir Safsaf
basaltic dike; 32, 33, 34, 35, 36, and 37: Duweishat gneiss; 38: Nubian Desert granite; 39: Nubian Desert greywacke; 40: Nubian Desert
calc-silicate; 41: Delgo Ophiolite; 42: Jebel Rahib ophiolite; 43, 44, and 45: El Melagi gneiss; 46 and 47: El Had metasediment.

2. Tectonic elements

The northeastern part of the Saharan Metacraton
is bounded by the Arabian-Nubian Shield in the
east. Its extent westward is unknown because Pre-
cambrian outcrops are covered by the Phanerozoic

sediments and sand of the Sahara Desert in eastern
Chad (Fig. 2). It is exposed south of Phanerozoic
sediments of southern Egypt to the Cretaceous and
younger sediments of central and southern Sudan.
Outcrops are dominantly uplifted massifs within
Cretaceous and younger sedimentary cover. These
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Fig. 3. Tectonic elements of the Nubian Desert. 1: Atmur Ophiolite; 2: Siniat Ophiolite; and 3: Delgo Ophiolite.

massifs include Jebel El Asr, Bir Safsaf and Jebel
Kamil in southern Egypt, the Uweinat massif in the
Sudanese/Egyptian/Libyan triple boarder, and Nubian
Desert, Bayuda Desert, Sabaloka, Kordofan Massif,
Nuba Mountains, Wadi Hower Massif, and Darfur
Massif in the Sudan (Fig. 2). The outcrops of the
Nubian Desert are the focus of this study.

The eastern boundary of the Saharan Metacraton
in northern Sudan is defined by the∼500 km long,
∼50 km wide, N-trending Keraf Suture which sep-
arates it from the Arabian-Nubian Shield (Fig. 3;
Almond and Ahmed, 1987; Abdelsalam et al., 1995,
1998, 2000; Abdelsalam and Stern, 1996). The ophi-
olitic fragments that decorate part of the suture (Fig. 3)
are interpreted as indicating the closure of a back-arc
basin developed between the Arabian-Nubian Shield
and the Saharan Metacraton (Abdel-Rahman et al.,
1993). Marbles, carbonate-rich turbidites, andpara-
and ortho-gneisses exposed along the Suture are
interpreted as Neoproterozoic passive margin sed-
iments deposited along the eastern margin of the

Saharan Metacraton (Abdelsalam et al., 1995, 1998).
The Keraf Suture was deformed by sinistral trans-
pression (Fig. 3) that accompanied NW-SE oblique
collision between the Arabian-Nubian Shield and the
Saharan Metacraton (Abdelsalam et al., 1995, 1998;
Abdelsalam and Stern, 1996). Küster and Liégeois
(2001)present geochronological and isotopic data that
suggested that the Bayuda Desert west of the Keraf
Suture (Fig. 3) is dominantly underlain by Neopro-
terozoic juvenile material. Hence, they concluded that
the Keraf Suture can only be the boundary between
the Arabian-Nubian Shield and the Saharan Metacra-
ton if the low-grade volcano-sedimentary rocks of the
Bayuda Desert were thrust westward across it.

Extending west from the Keraf Suture is a∼50 km
wide,∼250 km long, E-W to NE-SW trending belt of
low-grade volcano-sedimentary and ophiolites includ-
ing the Atmur and Siniat ophiolites in the east and the
Delgo Ophiolite to the west near the Third Cataract
Nile (Fig. 3). These ophiolites define the Atmur-Delgo
Suture (Fig. 3; Schandelmeier et al., 1994), which
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divides the northeastern part of the Saharan Metacra-
ton into the Halfa Terrane in the north and the Bayuda
Terrane to the south (Fig. 3). Both terranes comprise
medium to high-grade gneisses and migmatites, sub-
ordinate outcrops of low-grade volcano-sedimentary
rocks, and are intruded by numerous A-type grani-
toids (Harms et al., 1990, 1994; Sultan et al., 1994;
Stern et al., 1994). In the Bayuda Terrane north of the
Nile’s Great Bend exist numerous gneissic domes, the
largest of which is the∼10 km across Delgo Dome
(Fig. 3). Many of these domes are not obvious in or-
bital optical remote sensing images because they are
either covered with thin (∼2–3 m) sand sheets or they
are barely exposed on the surface. However, because
radar penetrates dry sand in arid desert environment
(Abdelsalam et al., 2000), these gneissic domes are ap-
parent on SIR-C/X-SAR images. Intrusion of A-type
granitoids and the development of the gneissic domes
are interpreted as indicating lithospheric thickening in
the northeastern part of the Saharan Metacraton as will
be discussed later.

A broad belt of marbles, which is intensively
folded about N-trending axes and intruded by circular
granitic bodies, dominates the southwestern part of the
Halfa Terrane. This belt is here named the Wadi Halfa
Fold Belt (Fig. 3). North of the Atmur-Delgo Suture
lies a belt of low-grade volcano-sedimentary rocks
(Fig. 3) that are interpreted as intra-oceanic (Stern
et al., 1994) or Andean-type (Harms et al., 1994) arc
volcanics that developed over a N-dipping subduction
zone. This subduction zone lay along the northern
margin of an E-W elongated oceanic re-entrant which
extended west from the Neoproterozoic Mozambique
Ocean (Stern et al., 1994). South of the Atmur-Delgo
Suture lies a belt of marbles and carbonate-rich tur-
bidites that extends west from the Keraf Suture but
thins before it reaches the Delgo Ophiolite (Fig. 3).
These are interpreted as slope sediments deposited
on the northern margin of the Bayuda Terrane (Stern
et al., 1994). The volcano-sedimentary and ophiolite
assemblages were thrust southward across the slope
sediments, which in turn might have thrust westward
across the Bayuda Terrane (Fig. 3).

Near the Third Cataract Nile is a 40 km wide,
200 km long zone of N-trending folds and sinis-
tral, strike-slip shear zone, referred to as the Third
Cataract Shear Zone (Fig. 3; Stern and Abdelsalam,
1996). The Third Cataract Shear Zone deforms

A-type granitoids and low-grade volcano-sedimentary
rocks and is decorated by streaks of serpentinite pos-
sibly sheared off the Delgo Ophiolite. This shear
zone separates the dominantly medium to high-grade
gneisses and migmatites of the Bayuda Terrane in the
east and west from a N-trending belt of low-grade
volcano-sedimentary rocks that narrows southward
(Fig. 3). These low-grade volcano-sedimentary rocks
are dominantly exposed east of the Nile and ex-
tend between the second and third Cataracts (Fig. 3;
Vail et al., 1973). They include mafic metavolcanics,
metaconglomerates, quartzite, calc-silicates, meta-
greywackes, and streaks of serpentinite and amphibo-
lite bodies. They are interpreted as island-arc/back-arc
assemblage (Denkler et al., 1994).

3. Structure

Below is a description of the structural evolution
of the northeastern part of the Saharan Metacraton
based on field studies carried out in 1995 and inter-
pretation of SIR-C/X-SAR images. Previous struc-
tural (Schandelmeier et al., 1994; Harms et al., 1994;
Denkler et al., 1994; Abdelsalam et al., 1995, 1998;
Abdelsalam and Stern, 1996) and geochronological
studies (Ries et al., 1985; Harms et al., 1990, 1994;
Sultan et al., 1994; Stern et al., 1994; Abdelsalam
et al., 1998) are used for correlating and constraining
the ages of deformation events.

Three deformation events are recognized in the
study area: (1) Emplacement of S-verging ophio-
lite nappes; (2) E-W shortening which produced
N-trending folds followed by N- to NNW-trending
sinistral strike-slip shear zones; and (3) Development
of N-trending moderate-angle normal faults.

3.1. S-verging ophiolitic nappes

Schandelmeier et al. (1994), Harms et al. (1994),
and Denkler et al. (1994)discussed three ophiolitic
outcrops. These are from east to west: the Atmur,
Siniat, and Delgo Ophiolites (Fig. 3). Together these
form a∼250 km long belt that trends E-W in the east
and swings to a more NE-trend as it approaches the
Third Cataract Shear Zone (Fig. 3). The Atmur and
Siniat ophiolites occur as generally E-W trending,
crescent-like outcrops whereas the Delgo Ophiolite
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Fig. 4. The Delgo Ophiolite. (A) L-band (wavelength= 24 cm) SIR-C/X-SAR image. (B) Structural map. (C) Lower hemisphere, equal
area stereonet plot of structural elements. Solid circles: foliation. Open squares: minor fold axes.

occurs as a NE-trending linear belt (Fig. 3). The Delgo
Ophiolite is made up of pillowed basalts, sheeted
dykes, gabbros, and serpentinites.Schandelmeier
et al. (1994)concluded that these ophiolites consti-
tuted a coherent S-verging nappe which was folded
about N-trending axes and deformed by N-trending
shear zones. The NE-trend of Delgo Ophiolite might
be due to folding and shearing that accompanied the
development of the Third Cataract Shear Zone (Fig. 3)
as will be discussed later. The intensity of deforma-
tion related to the emplacement of the Atmur-Delgo
ophiolitic nappes decreases southward within the
meta-sedimenatry belt south of the Atmur-Delgo Su-
ture and disappears completely north of the Nile’s
Great Bend (Fig. 3; Abdelsalam et al., 1995). Similar
E-W to NE-trending structures including the Dam et
Tor and Abu Hamed Fold and Thrust Belts are ex-
posed in the Bayuda Desert south of the Atmur-Delgo
Suture (Fig. 3).

The Delgo Ophiolite is a∼20 km long,∼5–7 km
wide NNE- to NE-trending belt of dismembered ser-
pentinite bodies, sheared gabbro, pillowed basalts
and sheeted dykes exposed northeast of Delgo city
(Fig. 4a and b). The serpentinite bodies lie on the
northwestern part of the Delgo belt where they form
three hills that extend for 10 km along strike (Fig. 4a
and b). These serpentinite bodies are thrust from
northwest to southeast across the sheared gabbro,
pillowed basalt and sheeted dykes (Fig. 4b). The ser-
pentinites bodies and sheared gabbros are complexly
deformed as indicated by the wide range of planar
fabric orientation (Fig. 4c). This complex structure is
interpreted to reflect: (1) Superimposition of N- and
NNW-trending folds and sinistral strike-slip faults on
earlier E-trending, sub-horizontal structures that are
related to the emplacement of the ophiolitic nappes.
Evidence for this strain superimposition includes
cross-cutting relationships between planar fabrics and
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development of crenulation cleavage. Hence, it is
concluded that the Delgo Ophiolite had a more E-W
trend before it was re-oriented by N-trending fold-
ing and sinistral strike-slip shearing along the Third
Cataract Shear Zone. (2) The wide range of orien-
tation of planar fabrics especially in the serpentinite
bodies (Fig. 4c) might also be due to the ductile
nature of these lithologies.

Geochronological data suggest that the emplace-
ment of the Atmur-Delgo ophiolitic nappes occur
between 700 and 650 Ma.Stern et al. (1994)ob-
tained two whole rock Rb/Sr ages of 653± 20 and
581 ± 38 Ma from arc volcanic rocks of the Halfa
Terrane. They also obtained aTDM Nd-model age of
660 Ma from these volcanics. They interpreted these
volcanics as related to a subduction zone that co-
incided with the traces of the Atmur-Delgo Suture.
Harms et al. (1994)obtained whole rock and internal
Sm/Nd isochron ages of 707± 54 and 752± 48 Ma
from gabbros of the Delgo Ophiolite. These data
bracket the formation and closing of the oceanic basin,
and collision between the Halfa and Bayuda Terranes
to prior to 650 Ma. The 581±38 Ma Rb/Sr age of some
arc volcanic rocks in the Halfa Terrane (Stern et al.,
1994) might represent the age of greenschist facies
metamorphism.

3.2. N- to NE-trending folds and N- to
NNW-sinistral strike-slip faults

The N- to NE-trending folds and N- to NW-sinistral
strike-slip faults will be discussed together since
it is believed that they represent the response of
the northeastern part of the Saharan Metacraton
to collision between the Saharan Metacraton and
the Arabian-Nubian Shield along the Keraf Suture
(Fig. 3). This deformation event is represented by the
Third Cataract Shear Zone and the Wadi Halfa Fold
Belt (Figs. 3, 5 and 6).

The Third Cataract Shear Zone (Stern and
Abdelsalam, 1996) is ∼40 km wide and∼200 km long
complex structure exposed near the Third Cataract
Nile where the river flows north through Precam-
brian structure (Fig. 5). This shear zone is dominated
by early N- to NE-trending folds followed by N- to
NNW-trending, sinistral strike-slip faults (Fig. 5A
and B). These represent early and late deformation
developed during E-W shortening where strain was

accommodated ductily in the early stages and culmi-
nated with the development of N- and NNW-trending
zones of high shear strain.

The early stage in the evolution of the Third
Cataract Shear Zone is characterized by the devel-
opment of N- to NE-trending folds (Fig. 5C) and
steep N- to NE-trending axial planar cleavage. These
folds deform, about sub-horizontal, NE-plunging
axes (Fig. 5C), early foliation possibly developed
during the emplacement of S-verging nappes along
the Atmur-Delgo Suture. Together with the devel-
opment of mesoscopic-scale folds, this deformation
resulted in the development of three mappable-scale
N-trending folds that dominate the northern part of
the Third Cataract Shear Zone (Fig. 5A and B). The
axial traces of these folds are dominantly N-trending
(Fig. 5B) but their axes plunge shallowly northeast
(Fig. 5C) indicating that these folds have moderate
vergence to the west. Both mesoscopic-scale and
mappable-scale folds have open to tight in geometries
(Fig. 5C). Granitic bodies intrude the cores of the
mappable-scale folds (Fig. 5A and B). The limbs of
these folds consist of psammitic meta-sedimentary
rocks and streaks of serpentinites that include pockets
of chromite (Fig. 5B).

Mesoscopic structures suggest that the N-trending
folds within the Third Cataract Shear Zones were de-
veloped as a response to E-W shortening. Quartz veins
oriented at high angle to the N- to NE-trending folia-
tion were folded about N- to NE-trending fold axes and
have steeply dipping axial planar surfaces that coin-
cides with the trend of the regional foliation (Fig. 6A).
Some of these mesoscopic-scale folds were sinistrally
or dextrally displaced along NNE- or NNW-trending
fault planes that are sub-parallel to the inflection
planes of the folds. This indicates that accommodation
of the E-W shortening progressed from dominantly
ductile flow represented by folding to the stage of
development of zones of high shear strain that are
oriented at∼30◦ on both sides of the flattening plane
(manifested by the N-trending axial planar cleavage of
folds). This indicates that the orientation of the strain
ellipsoid semi-principal shortening axis is dominantly
E-W. On the other hand, quartz veins that are oriented
parallel to or at low angles to the N- to NE-trend
of the regional foliation is dominantly boudinaged
(Fig. 6B) indicating dominant elongation in this di-
rection. This shows that the orientation of the strain
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Fig. 5. The Third Cataract Shear Zone. (A) L-band (wavelength= 24 cm) SIR-C/X-SAR image. (B) Structural map. (C) Lower hemisphere,
equal area stereonet plot of structural elements related to N-trending folds. Solid circle: early foliation. Open squares: minor fold axes. (D)
Lower hemisphere, equal area streonet plot of structural elements related to N-trending sinistral strike-slip faults. Open circles: mylonitic
fabric. Solid squares: stretching lineation.

ellipsoid semi-principal extension axis is dominantly
N-S.

The late stage of development of the Third Cataract
Shear Zone is marked by N-to NNW-trending, sinistral
strike-ship shear zones (Fig. 5A and B). These shear
zones form 2–3 km wide discrete belts between the N-
to NE-trending folds, at spacings of∼10 km (Fig. 5A
and B). Three of these shear zones are exposed east
and west of the Nile around Kosha and Akasha cities
where they deform low-grade volcano-sedimenatry
rocks and A-type granitoids (Figs. 5A and B and 6C).
These shear zones are defined by well-developed my-

lonitic fabrics either sub-vertical or dip moderately
to steeply to the east and west (Fig. 5D) as a result
of later folding about N-trending axes. This suggests
that E-W shortening continued well after the forma-
tion of the N- to NNW-trending, sinistral strike-slip
shear zones. The well-developed mylonitic fabric
contains sub-horizontal, N-plunging stretching lin-
eation (Fig. 5D) and kinematic indicators that suggest
dominant sinistral strike-slip movement.

The relationship between the N- and NE-trending
folds and the N- to NNW-trending sinistral strike-slip
faults as early and late deformation related to E-W
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Fig. 6. (A) Contraction folds. (B) Boudinage structure. (C) A-type granitoid body deformed by N- to NNW-trending sinistral strike-slip
shearing. (D) Minor thrust related to N- to NNW-trending sinistral strike-slip shearing.

shortening is evident in both mesoscopic and map-
pable structures. Limbs of some of the N- to NE-trend-
ing folds are sinistrally displaced by the N- to
NNW-trending faults along the inflection planes.
Moreover, the sinistral strike-slip movement has re-
sulted in local N-verging thrusts across the hinges of
mappable-scale N-trending folds (Figs. 5B and 6D).
This is because the hinges of these folds are oriented
at high angle to the shear direction, a geometry that
favors the accommodation of strain in a compression
style, hence, producing local N-verging thrusts.

The N- to NNW-trending sinistral strike-slip shear
zones deform, together with the volcano-sedimentary
rocks, A-type granitoids. A-type granites of the north-
eastern part of the Saharan Metacraton range in age
between 550 and 590 Ma (Ries et al., 1985; Harms
et al., 1990, 1994; Stern et al., 1994; Sultan et al.,

1994). This suggests that deformation along the N-
to NE-trending sinistral strike-slip shear zones of the
Third Cataract Shear Zone post-dates∼590–550 Ma.
Abdelsalam et al. (1998)obtained 40Ar/39Ar age
of 577 ± 5 Ma from hornblendes and biotites ex-
tracted from A-type granitoids deformed by a N- to
NNW-trending sinistral strike-slip shear zone along
the Keraf Suture (Fig. 3). They interpreted this to
indicate the age of shearing along the Keraf Suture.
They also suggested that the A-type granitoids might
have been emplaced along the N- to NNW-trending
faults during the sinistral strike-slip shearing. Hence,
it is concluded that the N- to NNW-trending sinistral
strike-slip shearing along the Third Cataract Shear
Zone occurred between 590 and 550 Ma.

The Wadi Halfa Fold Belt is exposed south of
Wadi Halfa city and north of the Atmur-Delgo Suture
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Fig. 7. The Wadi Halfa Fold Belt. (A) L-band (wavelength= 24 cm) SIR-C/X-SAR image. (B) Structural map. (C) Lower hemisphere,
equal area stereonet plot of structural elements related to N-trending folds. Stars: axial planar cleavage and folds axial surfaces. Open
squares: minor fold axes.

(Figs. 3 and 7). Here, a thick sequence of marbles inter-
calated with dominantly psammitic meta-sedimentary
rocks and serpentinite bodies are folded about
N-trending axes (Fig. 7A and B). Numerous folds
are recognized on SIR-C/X-SAR images (Fig. 10a).
These folds are dominantly tight, plunge to the north,
and have sub-vertical axial surfaces (Fig. 7C). Mesos-
copic-scale folds have similar geometry (Fig. 7C).
The cores of the mapable-scale folds are sometimes
intruded by granitoids (Fig. 7B). The intrusion of
these granitoids might have modified the geometry of
the mappable-scale folds to a limited extent.

Broad, N-trending shear zones also occur within
the Wadi Halfa Fold Belt (Fig. 7B). Some of these

shear zones are decorated with serpentinite fragments
(Fig. 7B). A few shear zones show development of
andalusite crystals that dominantly aligned along the
general shear fabric. This suggests that shearing might
have occurred in mid-crustal depth.

3.3. N-trending normal-slip faults

The final stage in the Neoproterozoic deformation
in the northeastern part of the Saharan Metacraton was
in the form of N-trending normal-slip faults that are
interpreted as due to tectonic collapse in response to
Neoproterozoic lithospheric thickening (Harms et al.,
1994; Denkler et al., 1994). Lithospheric thickening
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Fig. 8. N-trending normal-slip folds and Delgo Dome. (A) L-band (wavelength= 24 cm) SIR-C/X-SAR image. (B) Structural map. (C)
Lower hemisphere, equal area stereonet plot of structural elements related to N-trending normal-slip faults. Open circles: mylonitic fabric.
Solid squares: stretching lineation.

is evident in the northern part of the Bayuda Ter-
rane where it resulted in the development of gneissic
domes; the most prominent of these is the Delgo
Dome, east of Delgo city (Fig. 3). The Delgo Dome
is dominated by garnet-bearing gneisses, which are
deformed into a complex folding structure (Fig. 8A
and B). The possibility that these structures resulted
from fold superimposition is ruled out due to a lack
of cross-cutting foliations. Instead, the Delgo Dome
is interpreted as manifesting ductile flow related to
diapric rise of lower lithospheric material due to
lithospheric thickening.

Between the Delgo Ophiolite and the Delgo Dome
lies a well-developed, N-trending,∼5 km wide and

∼25 km long zone of normal-slip faults (and 8A
and B) with N-trending foliation that dips moderately
to the west (Fig. 8C). Well-developed mylonitic fabric
that deforms granitic and gneissic rocks defines the
zone. The mylonitic fabric is interpreted as developed
during normal-slip shearing because: (1) Stretching
lineation is dominantly down-dip (Fig. 8C) and is fun-
damentally different from the sub-horizontal stretch-
ing lineation associated with the N-trending sinistral
strike-slip shear zones. These down-dip stretching
lineations indicate either normal-slip or reverse move-
ment across the N-trending planes. (2) Mesoscopic
folds observed on sections sub-parallel to the dip
direction have dominantly S-type geometry which
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indicates down-dip movement. These folds have
sub-horizontal hinges indicating little or no strike-slip
shearing. (3) Microscopic structures observed on ori-
ented sections of the mylonitic fabric such as mica fish
and shelf book sliding indicate normal-slip movement.

Denkler et al. (1994)identified another zone of
normal-slip movement west of the Nile (Fig. 3). This
zone is also strike N-S and mylonitic fabrics dip mod-
erately to the east. They showed that this zone myloni-
tized gneisses and migmatites west of the low-grade
volcano-sedimentary belt (Fig. 3). Moreover,Denkler
et al. (1994)concluded that the mylonite fabrics were
developed under retrograde amphibolite to greenschist
facies metamorphic conditions and post-date migma-
tization. Harms et al. (1994)obtained whole rock
Rb/Sr isochron age of 546± 19 Ma from migmatites
of the Nubian Desert. They suggested that extension
and moderate-dip normal-slip movement along the
N-trending planes shortly followed migmatization.
Hence, they took the∼550 Ma age as indicating the
timing of extension in the Nubian Desert.

4. Structural and tectonic evolution

Fig. 9 is a three-dimensional illustration of the
structural evolution of the northeastern part of the
Saharan Metacraton during Neoproterozoic time.
Deformation started with the emplacement of ophi-
olitic nappes from north to south (Fig. 9A). These
S-verging nappes formed when the Halfa Terrane
collided with the Bayuda Terrane between∼700 and
650 Ma. This collision followed the consumption of
an oceanic basin, which extended westward from the
Mozambique Ocean (Stern, 1994). The emplacement
of these nappes occurred during the early stages of
collision and resulted in sub-horizontal, S-verging
folds and thrusts. Continuation of convergence be-
tween the Halfa and Gebeit Terranes deformed the
sub-horizontal structures about E-trending fold axes.
The latter were superimposed on the earlier as co-axial
but non-co-planar deformation. Deformation related
to the emplacement of the ophiolitic nappes affected
the carbonate-rich rocks on the northern margin of
the Bayuda Terrane (Fig. 9A). Orientation and style
of structures along the Atmur-Delgo Suture suggest it
is related to a N-dipping subduction zone beneath the
southern margin of the Halfa Terrane. Intra-oceanic

(Stern et al., 1994) or Andean-type (Harms et al.,
1994) island-arc system have been suggested to form
over this N-dipping subduction zone. The N-trending
belt of the low-grade volcano-sedimentary rocks that
exist along the Second and Third Cataract Nile might
be related to this convergent margin system (Denkler
et al., 1994). The present trend of this belt is due to
younger deformation.

Similar E-W and NE-trending structures are present
in the Bayuda Desert. These include the Dam et Tor
Fold and Thrust Belt in the south and the Abu Hamed
Fold and Thrust belt to the north (Fig. 3). These
structures, similar to the Atmur-Delgo Suture, have
been interpreted as resulting from closure of oceanic
re-entrants extending westward from the Mozam-
bique Ocean (Abdelsalam et al., 1998). Closure of
these oceanic re-entrants might be due to an overall
NW-SE convergence between East and West Gond-
wana before the consumption of the Mozambique
Ocean and sandwiching the Arabian-Nubian Shield
between East and West Gondwana. Evidence for such
oblique convergence include sinistral transpression
zones in the Arabian-Nubian such as the Barka (de
Souza Filho and Drury, 1998; Drury and Berhe, 1993)
and the Keraf Sutures (Abdelsalam et al., 1995, 1998;
Abdelsalam and Stern, 1996) as well as the presence
of consistent NW-trending stretching lineation inter-
preted as indicating an overall NW-SE convergence
between East and West Gondwana (Shackleton and
Ries, 1984).

NW-SE convergence culminated with the con-
sumption of the Mozambique Ocean and collision
between East and West Gondwana, with intra-oceanic
island-arcs preserved in the north as the Arabian-
Nubian Shield. The Arabian-Nubian Shield collided
with West Gondwana, fragments of which are now
preserved as the Saharan Metacraton, along the
Keraf-Kabus-Sekerr Suture at∼600 Ma (Vail, 1983,
1985, 1988; Almond and Ahmed, 1987; Abdelsalam
and Dawoud, 1991; Abdelsalam et al., 1995, 1998,
2000; Abdelsalam and Stern, 1996). The northeastern
margin of the Saharan Metacraton is defined by the
N-trending Keraf Suture (Abdelsalam et al., 1995,
1998; Abdelsalam and Stern, 1996). The NW-SE di-
rected collision between the Arabian-Nubian Shield
and the Saharan Metacraton produced sinistral trans-
pression along the Keraf Suture (Abdelsalam et al.,
1995, 1998; Abdelsalam and Stern, 1996). In the
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Fig. 9. Three-dimensional cartoon illustrating structural evolution of the northeastern part of the Saharan Metacraton. (A) Emplacement of the S-verging Atmur-Delgo
ophiolitic nappes due to collision between the Halfa and Bayuda Terranes along the Atmur-Delgo Suture at∼700–650 Ma. (B) Development of N-trending folds due to
NW-SE oblique collision between the Saharan Metacraton and the Arabian-Nubian Shield along the Keraf Suture at∼650–600 Ma. (C) Development of N- to NW-trending
sinistral strike-slip faults at∼590–550 Ma due to continuation of convergence between the Saharan Metacraton and the Arabian-Nubian Shield. (D) Development of N-trending
low-angle normal-slip faults as a response to lithospheric thickening in the northeastern part of the Saharan Metacraton that resulted from thrust stacking and folding.
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northern part of the suture, N-trending folds domi-
nate whereas the southern part is dominated by N- to
NNW-trending sinistral strike-slip faults (Fig. 3). This
collision might have produced far-reaching stresses
that affected the northeastern part of the Saharan
Metacraton. The N-trending contraction structures
parallel to the Keraf Suture are observed up to 300 km
west of the SutureFigs. 3 and 9B). The Third Cataract
Shear Zone and the Wadi Halfa Fold Belt (Figs. 3,
5 and 7) might be related to this collision. Similarly,
convergence between the Arabian-Nubian Shield and
the Saharan Metacraton might have imposed overall
shortening in the Arabian-Nubian Shield producing
N-trending structure such as the Hamisana and Oko
Shear Zones (Fig. 3; Stern et al., 1989, 1990; Miller
and Dixon, 1990; Abdelsalam, 1994). It is not clear
why deformation related to this collision localized
along certain zones east and west of the Keraf Suture.
Crustal attenuation is called for as a model to explain
such strain localization along the Hamisana Shear
Zone (Stern et al., 1989, 1990). This might be also
the case of the Third Cataract Shear Zones where
a back-arc basin (Denkler et al., 1994) might have
localized strain. In addition, the Third Cataract Shear
Zone and the Wadi Halfa Fold Belt coincide with
low-grade volcano-sedimentary rocks and carbonates,
respectively. This suggests that strain localization is
also controlled by the rheological difference between
the medium to high-grade gneisses and migmatites
and the more ductile volcano-sedimentary rocks and
carbonates.

The continuation of E-W shortening produced
zones of high shear strain oriented at 30◦ to the flat-
tening planes. These zones of high shear strain might
have been rotated to a more northerly trend as short-
ening continued (Fig. 9C). The N- to NNW-trending
sinistral strike-slip shear zones along the Third Catat-
act Shear Zones and their relationship with the older
N- NE-trending folds are good examples of pro-
gressive accommodation of E-W shortening from
early contraction structures represented by the N-
to NE-trending fold to late N- to NNW-trending
strike-slip shear zone.

The superimposition of the N- to NE-trending
folds and the N- to NNW-trending sinistral strike-slip
shear zones significantly modified the orientation
of S-verging nappes along the Atmur-Delgo Suture.
Ophiolitic nappes were re-folded to form crescent-like

outcrop patterns as in the case of the Atmur and Siniat
ophiolites in the east (Fig. 3) or completely sheared to
a NE-orientation as in the case of the Delgo Ophiolite
to the westFigs. 3 and 9C).

Thrust stacking along the Atmur-Delgo Suture and
shortening along the Third Cataract Shear Zone and
the Wadi Halfa Fold Belt resulted in lithospheric
thickening manifested by the development of gneissic
domes in the northern part of the Bayuda Terrane
(Fig. 3) as well as emplacement of A-type grani-
toids. Other evidence for lithospheric thickening in
the northeastern part of the Saharan Metacraton in-
cludes Neoproterozoic granulite facies metamorphism
along the interface between the metacaton and the
Arabian-Nubian Shield (Kroner et al., 1987; Stern
and Dawoud, 1991). This resulted in lithospheric
instability that was compensated for by orogenic
collapse. Orogenic collapse tectonic in the north-
eastern part of the Saharan Metacraton is manifested
by the development of N-trending, moderate-angle
normal-slip faults (Fig. 9D) such as the one between
the Delgo Ophiolite and the Delgo Dome (Figs. 3
and 8) signaling the final phase of Neoproterozoic
deformation in the northeastern part of the Saharan
Metacraton. Since these N-trending moderate-angle
normal-slip faults deform older Neoproterozoic
structures in the northeastern part of the Saharan
Metacraton, one concludes that they were formed
550 Ma ago.

5. Significance of Neoproterozoic deformation

A craton is the part of a continent that has acted
as a stable interior during orogenic events at its mar-
gins and has since suffered little deformation (Bates
and Jackson, 1980). This is due to a thick and cold
lithosphere, strong crust-mantle coupling and an elas-
tic thickness that provides high lithospheric strength
that prevents subsequent deformation (Black and
Liegeois, 1993). Margins of the cratons behave as
passive margins during orogenic events and the craton
may be destablized when subduction initiation turns
the passive margins into active margins. Due to col-
lision, only fragments of a partially reworked craton
may be preserved within the orogenic belt. However,
there might be an intermediate phase due to thrusting
across passive margins that might result in flexure
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of the cratonic lithosphere, lower crust fluxing, or
crust-mantle decoupling (Brown and Philipps, 2000)
that could lead to decratonization, but retaining relics
and/or isotopic inheritance of the former craton.

Review of Neoproterozoic deformation and igneous
activity suggests that three lithospheric processes have
contributed to the remobilization of the northeastern
part of the Saharan Metacraton during Neoprotero-
zoic time: (1) Collision; (2) Delamination of the
sub-continental mantle lithosphere; and (3) Extension.

Remobilization due to Neoproterozoic collision has
been suggested bySchandelmeier et al. (1988)and
discussed byStern et al. (1994). The eastern margin
of the northeastern part of the metacraton is defined
by the N-trending Keraf Suture (Fig. 2) thought to
represent an arc-continental suture between the Sa-
haran Metacraton and the Arabian-Nubian Shield
(Vail, 1983, 1985, 1988; Almond and Ahmed, 1987;
Abdelsalam and Dawoud, 1991; Abdel-Rahman et al.,
1993; Abdelsalam et al., 1995, 1998; Abdelsalam and
Stern, 1996). Scarce geochronologic data (Abdelsalam
et al., 1998) constrained collision along this suture
to be at∼630–560 Ma. In addition, structural styles
along the sutures can be interpreted as due to an
overall NW-SE collision which is oblique to the
N-trending Keraf fronts. This oblique collision pro-
duced sinistral transpression along the N-trending
eastern margin of the metacraton. Such collision
might have been responsible for E-W shortening and
crustal thickening within the northeastern part of the
Saharan Metacraton where deformation related to col-
lision was accommodated in the form of NE- (Vail,
1971, 1972, 1976; Schandelmeier et al., 1987, 1994;
Sultan et al., 1994; Abdelsalam et al., 1995, 1998;
Küster and Liégeois, 2001) and N-trending fold belts
followed by N- to NNW-trending sinistral strike-slip
faults (Denkler et al., 1994; Harms et al., 1994; Stern
et al., 1994; Abdelsalam et al., 2002) with the de-
velopment of N-trending moderate-angle normal-slip
faults (Denkler et al., 1994; Abdelsalam et al., 2002).
Lithospheric thickening might have triggered lower
crustal melting and emplacement of A-type granitoids
within the northeastern part of the Saharan Metacra-
ton (Harms et al., 1990, 1994; Sultan et al., 1994;
Stern et al., 1994) as well as granulite facies metamor-
phism close to the interface between the metacraton
and the Arabian-Nubian Shield (Kroner et al., 1987;
Stern and Dawoud, 1991).

Contemporaneous shortening event is also evi-
dent in the Arabian-Nubian Shield as exemplified
by the N-trending Hamisana and Oko Shear Zone
which crops out∼100 km east of the Keraf Suture
(Stern et al., 1989, 1990; Miller and Dixon, 1990;
Abdelsalam, 1994).

Black and Liegeois (1993)suggested that Neopro-
terozoic deformation and igneous activities in the Sa-
haran Metacraton might be due to delamination of the
lithospheric mantle of the Saharan Metacraton that oc-
curred at∼700 Ma. Similar examples of lithospheric
mantle delamination include the Colorado Plateau
(Bird, 1979); Tibetan plateau (Houseman et al., 1981;
and other parts of North Africa (Ashwal and Burke,
1989). Black and Liegeois (1993)added that destabi-
lization of the Saharan Metacraton was due to the loss
of its thick mechanical boundary layer during Neo-
proterozoic time. They used this to explain why the
Neoproterozoic orogenic belts in northern Africa are
characterized by high heat flow indicated by A-type
granitoids and high-temperature low-pressure meta-
morphism. Such delamination process is probably the
result of collision (Black and Liegeois, 1993), which
induced regional extension due to the collapse of the
hot lower crust.

Lithospheric extension can subject broad crustal
tracts to high heat flow, uplift and intrusion or under-
plating of melts from the asthenosphere as exemplified
by the 1000 km wide Basin and Range Province of the
United States of America (Eaton, 1982). Large-scale
extension brings the asthenosphere nearer to the sur-
face leading to high heat flow, resulting in metamor-
phism and emplacement of A-type granitoids (Lum
et al., 1989). Similar relationships have been inferred
for the northeastern part of the Saharan Metacraton
(Denkler et al., 1994). Thus, such large-scale ex-
tension might have contributed significantly to the
remobilization of the northeastern part of the Saharan
Metacraton during Neoproterozoic time.
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