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Zusammenfassung

Die Geologie des Arbeitsgebietes Derudeb ist mit

Methoden der  Fernerkundung und  Ge-
Informationssystemen auf der Grundlage einer
begrenzten  Datenbasis untersucht ~ worden.  Als

Ergebnis wurde ecin geologisches Kartenblatt im
Mafstab 1 250 000 erstellt. Das Gebiet der
siidlichen Red Sea Hills, im NE des Sudan gelegen,
bildet den nubischen Teil des Arabisch-Nubischen

Schildes. Verschiedene Gneise,  metavulkano-
sedimentdre Serien und intrudierte syn- und
postorogene Plutonite  saurer  bis  basischer
Zusammensetzung  bilden das  Grundgebirge

Alters. Die phanerozoischen

Untersuchungsgebietes  bestehen

proterozoischen
Gesteine des
iiberwiegend aus  Sandsteinen  sowie aus
basaltischen und rhyolitischen Extrusiva, die
wiederum von Gangschwirmen  durchschnitten sind.
Die duktilen Hauptdeformationsereignisse, wie
Sie in den Gesteinen des Grundgebirges erkannt
wurden, sind Ergebnisse der Akkretionstektonik  des

Nubischen Schieides, die eine wiederholte Faltung

und  Krustenverkiirzung wahrend der Pan-
Afrikanischen Phase  bewirkten. Die Adadi-
Uberschiebungs- und Transpressions-Scherzone ist

eines der Haupt-strukturelemente, die der
Akkretionstektonik zugeordnet werden konnen. Sie
ist typisiert durch intensiv zerscherte
Meta-Ultramafite und ausgedehnte  Scherbénder.
Diese Zone ist sinistral versetzt, ebenso wie die
neoproterozoische Nakasib Suture im N und wird
als mogliche Krustengrenze angesehen, die in
kiinftigen =~ Akkretionsmodellen dieses  Gebietes
beriicksichtigt werden sollte. Das in der Arbeit
neudefinierte “Baraka Terrane” stellt
wahrscheinlich eines der dltesten Krustensegmente
der Region dar.

und zerlegte

Dehnungstektonik ~ wahrscheinlich mesozoischen
Alters lieB das  Odi-Riftbecken entstehen.
Spétoligozéner bis frithmiozdner Vulkanismus

entlang von Dehnungsbriichen entwickelte sich im
Odi-Becken und Adar-Ribad-Gebiet,  wobei im Odi-
Becken der
Wasserbedeckung
begrenzenden Stérungen sind haufig
Lineamente des Pan-Afrikan mit submeridionaler

Vulkanismus teilweise unter
stattgefunden hat. Die

reaktivierte

Orientierung. NE-SW streichende Transform-
storungen mit linkslateralen Bewegungen sind dlter
als die N-S verlaufenden. Die Dehnung, in deren
Anschlufl Magmatismus  und Hebung folgten, ist in
Richtung des Roten Meers deutlich stdrker.

Fiir visuelle Verbesserungen der Landsat-Daten
wurden IHS  Transformationen der drei am
korrelierten Kanile verwandt,
gute lithologische Unterscheidbarkeit zZu
gewahrleisten. Eine Hauptkomponentenanalyse
erbrachte  bessere Resultate fiir das S/N-Verhéltnis,
wenn standardisierte Koeffizienten anstelle der
Kovarianzmatix eingesetzt wurden. Weiterhin hat
sich die Auswahl von vier Spektralkandlen, anstelle
aller sechs Kanile, fiir die Hauptkomponentanalyse

wenigsten um eine

als ausreichend erwiesen, um eine gute lithologische
Trennung im Bild zu erreichen. Weitere
Verbesserungen  der Ergebnisse ergaben sich durch
die Verrechnung der ersten mit den weiteren
Hauptkomponenten.  Die Histogramm-Streckung
durch Dekorrelation stellt ebenfalls ein wertvolles
Hilfsmittel fiir die Bereitstellung von Band-
kombinationen  dar, das durch die Vernachldssigung
der verrauschten Haupt-komponenten  ebenfalls eine
Qualitdtssteigerung der riicktransformierten Daten
bewirkt. Ratiobildungen verschiedener Band-
kombinationen lieferten ~ brauchbare Bilder unter
Anwendung der “directed-band-ratio”-Technik, die
sowohl spektrale als auch morphologische
Informationen enthalten. Allgemein gesprochen,
ermoOglicht die Kombination  verschiedener
Bildverbesserungsmethoden die Erstellung einer
optimierten  Bildinterpretation. Die digitale
Klassifizierung von spektralen und Textur-
elementen erwies sich in diesem Zusammenhang als
nicht sehr hilfreich.

Gossans als Indikator fiir Gold-Sulphid-
Vorkommen wurden erfolgreich sowohl mit der
“feature-oriented-PCA” (Hauptkomponenten-
analyse) als auch mit Ratiobildern kartiert. Diese
Ergebnisse konnten durch den Einsatz von GIS-
Techniken weiter verbessert werden. Die Methode
der THS-Transformation  hat zur Identifikation  eines
bisher unbekanten Gossans bei Derudeb gefiihrt.
Die Analyse von im Labor durchgefiihrte
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Spektralmessungen an ausgewéhlten Proben ergab
eine durch Wiistenlack hervorgerufene Reduzierung
der Reflektanz um bis zu 70% im VIS und um 20%
im SWIR des elektromagnetischen Spektrums. Im
sichtbaren Bereich des Spektrums werden durch den
EinfluB des Wiistenlacks die Absorptionsbanden
von Gesteinen iiberdeckt, so daB3 ein “flaches”
Signal resultiert. Im SWIR kommt es nur zu einer
Abschwichung, wobei die generelle Form erhalten
bleibt. Diese Effekte haben anscheinend nur
geringen EinfluB auf die Unterscheidbarkeit der
Gossans von anderen Gesteinen.

Bouguer und residuale Schweredaten,
Aeromagnetik, geologische und topographische
Daten wurden mittels GIS aufbereitet. In den
meisten Féllen erbrachte eine Oberflichen-
modellierung besser interpretierbare Ergebnisse. Im
allgemeinen zeigen die Schweredaten eine gute
Ubereinstimmung mit der Verteilung der Plutone,
wohingegen die acromagnetischen Daten besser fiir
die Lokalisierung von regional bedeutsamen
Lineamenten geeignet sind. Beide Datentypen
unterstiitzen die Trennbarkeit der in dieser Arbeit
vorgeschlagenen Krustenblocke (Terranes) im
Arbeitsgebiet.

Vom Fachbereich Geowissenschaften der Freien Universitat Berlin zur Erlangung des akademischen

Grades Dr. rer. nat. genehmigte Dissertation.

Tag der Disputation: 03.02.1997; Gutachter: Prof. Dr. F. K. List, Prof. Dr. E. Klitzsch.

This work has been accepted as doctoral thesis at the Free University of Berlin, Department of

Geosciences.

Anschrift der Verfassers: Freie Universitat Berlin, Institut fliir Geologie, Geophysik und Geoinformatik,
Fachrichtung Geoinformatik, Malteser-Str. 74-100, 12249 Berlin.



Berliner geowiss. Abh., D, 14, 116 pp., Berlin 1997

Abstract

The geology of the Derudeb area has been studied
by means of remote sensing and Geo-Information
System (GIS) techniques, and limited field data,
with the production of a geological map at a scale of
1:250000. The area of the southern Red Sea Hills,
NE Sudan, forms part of the Nubian sector of the
Arabian-Nubian Shield. Various gneisses and
metavolcano-sedimentary schists intruded by syn-
and post-orogenic plutons of basic to acidic
composition constitute the basement lithology of
generally Neoproterozoic age. Sedimentary rocks
dominated by sandstone, and basaltic as well as
rhyolitic flows dissected by dike swarms comprise
the Phanerozoic sequence in the area.

The major ductile deformation events
recognised in the basement rocks correspond to the
accretion tectonics of the Nubian Shield that gave
rise to repeated foldings and crustal shortenings
during the Pan-African. The high-strain Adadi
Thrust and Transpressional Shear Zone is one of the
principal structures ascribed to these events. It is
typified by strongly sheared and dismembered
meta-ultramafics and extensive shear bands. This
zone is sinistrally displaced like the Neoproterozoic
Nakasib Suture to the N, and is thought to denote a
possible crustal boundary to be considered in future
accretion models for this area. The redefined
Baraka Terrane probably represents one of the
oldest crustal segments in the region.

Extensional tectonics of presumably Mesozoic
time produced the Odi rift basin. Late Oligocene-
Early Miocene volcanism along extensional
fractures occurred in the Odi basin and Adar Ribad
areas, in the former case partly in a subaqueous
environment. The bounding normal faults are often
reactivated major Pan-African lineaments with a
submeridional trend. Younger NE-SW striking
transcurrent faults with left-lateral movements
apparently represent the latest extensional episode
in the area. Extension, that was subsequently
followed by magmatism and uplifting, was
seemingly greater towards the Red Sea.

For visual enhancement of Landsat data IHS
transformation of the three least correlated bands
yielded an overall good lithologic enhancement. PC

(Principal Component) analysis resulted in a higher
signal-to-noise ratio when standardized coefficients
were used instead of the covariance matrices. Four
bands, instead of six, proved sufficient to produce
substantial spectral contrast; modifications by
convolving the first PC with the other components
yielded improved results. Decorrelation stretching
is also a valuable tool in providing a higher number
of band triplets, and omission of noise-dominated
PCs during retransformation generally gave
substantial enhancements. Band ratioing yielded
geologically useful images by adopting the
“directed band ratio” technique, whereby both
spectral and morphological information are
preserved. Generally, combinations of results from
different enhancement methods are suitable for
comprehensive results during image interpretation.
Digital classification of spectral and textural
parameters proved less useful in the present context.

Gossans as markers of gold-sulphide deposits
have been successfully mapped by using “feature
oriented PCA” and band ratioing, with improved
results obtained by a GIS-overlay technique. IHS
decorrelation stretching has led to the discovery of
a gossan body in the Derudeb area. Spectral
analysis of selected rock samples has shown that
overall reflectance is reduced by up to 70% in the
VIS parts and 20% in the SWIR parts of the
electromagnetic spectrum due to desert varnish. In
the VIS region absorption bands turn to featureless
spectra due to this effect, whereas in the SWIR
spectra are generally subdued but preserved. This
has apparently little consequence on the
discrimination of gossans from other rock types.

Bouguer gravity, residual gravity, aeromagnetic,
geologic and topographic data were processed using
GIS techniques. In most cases surface modelling
yielded more interpretable results. Generally, the
gravity data show good conformity with plutonic
distribution whereas aeromagnetic data are more
helpful for detection of lineaments of regional
significance. Both the gravity and aeromagnetic
data apparently corroborate the geologic
interpretation in depicting the suggested different
crustal blocks.
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1 Introduction

1.1 The Study Area

The area covered by Sheet Derudeb 1:250 000 (NE
37-1) is situated in the Red Sea Province of
northeastern ~ Sudan, bounded by longitudes 36°00'
and 37°30' E, and parallels 17°00' and 18°00' N
(Figure 1.1) out of which an area of about 16,800
km® has been investigated by this work. The main
asphalted Khartoum-Port  Sudan road (ca. 1170 km)
traverses N-S through the western part of the map
sheet crossing the Derudeb township. Port Sudan,
to the NE, can also be reached from Khartoum by
air on daily schedule. Other seasonal tracks
motorable ~ with 4-WD  vehicles connecting the
settlement of Hamashkoreb to Derudeb (in the W)
and Tokar (E of the area) serve as the best access to
the south-southwestern  and eastern parts of the area,
respectively. The valleys and sandy plains in the
region are by and large motorable during the dry
season. Figure 1 shows the location and
accessibility map of the Derudeb area.

No perennial river is known to exist, but several
seasonal streams apparently dissect most parts of the

study area. Among these, Khor Langeb is the most -

prominent one which drains through a rather rugged

terrain in the central part of the area, southwards
and then NE to the Baraka valley (Figure 4.1). With
the exception to limited ones inthe W, all the rivers
in the area drain into the Langeb valley. In the
western and southwestern — parts the river systems

show a southwesterly drainage to the River Nile
through a rather moderate topography covered by
sand. Both parallel and rectangular drainage
patterns are widely distributed in the area, being

significantly controlled by Pan-African and
Cenozoic  structures (Section 2.2.4).
Topographically  the Derudeb area makes part of

the generally rugged and hilly terrain of the Red Sea
Hills (RSH) of NE Sudan, that has been tectonically
active since the Neoproterozoic. The elevation is
higher in the central N and NW, and it gradually
decreases towards S and SE. Inthe NE the highest
peak of 1326 m above m. s. 1.occurs S of Jibal

Arqawi, and an elevation of over 1200 m is reached
on the uplifted block of Jibal Adar Ribad. Towards
the eastern part of the same ridge the topography
abruptly falls, reaching the lowest elevation of about
90 m in the Baraka valley. With the possible
exception  to isolated ridges, the morphology
appears generally matured and less uneven in the
SE, whereas to the N it is rather rugged. Figure 6.3
shows the elevation distribution of the Derudeb
area.

The RSH is characterised by an arid to semi-arid
climatic conditions. The summer is dry and hot,
with temperatures reaching well over 45°C in the
months March to October. In winter the
temperature ranges between 25°C and 10°C during
the day and night times, respectively. The rainy
secason  falls between the months of July and
September, with possibly a little precipitation also
in the winter.

The RSH in general, and the study area in
particular, is dominantly populated by the Beja
ethnic group. The Hadandawa and Beniamir tribes
of this group, who also speak their respective tribal
languages, dominate the western two-third and the
castern  one-third of the map area, respectively.
Both tribes lead an exclusively nomadic life, mainly
breeding camels, goats and sheep. In a few
instances they practice seasonal farming of usually
sorghum. The Derudeb township, after which the
map sheet has been named, is the largest settlement
in the area followed by Hamashkoreb in the central

hand dug wells in valleys and areas
by Quaternary sediments remain the

S.  Scarce
covered
principal source of water inthe Derudeb region.
Vegetation is generally scarce in the Derudeb
area, and rock exposure is very good, making
remote sensing applications for geological studies
highly feasible. Acacia trees and sparse bushy
plants occur along relatively plain areas whereas
ridge slopes are practically devoid of vegetation.
Along major drainage channels fairly abundant
dome trees are not uncommon. The Odi plain in the
central S (Figure 4.1) is the only area where
pronounced vegetation occurs throughout the year
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and where farming is often practiced.
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Figure 1.1. Location and accessibility map of the study
area (Derudeb map-sheet, NE 37-1).

1.2 Previous Works

The Derudeb area is among the least studied regions
in the RSH of Sudan. Delany (1956) produced the
first geological map of the map sheet (previously
46-1, now NE 37-1) at the scale of 1 : 250 000.
According to her the area broadly consists of
undifferentiated gneisses and volcano-sedimentary
schists for which she introduced the term Odi
Schist, foliated granites, Tertiary volcanics and
Mesozoic sedimentary rocks. She also described the
‘Tihilla ring complex in the NW and the various
volcanic and sedimentary cover rocks of the Odi
area in fair detail. She identified intraformational
sediments within the younger volcanic sequence.
The basement rocks were obviously less studied and
structural data were poorly documented. The
geology of the area has also been less contained in
the context of the regional setup.

Ahmed (1977) carried out a detailed study on the
petrology and evolution of the Tihilla igneous
complex in the northwestern part of the area. He
described the complex as a shallow-level post-
orogenic ring structure with generally alkaline
character that possibly evolved through magmatic
differentiation.

Between the late 1970's and early 1980's a
number of more systematic works over the geology
of the RSH at large were conducted. In a technical
cooperation programme between the Soviet Union
and the Sudan Geological and Mineral Resources
Department, the “Technoexport Project” was
engaged in regional aeromagnetic and gravity
surveys over the RSH, E of longitudes 36°00'and N
of latitude 16°00' all the way to the Egyptian
border, during the years 1970-74. This study
resulted in the production of aeromagnetic and
gravity anomaly maps at 1 : 200 000 and 1 : 500 000
scales, respectively. This work was followed by
detailed investigations of target areas selected for
mineral exploration, including trenching and pitting,
until 1978. The Derudeb area was mainly covered
by the regional studies.

The Bureau de Recherches Geologiques et
Minieres (BRGM) in cooperation with the
Geological Research Authority of the Sudan

. (GRAS) (1988) conducted a geological mapping

over the RSH at 1 : 1000 000 scale as part of the
regional geological and mineral prospection
programme in the Sudan. According to this work
the Derudeb area is largely built up of volcano-
sediments of greenschist facies, andesitic volcanic
rocks, and metasediments of amphibolite facies
rocks intruded by syn- to late-orogenic granitoids,
all of which are presumably of Proterozoic age.
Cenozoic volcanic rocks have also been identified.
As a result of this work the sulphide and manganese
mineralisations near the Abu Samar valley and the
wolframite occurrence on the granitic ridge of Jebel
lyub, both in the far NW (Figure 4.1), were
temporarily explored. '
More recently Hassan (1991) and El Labib
(1991) conducted detailed geologic studies over
adjacent areas in the central part of the map sheet.
Hassan (1991) dealt with the classification of the
Cenozoic rocks in the Odi area and ascribed their
occurrence to the Red Sea rifting and the associated
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extensional graben structure, with their
geochemistry indicating characteristics of Mid
Oceanic Ridge Basalt (MORB). El Labib (1991)
focused on the petrology and structure of the post-
orogenic ring complexes, in addition to syn- and
syn- to late-orogenic emplacements, in the area. He
ascribed them to characteristically subduction-
related within-plate and syn-collisional magmatism,
respectively.

An adjacent area to the E (S of Tokar) was
studied by Kroner et al. (1991). According to this
work the metavolcanic rocks in the area represent an
early expression of extensional tectonics in an
evolving arc complex with an associated back-arc
basin. These authors interpreted the involved arc
terrane as one of the oldest in the Arabian-Nubian
Shield (ANS) with considerable growth of juvenile
crust some 840-870 Ma ago, and that collided with
the African continent some 720 Ma ago. Drury and
Berhe (1993) also identified the area W of the
Baraka Suture as a crustal segment older than the
area to the E on their remote sensing based study of
northern Eritrea.

Some reference to the geodynamic settings of
the Abu Samar sulphides in the NW, (Figure 4.1)
and the adjacent rocks, as representing an ophiolitic
sequence were first made by Abdel Rahman (1993)
based on rock assemblages and the associated
exhalative sulphide mineralisation. He identified
mafic-ultramafic rocks structurally overlain by
association of silicified barite, quartzite, ochres,
manganese ores and iron gossans all of which overly
massive volcanogenic copperiferous sulphide
deposits. The structural development of the Emasa
shear zone, just NW of the map area, has been
described by Wipfler (1994) whereby up to four
deformation events were distinguished. According
to this work the 0.5-1 km wide and about 5 km long
Abu Samar Ophiolite belt is related to the northern
Emasa Shear Zone through a rift mechanism that
preceded the collision of the Haya and Gebeit
Terranes (Figure 2.1). In both works a southeasterly
plunging slab has been assumed for the Abu Samar
Ophiolite during this accretion event.

1.3 Present Work

1.3.1 Objectives

Available geological maps covering the Derudeb
area are either too old (eg. Delany, 1956; 1 : 250
000) and need principal contextual improvements,
or too general (eg. GRAS, 1988; 1: 1 000 000) and
demand remapping with a reasonable detail. The
Derudeb area, therefore, lacks any systematic
geological map at a scale that might be used as a
base for future exploration activities. The area is
among those geologically least known in the RSH,
and it has only been broadly contained in the crustal
accretion models proposed for the Nubian sector of
the ANS in the last two decades. Furthermore, the
existing additional data pertaining to the Derudeb
map sheet such as aeromagnetic, gravity and
topographic maps, which are from different sources,
of varying scale and quality are poorly documented
and were hardly used in conjunction with each
other.

Within the framework of Special Research
Project “Geological Problems in Arid and Semi-
Arid Areas, NE Africa (SFB-69)” the Derudeb area
was selected as a pilot map sheet by the remote
sensing subproject F5/E4. The following were the
main objectives of the present study.

1. To conduct a geological study of the Derudeb
map sheet (NE 37-1) of the southern RSH, Sudan,
with the production of a geological map at the scale
of 1:250 000, by principally using remote sensing
methods and Geo-Information System (GIS)
techniques, together with limited field data. This
work was also expected to present the geological
set-up of the area in the context of the regional
geological models proposed for the surrounding
region.

2. Digital image processing of Landsat TM and
MSS data for enhancement of lithologic and
structural information, and thereby facilitating
improved visual geologic interpretation. This also
includes evaluations of some image processing
methods, with the aim of detecting gossans
associated with sulphide and gold mineralisations
(as alteration markers) in the area, using Landsat
TM data.



12 N. H. Kenea

3. To establish the effect of desert varnish on
different rock types, particularly in mapping gossan
bodies, in the context of Landsat TM data.

4. Systematic processing, visualisation and
interpretation of acromagnetic and gravity anomaly
data in order to augment the geologic understanding
of the region, and their integration with other data
(Landsat, topographic, mineralogical, geological
and GPS) pertaining to the Derudeb area in a Geo-
information System (GIS).

1.3.2 Methods of investigation

Field methods

One reconnaissance visit to the region (2 -
25.11.92), and two field trips to the study area with
a total of 21 days were conducted between
November 8 - 23.1993 and November 9 - 16.1994.
Geocoded and processed images at a scale of about
1 : 100 000 were used as base maps in addition to
topographic maps obtained from the Sudan Survey
Department at the same scale. Verifications of the
preliminary interpretation maps were conducted
during these times, and structural measurements
were also made. Furthermore, several rock samples
were collected, among which 62 were prepared for
further microscopic, spectral and/or chemical
analyses. Observation points were recorded during
field campaigns using a Global Positioning System
(GPS) receiver (Trimble-Scout).

Laboratory methods

The collected rock samples were cut for thin
sections and analysed for rock identification, micro-
structural information, and for establishing
metamorphic grades in the case of basement rocks.
Extent and type of alterations and/or weathering
were also noted.

Chemical analysis aimed for determining the
iron and manganese concentrations for the exposed
surfaces of 15 rock samples was conducted at the
Technical University of Berlin, Germany, by Dr. G.
Matheis. Details of the procedure are described in
Section 5.3. Reflectance measurements of exposed

and cut surfaces from selected rock samples in the
wavelength 0.4-2.5 jum were conducted under
laboratory conditions with an aim of establishing the
effect of desert varnish on Landsat TM data. Few
samples with desert varnish were also processed by
P. Bottcher for Scanning Electron Microscope.
Details of the analytical procedure are given in
section 5.1.

Absolute whole rock ages of seven samples
from the Cenozoic volcanic rocks were determined
using K-Ar (and partly Ar-Ar evaporation)
techniques at the University of Leeds, UK, by D. C.
Rex.  The adopted analytical procedures are
described in Rex (1994).

For the purpose of mapping the Derudeb map
sheet part of Landsat TM data covering the Odi
subscene (of about 77x62 kmz) was selected as a
test-site based on the diversity of lithologies
available in the area, in order to save computer
memory and processing time. The selected
subscene was digitally processed whereby several
enhancement techniques were applied in the context
of lithologic discrimination and structural mapping
(Section 4). The image processing procedure with
substantial results was applied to the data covering
the whole of Derudeb map area and used as a basis
for image interpretation, with additional information
also from images obtained by other enhancement
techniques. Hard copy outputs from an IRIS-3047
printer were obtained at a scale of 1 : 170 000 for
visual geologic interpretation.

During the image interpretation methods akin to
photogeological interpretation were used. Different
lithologies have been considered as a unit when
among others they are primarily characterised by a
distinctive and substantially homogeneous spectral
response, consist dominantly of one lithologic type
or combination of types, have easily recognizable
geologic boundaries, and are large enough to be
represented on the geologic map at the desired scale
of 1:250 000.

In addition to the interpreted geological map
analogue aeromagnetic, Bouguer gravity, residual
gravity and topographic data were digitized and
integrated with the other digital data to produce a
GIS database (Section 6). This was followed by
data visualisation, analysis and interpretation in a
geological context. Information from field work,
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Landsat image processing and interpretation, and
GIS database were then merged and analysed to
produce the final geological map at 1 : 250 000

scale. Figure 1.2 shows the procedure adopted for
mapping in the Derudeb area.

Image Data
Landsat TM & MSS
digital data

l

Data preparation:
Geocoding & haze correction
Image pll-ocessing:
Contrast stretching, IHS
transformation, PC analysis,
band ratioing, spatial filtering

Non-Imaging Data
Gravity, aeromagnetic

& topographic data

Field Data
GPS, mineralogical
& Structural data

Data automation &
optimisation

v

Database

Processed Hard Copy outputs
(1:170000)

Image Interpretation

Geological Interpretation Map
(1:170000)

GIS Modelling

Field checking &

GIS integrated ‘
data collection

Data Merging &

—>| GIS Analysis

3D Visualisation

Geological Map.
(1:250 000)

Figure 1.2. A flow diagram showing the procedure adopted for
preparation of the geological map of sheet Derudeb (NE 37-1) at the
scale of 1 :250 000.
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2 GEOLOGY

2.1 Regional Settings

The basement rocks of the Sudan and the adjacent
arcas can be grouped into two major domains
associated with different geodynamic environments:
the older sialic continental plate with its high grade
gneissic complexes, and the younger juvenile ANS
(Vail, 1988). The former is generally constituted by
granulite facies gneisses and is believed to be of
Archaean age (older than ca. 2500 Ma). In the
Sudan, this reworked  pre-Pan-African sequence
(Abdel Rahman, 1993) is known to occur mainly in
the southwestern  part, along the lower sections of
the Nile valley, and also in the W and NW
bordering Chad and Libya, respectively, presumably
constituting ~ the older Nile Craton (Vail, 1988).
Rocks of this group are migmatitic ortho-gneisses,
biotite-hornblende ~ gneisses, calc-silicates, —quartzite,
and are not known to occur in the RSH.

The ANS is understood to encompass the area E
of the River Nile extending over the RSH of the
Sudan and Eastern Desert of Egypt up to western
Saudi Arabia (Kroner et al, 1987; Vail, 1988),
although the recent work of Schandelmeier et al.
(1993) is not insignificant to raise doubts as to its
western limits. It has been identified as part of the
Pan-African crustal accretion episodes of generally
Neoproterozoic age; ca. 1100-500 Ma (eg. Gass,
1981). Lithologically the ANS is constituted by
crystalline  calc-alkaline  volcano-sedimentary
sequences of rocks, calc-alkaline granitoids and

migmatites, and mafic-ultramafic ~ complexes (Drury
and Berhe, 1993) mantled by a thick sequence of
undeformed Phanerozoic cover in NE Sudan,

western Saudi Arabia and the Eastern Desert of
Egypt (Vail, 1988). Prominent shear zones and
major transcurrent fault systems with varying
orientations (eg. Abdelsalam and Stem, 1993) in
addition to dikes of both acidic and basic
composition ranging in age from Precambrian to
Tertiary (eg. Vail, 1985, 1988) are known to occur
in this region.

Stratigraphically, — between these two major domains,
rocks of Lower-Middle Proterozoic age (ca. 2500-
1000 Ma) are thought to widely occur in the Sudan
(see Vail, 1988). In the RSH they comprise acidic
gneisses, hornblende schists, micaceous psammites
and marbles usually in the amphibolite facies of
regional metamorphism (Vail, 1988). Although
doubts about the latter group of rocks, particularly
in reference to the RSH, still exist (eg. Kroner ef al,
1987) some recent investigations, supported by
geochronological and  isotropic
however, suggest the involvement of components
from older crust in parts of the Eastern Desert
(Sultan et al, 1990) and the RSH (Kroner et al.,
1991). Drury and Berhe (1993) also put forth a
similar interpretation  for part of northern Eritrea
mainly based on interpretation of images from
Landsat and Large Format Camera.
Based on the notion that dismembered

constraints,

ophiolitic
sequences and associated shear zones represent
discrete  sutures (eg. Berhe, 1990) Vail (1985)
subdivided the ANS into different tectonic terranes.
Kroner et al. (1987) further promoted this approach
and defined five distinct terranes in the southern
part of Eastern Desert and the RSH. From S to N
they are known as Tokar, Haya, Gebeit, Gabgaba
and Gerf Terranes (Figure 2.1). Lithologic
similarities corroborated by geochemical and
geochronological data have also encouraged broad
correlations  across the Red Sea (eg. Kroner et al,
1987, 1991; Camp, 1984). Accordingly, the Haya
Terrane has been correlated with the Asir Terrane,
and the Gebeit Terrane has been interpreted to be an
extension of Hijaz Terrane of Arabia (Stem et al,
1990; Kroner et al, 1987,1991). Figure 2.1 shows
the different terranes of the ANS and the respective
sutures.

On the basis of the already available data,
Shackleton (1994) attempted  to bracket ages of the
various magmatic activities in parts of the Nubian
Shield. According to this work ophiolites of the
Nakasib Suture range between 870-839 Ma, the
lower age limit demarcating the obduction age of
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the ophiolites. The associated arc magmatism,
represented by calc-alkaline metavolcanics and
tonalite-granodiorite intrusives, ranges between ca.
880-700 Ma. In parts of the Haya Terrane syn-
orogenic plutons and metavolcanics of 870-830 Ma
old have been reported by Kroner et al. (1991).
Post-orogenic plutons in these areas are believed to
be about 720-550 Ma old (Shackleton, 1994).

One of the proposed tectonic models for the
Nubian Shield in particular assumes progressive
accretion of intra-oceanic island arc and back-arc
basin complexes onto hinterlands along ophiolite-
decorated sutures (eg. Embleton et al., 1983; Kroner
et al, 1987). Other workers have ascribed the
evolution to a rather repeated rifting and closure of
an older crust that had intermittently developed into
oceanic basins (eg. Stem et al, 1991; Abdel
Rahman, 1993). In the latter case the different
ophiolites in the region possibly denote the old rift-
related structures. A Wilson Cycle model between
these end-member models was also proposed by
Abdelsalam and Stem (1993). In all cases it is
generally agreed that the accretion tectonics of the
RSH progressed from S to N (Shackleton, 1994),
younging from Tokar Terrane through Haya, Gebeit
and Gabgaba terranes to Gerf Terrane, in the same
direction.

The major rock associations in the Nubian
sector of the ANS may be grouped into four: the
older gneissic complex, arc assemblages, ophiolitic
suites and granitoid intrusives (eg. Vail, 1985;
Kroner et al, 1987). The most commonly adopted
name for the group of high grade rocks in the RSH
is the “Kashebib Series” (Gabert et al., 1960). It has
been described as consisting of supracrustal
metasedimentary  gneisses and migmatites
regionally metamorphosed under amphibolite facies
conditions (Vail, 1988; Hassan, 1991). The
primarily metasedimentary rocks in the
northwestern part of the Derudeb map area, also
known as “Toilik Series”, are considered to be
correlative with this sequence of rocks, and all of
them are generally thought to be of Lower-Middle
Proterozoic age (Vail, 1988). The Kashebib Series
is known to structurally occupy a lower position in
the stratigraphic sequence of the RSH (Abdel
Rahman, 1993).

The calc-alkaline volcanics and volcanoclastic arc
assemblages, also known as "Nafirdeib Series"
(Gabert et al., 1960) or “Greenschist Assemblages”
(Vail, 1988) in the Sudan, are widely distributed
over the RSH. These rocks appear generally less
deformed and metamorphosed than the Kashebib
Series and are, therefore, considered to be younger
(Kroner et al., 1987). In the Derudeb area a similar
rock association has been termed as “Odi Schists”
by Delany (1956). Embelton et al. (1983) suggested
a lateral transition between these greenschist rocks
and the high grade metasediments, but implied each
to constitute a distinct crustal entity.

Ophiolitic sequences of rocks in the RSH are
often thought to represent boundaries between old
discrete crustal segments (Berhe, 1990). They are
interpreted as younger rock associations that were
deformed during the different accretion tectonics
(eg. Kroner et al, 1987). One such belt is the
Amur-Nakasib Suture (Figure 2.1) that is believed
to demarcate the boundary between the Gebeit
Terrane (830-700 Ma) in the N and the Haya
Terrane (900-800 Ma) in the S (Abdelsalam and
Stem, 1993). Almond et al. (1989) suggested an
age older than 720 Ma for the same suture, in
agreement with the time of accretion in the ANS
(Abdelsalam and Stem, 1993). Recent work by
Abdel Rahman (1993) suggests that the rock
association in the area of Abu Samar valley in the
NNW part of the map area (Enclosure) also
represents an ophiolitic sequence with SE
subduction. Wipfler (1994) extended this idea and
related the Abu Samar ophiolite with a thrust zone
along the nearby Himasa Shear Zone to the N.

Large masses of gabbroic to granitic plutons, to
which the term Batholithic Granites has been
applied, are widespread in the RSH (Vail, 1988).
Klemenic and Poole (1988) identified two phases of
granitoid plutonism in the RSH: an early
diorite/granodiorite phase 815-724 Ma ago, and a
younger granitic phase of 717-515 Ma old.
Furthermore, they ascribed these two granitoid
groups to subduction-related emplacements along
continental margins and fractionates associated with
volcanic arcs, respectively. In the area SW of
Nakasib Suture, Kiister (1993) has related gabbro-
diorite-tonalite associations with the beginning of a
convergent plate margin tectonics earlier than 809
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Ma ago, and the intracontinental magmas of about
525 Ma old with the end phase of subduction
related magmatism in intra-oceanic island arc
terrane.  Kroner et al (1991) obtained an
emplacement age of ca. 650 Ma for post-orogenic
granites S of Tokar (E of the map area). These are
in good agreement with the time range of 720-550
Ma given by Shackleton (1994) for post-orogenic
magmatism in the region. Anorogenic plutons of
syenitic composition and dikes of bimodal
character, thought to be unrelated to the
Proterozoic evolution of the Nubian Shield, post-
date all these rock types (eg. Vail, 1988).

Generally, sedimentary rocks of Ordovician to
Quaternary age, and other post-Pan-African
sequence of rocks, are widely exposed in the
Sudan (Vail, 1988). On the other hand such rocks
are rare inthe RSH. Sedimentary rocks of mainly
Jurassic to Cretaceous age (GRAS, 1988), known
as Nubian Supergroup (Vail, 1988), whilst
widespread in northern and central Sudan, are
known to occur in a couple of localities in this
region.  According to Semtner (1993) the
sediments in Jebel Dirurba area, NW of Port
Sudan, are of Ordovician age for they contain
Cruziana. She also recognised minor Mesozoic
strata, and ascribed the whole sequence to an old
large basin that originally extended over northern
Africa and central Arabia. Tectonic movements
that produced graben structures are responsible for
their preservation in the Dirurba area (Semtner,
1993). The sedimentary rocks unconformably
resting over the basement rocks of the Derudeb
area are believed to be part of the Nubian
Supergroup (Hassan, 1991).

Volcanism has been active in the Sudan during
the Cenozoic invariably in the form of intraplate
magmatism although most such centres presently
exhibit dormant character (Vail, 1988). The
opening of the Red Sea, as part of the East African
Rift System, appears to be the major event in the
NE Sudan, and the Afar rift to the south, that is
linked to this event. In adjacent areas like Eastern
Egypt, Yemen, Saudi Arabia and Ethiopia similar
volcanic activities, mainly of Tertiary age, are

also well known and have been ascribed to a large
mantle plume that extended for about 2000 km
(eg. Almond, 1986; Menzies et al., 1992). The
volcanic rocks of the Dirurba area, close to Sasa
Plain NW of Port Sudan, though less studied, are
thought to be associated with pre-Red Sea uplift/
doming and rift structures (Semtner, 1993). In
addition, a sequence of volcanic rocks known to
occur in the Derudeb area of the southern RSH
have also been interpreted to represent a similar
rift-related phenomenon (Hassan, 1991). On
either sides of the Baraka Suture/ Lineament to
the E, comparable sequences of rocks have been
identified and related to the same Cenozoic
volcanism (GRAS, 1988).

2.2 The Derudeb Area

According to the terrane classification proposed by
Kroner et al. (1987) the Derudeb area forms part
of the Haya Terrane, bounded to the N by the NE
trending Amur-Nakasib Suture and to the SE by
the submeridionally striking Baraka Suture/
Lineament (Figure 2.1). It is closely delimited by
the less known Abu Samar Ophiolite (Abdel
Rahman, 1993) and the Himasa Shear Zone
(Wipfler, 1994) to the NNW.

In the following sections the major lithologic
units are discussed following a lithostratigraphic
sequence established by considerations of the
regional and local geological settings. Structural
developments in the area are then dealt with
separately adopting the same approach. Table 2.1
gives the established lithostratigraphy of the rocks
mapped in Derudeb area, including possible
regionally correlative/known names. Descriptions
given below refer to the geological map of
Derudeb, where major locality names are also
indicated (Enclosure). The prefixes Jibal (J.) and
Khor (K.) that are locally used to imply mountain
or mountain chain and drainage channel or valley,
respectively, have been adopted accordingly.
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2.2.1 Stratified basement rocks

High-grade metamorphic rocks

High-grade = metamorphic rocks found in the area
are mainly quartzofeldspathic and graphitic
gneisses, migmatites, amphibolites, quartzites,
marble, in addition to minor gametiferous
micaschists and other psammitic schists. They are
extensively exposed S of the Adadi Thrust and
Transpressional Shear Zone (ATTSZ) in the
eastern and southeastern parts of the map area, and
partly being covered by the Cenozoic volcanics in
the central S. To the E they appear to be bounded
by the Baraka lineament, whereas towards the SW
their limit is less obvious. A correlative
association of rocks known also as "Toilik Series"
is exposed NE of the Tihilla ridge in the NW (also
Kroner et al, 1987). All the above rocks
invariably occupy a subdued topography, attained
more likely through matured morphology, with the
exception of those exposed over the later uplifted
Jibal Adar Ribad in the NE. These high-grade
rocks are all thought to represent the oldest rocks
in the area and thus correlative to those known as
"Kashebib Series" (Gabert et al, 1960) in the rest
of the RSH. The rocks were generally
metamorphosed under mid-amphibolite facies
conditions (see also Vail, 1988).

The amphibolite is chiefly constituted by
hornblende crystals, with major retrogressive
overprints of epidote, and some feldspar and
micas. Growth of muscovite and iron oxides at the
expense of hornblende and further chloritization of
muscovite during the retrograde phase have also
been noted. The mineralsare often elongated and
well aligned parallel to the main foliation. At
outcrop scale they may display a segregation of
feldspars to define a gneissic texture. In few
instances (W of J. Qawayateb and E of J. Arqawi)
amphibolite bands have been observed as circular
structures close to shallow syn- to late-orogenic
intrusives. The latter are well distinct on the
processed satellite imageries (Section 4.3.1).

In thin-section, the graphitic gneiss contains
potash feldspar, quartz and relicts of muscovite in
addition to the dominant graphite. In one case
rounded titanite has been observed in this unit,

possibly indicating the high grade of
metamorphism  witnessed by the rock. In addition
to the well developed gneissic texture the rock
exhibits effects of strong migmatization, indicating
significant liquid movement under high
temperature conditions.

Quartzitic bands observed in association with
these rocks often form rounded hills. The bands
are frequently fractured and folded. In the
southern part of the area they display a brownish
colour in hand specimens due to ferruginization; a
feature that makes them easily recognizable on the
processed images (Section 4.3). The marble layers
associated  with the quartzofeldspathic gneiss and
the amphibolite are more frequently whitish, poor
in iron, and sugary in texture. Close to J.
Qawayateb in the E, they occur in association with
minor bands of unmapped pyroxenite.

This sequence  of graphitic schist/gneiss,
marble, intercalated  quartzite, amphibolite and
guartzo-feldspathic  gneiss 1is interpreted to
probably define an association of originally deep-
sea  sediments deposited in a reducing
environment, followed by shelfsediments towards
the SE. This association  possibly represents a
previously NE-SW extending passive continental
margin, as also shown by the high percentage of
cement quartz in the marble, whereby the
presently amphibolites were extruded as intra-
continental volcanics. This interpretation is
comparable to that suggested by Kroner et al.
(1987) for a similar association in the Sasa Plain
(S of Gebeit) and S of Wadi Amur.

Metavolcano-sedimentary  rocks

This bulk name refers to the greenschist facies (in
few cases up to amphibolite facies) rocks that
often define a rugged topography in the map area.
The rocks are widely exposed in the western,

central and northern parts of the study area. The
major rock types constituting the metavolcanic
sequence are meta-andesite, metatuff, metarhyolite

and various schists (see also Hassan, 1991; El
Labib, 1991) with very limited basic components.
The metasediments are mainly graphitic schists,
marble, meta-conglomerate, mica schists, minor
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metamorphosed siltstone and mudstone. Rocks
belonging to this group are thought to be
correlative to those known as "Nafirdeib Series"
(Gabert et al, 1960) in the rest of the RSH or
called as "Odi Schist" by Delany (1956) in the
map area (Table 2.1). These rocks have broadly
been identified as volcanic arc/back arc
assemblages in most parts of the RSH (eg. Kroner
et al., 1987, 1991; Abdelsalam and Stem, 1993).

A two-fold subdivision of this sequence was
identified in the Derudeb area: rocks which exhibit
some evidence of amphibolite facies metamorphic
conditions, and rocks generally ascribed to

greenschist facies. The former are exposed around
the ATTSZ and in a close spatial association with
large plutonic bodies. In these cases the high
metamorphic grade has been related to either
intense shearing and/or contact metamorphic
imprints induced by large granitoids (see also
Kroner et al, 1991). On the processed images
these rocks display a spectral signature well
comparable to the high-grade rocks, possibly due
to the presence of iron-bearing minerals (see
Section 4.3, 4.4). The greenschist assemblages
occur extensively exposed N of this shear zone.

Table 2.1. Lithostratigraphy of the rock units in the Derudeb area in relation to known nomenclatures and age limits

obtained

for correlative units in parts of the RSH, Sudan.

Red Sea Hills

Derudeb Area

Lithology

Remark

Recent Sediments

Quaternary Deposits

Wadi deposits, unconsolidated sediments

Tertiary Volcanics
(GRAS, 1988)

Odi Volcanics &
Adar Ribad Volcanics

Quartz porphyry
Rhyolite
Dacite
Basalt

Red Sea rift-related volcanics
(ca.31-22 Ma, this work)

Nubian Supergroup
(Vail, 1988)
Dirurba Formation
(Semtner, 1993)

Odi sedimentary rocks

Sandstone, Siltstone,
Mudstone, limestone and Conglomerate

Fluvial and marine sediments
(Early Paleozoic (Semtner, 1993)
- Cretaceous (Vail, 1988))

Granitoids

Post-orogenic Granitoids

Granite, Gabbroids

Within-plate magmatism (ca.
720- 550 Ma: Shackleton, 1994)

Syn-late-orogenic
Granitoids

Syn-orogenic Granitoids

Metagranite, Metagabbro,
Talc Schist, Serpentinite, Metagranodiorite,
Metaharzburgite, Metapyroxenite, Talc
Schist

Metagranite, Metagranodiorite

Volcanic arc, Syn-collisional
intrusives (ca. 815-724 Ma;
Klemenic and Poole, 1988)

Nafirdeib Series
(Gabert et al., 1960)

Metavolcano-

Metasediments (metapelites, marble,
graphite schist , metaconglomerate)

Pan-African metavocano-
sedimentary sequence (ca. 800-

/Odi Schist sedimentary 900 Ma arc/back-arc assemblages;
(Delany, 1956) Sequence Intermediate - acidic volcanics eg. Abdelsalam and Stern, 1993)
(metarhyolite, meta-andesite, metatuff,
various schists), minor metabasalt
Kashebib Series Gneisses (amphibolite, quartzite, Presumably Pre-Pan-African
(Gabert et. al., 1960) High-grade quartzofeldspathic gneiss, marble, crustal segment (ca. 2500-1000
/Toilik Series Metamorphic graphite gneiss) Ma; Vail, 1988)

(cf. Vail, 1988)

Rocks (Gneisses)
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The metarhyolites
grained and foliated rocks mainly composed of
quartz, plagioclase, and orthoclase =~ with biotite as
the only mafic mineral. The meta-andesite  often
texture represented by
in small amounts

are generally fine to medium

exhibits a porphyroblastic
plagioclase. Biotite is present
mostly being altered to chlorite, and iron-oxides

make up the major part of the accessory minerals.
in the NW, and it is
in a fine

The metatuff is well exposed
characterised by plagioclase porphyroblasts
grained groundmass  of microcline, biotite, chlorite
and epidote. Iron-oxides and zircon are the
accessories.  Amphibole is the main constituent in
the chlorite-amphibole schists, where epidote and
chlorite, at the expense of amphibole, are also
abundant in retrograded varieties. El Labib (1991)
ascribed the geochemical characteristics  of these
metavolcanic rocks to arc magmatism that may
extend to within-plate environment.

The graphitic  schists are similar to those
occurring in the high-grade rocks, but lack
migmatisation effects and gneissic texture.  The
metapelites generally contain  quartz, chlorite,
muscovite,  biotite and  porphyroblasts  of
plagioclase. ~ Calcite and sericite may be present in
some varieties, with some iron-oxides, zircon and
Garnet-rich ~ schists are also
not uncommon nearby the chlorite-amphibole
schists. The marble associated with these rocks is
often banded, being distinct from those varieties
associated with the high-grade rocks even on the
processed images (Figure 4.1). Pyritisation appears
to be a common feature in most of these rocks. The

Zoisite as accessories.

mudstone and siltstone derived schists dominantly
and epidote, with minor
Occurrence
conglomerates  containing pebbles from most of the
above rocks has been reported by El Labib (1991).
These metasediments are thought to occupy the core
of a large synformal structure in central Derudeb
overlying the dominantly acidic metavolcanics (also
El Labib, 1991). '
The stratigraphic
volcanic and metasedimentary rocks has been
difficult to establish mainly due to the repeated
folding (Section 2.2.4) and frequent intercalations of
the different rocks. Although the possibility of
lateral transition can not be excluded (Embleton et

contain quartz, sericite,

biotite and graphite. of meta-

relationship  between the meta-

al., 1983), good examples of tectonic contact
between these two groups of rocks exist in Derudeb

area (Section 2.3).

2.2.2 Intrusive rocks

Plutonic rocks in the area include granites,
granodiorites/diorites, gabbros, and ultramafic
rocks.  These rocks are believed to have been
emplaced in different times in the tectono-magmatic
history of the basement rocks in the area. They
have accordingly been termed as syn-, syn- to late-,
and post-orogenic  granitoids.

Syn-orogenic granitoids

In the Derudeb area intrusives belonging to the syn-
orogenic group are granitic bodies exposed in the
SW close to the ATTSZ, inthe N'W associated with
a similar ductile shear zone, and in the eastern part
within the gneissic rocks. In the former case their
emplacement appears to have been dictated by the
shear and thrust zone. In all occurrences, except in
small elliptical bodies

characteristically

the latter case where
predominate, the rocks are
elongated with the major axis trending NW-SE to E-
W following older regional structures; a feature also
revealed by aeromagnetic anomaly data (Section
6.5.1).

The rocks are generally deformed, often deeply
weathered, and are thought to be associated with the
D,/D3deformation events (Section 2.2.5) in the area.
Their distinction from the syn- to late-orogenic
granites is rather difficult  but cross-cutting
relationships  observed on processed Landsat images
provide substantial clues(see below). According to
El Labib (1991) syn- and early- to late-orogenic
granitoids in the northern Derudeb area are related
to volcanic arc and syn-collisional emplacements.

Syn- to late-orogenic granitoids
Metagabbros,

and metagranites
belonging to the syn- to late-orogenic

metagranodiorites, meta-ultramafics
constitute the major  rocks
granitoids  that
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comprise a significant proportion of the map area.
They occur in different parts of the study area in
various associations and magnitude, but they happen
to be relatively widespread in the area W of the
Adit-Langeb Lineament, with a preferred alignment
along this structure (Section 2.2.4). Most of these
rocks look partly fresh and massive, and they
frequently display sharp to diffuse contacts with the
country rocks.

Metapyroxenite, metaharzburgite, serpentinite
and serpentine-talc schists are the different types of
meta-ultramafic rocks observed in the study area. In
the NW the first two occur as discontinuous lenses
close to a thrust fault having a southward dip. Few
stretching lineations measured along this plane gave
a dip of 55° towards S, possibly as an effect of later
deformations.  The rocks invariably form elongated
ridges, and are often deformed, although some
massive varieties are also not uncommon. In thin-
sections the pyroxenite and harzburgite show partial
alteration of large pyroxene and olivine crystals to
serpentine. Epidotization effects were also observed

in few cases. Serpentinised talc schists are well

exposed in the SW along the western extension of
the ATTSZ. Inthisarea the ultramafics are strongly
sheared, with well developed penetrative  shear

foliation, and occur as dismembered bodies of some
hundreds of metres wide; for which reason they
have been considered as tectonized lenses. They
with marble, gabbroic rocks
.showing a layered structure, and amphibolites and

occur in association

chlorite-schists ~ thought to represent metamorphosed
basaltic lava. In the vicinity of J. Sanay in the SW
presently unmapped minor occurrences of
metapyroxenite ~ and serpentinite have as well been
observed in association ~ with the gabbroic rocks.
The metagranites are well exposed along the
prominent Adit-Langeb Lineament in the central
Derudeb. They frequently
kilometres in diameter, being often semi-elliptical in
shape and forming a relatively subdued topography
partly covered by sand and Quaternary sediments as
an effect of deep weathering and erosion. At

measure over tens of

outcrop scale the metagranites show dense fracture
systems. In this area they host several granitic
younger dikes of latitudinal trend. The metagranites
range from leucocratic to pinkish varieties and may
look grey when the mafic constituent becomes

significant. ~ In thin-sections
coarse to medium grained with biotite as the major
mafic mineral. A few quartz crystals with undulése
extinction are interpreted to suggest deformation
effects. In the SW a good example of the
emplacement relationship between the syn- and syn-

they are equigranular,

to late-orogenic
syn- to late-orogenic granite with elliptical shape

granitoids occurs where a younger

appears to have pushed aside the older elongated
granite and the regional foliation (Figure 4.1).

The granitic body forming the Arqawi ridge in
the NE is thought to belong to this group, despite
the lack of evidence for deformation in the field,
since it appears to have witnessed ductile shearings
that affected the area. In this occurrence brownish
colour that gets diffused away from the contact, as
seen on the enhanced TM images (Section 4.3,
Figure 4.1), is well displayed by the country rocks.
This observation may be interpreted as an effect of
heating from the pluton, whose distribution has been
facilitated by the intense and cross-cutting fracture
systems that probably favoured fluid movements in
the area. This unit is also characterised by large
negative Bouguer and residual gravity anomaly
values (Section 6.5.2).

Metagranodiorites are limited to  the
northwestern part of the area, mainly W of the Adit-
Langeb Lineament. The main body has an elliptical
shape, with the long axis striking nearly E-W, and
extending over tens of kilometres. Megascopically
it is massive and coarse grained, with foliated
texture observed in thin-sections. Hornblende
appears to be the major mafic mineral, in addition to
minor muscovite and biotite that at places become
significant and gives it a grey appearance, Wwhere
otherwise a granitic composition predominates.  The
unit has been intensively dissected by latitudinally
trending younger dikes of mainly granitic
composition and contains lenses of metapyroxenite
presumedto be older. The meta-granodiorites  in the
Derudeb area may be roughly correlated to the early
granitoids of 815-724 Ma (Klemenic and Poole,
1988) that have been ascribed to mantle-origin
plutons emplaced above a  Neoproterozoic
subduction zone. The above described rock unit is
not easily to be recognised from the Landsat images,
but it is well distinct by its very low negative
Bouguer and residual anomaly values (Section 6.5).
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Metagabbros occur in the southwestern, southern,
central and northern parts of the Derudeb area.
Megascopically they are massive to poorly foliated,
medium to coarse grained dark-grey rocks. One
occurrence, N of the ATTSZ in the SW, is
remarkable not only for its long extension over the
NE-SW trending ridges but also for its association
with unmapped marble, meta-ultramafics, and
amphibolites probably representing metabasalts.
Furthermore, the gabbroic rocks display a textural
and compositional variation from medium grained
(with  finer varieties occurring at places)
equigranular and massive looking ones to
porphyritic types enriched by elongated plagioclase
crystals that give the rock a leucocratic appearance
and cumulate texture; a feature indicating a layered
structure. In the rest of the map area the gabbroic
rocks are often spatially associated with syn- to late-
orogenic granites; a case described as ring complex
by El Labib (1991). In most cases pyroxene (both
ortho- and clinopyroxene) has been altered to
amphibole and iron-oxides. In some samples
olivine occurs as inclusions in plagioclase crystals,
whereas in others the mafic components are lesser,
giving it a dioritic composition. Most of these rocks
are typified by a relatively higher negative Bouguer
anomaly (Section 6.5.2).

On the processed image (Figure 4.1) a gabbroic
body apparently surrounded by a granitic pluton is
clearly displayed in the SE (E of J. Qawayateb) by
the compositional contrast. This feature has been
considered as a ring-structure, and it is presumed to
be of late-orogenic emplacement for its much
subdued topography unlike that of the younger post-
orogenic intrusives described below.

Post-orogenic granitoids

The intrusive bodies included in the group of post-
orogenic granitoids are by and large massive and
circular in shape, with often sharp and steep
contacts discordant to the country rocks and older
tectonic boundaries. The granitoids are consistently
massive except along the margins, coarse grained,
with fine grained texture exhibited by those in dike
forms because of faster cooling. EI Labib (1991)
related the geochemistry of late post-orogenic

granites of the Derudeb area to an exclusively
intraplate magmatism, possibly subduction-related.

The major occurrence of such rocks in the study
area is the Tihilla ridge in the NW where a gabbro-
norite body is rimmed by a younger granite.
Granitic dikes of E-W strike and the regional
foliation appear to be cut by these plutons. Ahmed
(1977) described the Tihilla granitoids as shallow
level intrusions that have likely evolved through
magmatic differentiation and display a distinct
structure. The gabbroic body yielded a K-Ar whole
rock age of about 636 Ma whereas the granite from
the same complex was dated at a maximum age of
597 Ma (Vail, 1988) by the same method. The
Tihilla ring complex also displays a unique pattern
of Bouguer and residual gravity anomalies, whereby
the central gabbroic rock and the surrounding
granite are characterised by relative low, and large
negative  anomaly patterns, respectively.
Compositionally these rocks are comparable to their
older equivalents.

The Jebel lyub ridge, NE of Tihilla, is one such
post-orogenic granite that has been partly explored
by the GRAS-BRGM geologists for its tungsten/
wolframite mineralisation. The rock is leucocratic,
massive and medium to coarse grained in texture.
Recent chemical analyses of samples from this unit
showed anomalous W, Rb and F concentrations (G.
Matheis, pers. comm.). The emplacement of these
post-orogenic plutons is thought to be related to
crustal relaxation which accompanied basement
uplifting that followed the cessation of the accretion
tectonics.

Ophiolitic rocks

The association of mafic-ultramafic rocks that are
structurally overlain by an assemblage of silicified
barite, quartzite, manganese ores and iron gossans
all of which are wunderlain by the massive
volcanogenic copperiferous sulphide deposit in the
Abu Samar area (in the N) has encouraged Abdel
Rahman (1993) to identify it as an ophiolite
sequence. In this area the mafic-ultramafic
assemblage consists of very coarse grained
pyroxenite and hornblendite that grades into layered
gabbro up the section, massive basalt and doleritic
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dikes of a couple of metres thickness (Abdel
Rahman, 1993). Most of the mafic-ultramafic rocks
show slight effects of deformation, with the
exception to bands of talc-schists that are possibly

mantle derivatives. The ophiolite and sulphide
association has been ascribed to a paleo-destructive
plate margin (Abdel Rahman, 1993). Results from
some chemical analysis of the amphibolites from
Abu Samar area by Wipfler (1994) seem to indicate
oceanic basalt.

As it has been described earlier, an association
of strongly deformed ultramafics, mainly pyroxenite
and talc schist, have been observed along the
western extension of the ATTSZ (see Enclosure).
In this area these rocks occur in association with
fairly thick marble layers and gabbros that grade
from very coarse grained ones with large elongated
plagioclase crystals to medium grained massive
looking varieties. The latter display a layered
structure. In one locality N of the Odi depression a
thin serpentine band has been observed, and SE of J.
Arqgawi (in the NE) deformed pyroxenite has also
been noted in a couple of places, depicting the
continuation of these rocks along the shear zone.

The observed rock association  close to the
ATTSZ and preliminary structural interpretation  are
fairly encouraging to assume a possible ophiolitic
sequence. However, limited encounters of
equivalents of basic volcanics, absence of sheeted
dikes parallel to the shear zone etc. in addition to the
lack of chemical analysis make this interpretation
very tentative, at least at the present stage, and
requires more investigations.

Dikes

In addition to the rocks described above there are
dikes of both basic and acidic composition that
occur in the basement rocks and are believed to be
related to the Pan-African events in the region (see
also Vail, 1993). One such occurrence is in the
NW, E of Tihilla granite, where there are principally
granitic, and minor dioritic, dikes that chiefly trend
E-W for tens of kilometres and whose eastward

continuation seems to have been terminated by the
Adit-Langeb Lineament (Section 2.2.4).
Aeromagnetic anomaly data also indicate a steep dip

(Section 6.5.1) inthisarea. The dikesform swarms
of few kilometres wide and are interpreted to
represent the fracture zones that contributed to the
emplacement of the younger Tihilla granite to the
W, as they appear to be truncated by the latter.

They were possibly emplaced after the D,/D; NW-
SE oriented compression has been released (Section
2.24), and they precede the intrusion of the post-
orogenic ~ Tihilla granite corollary to crustal

relaxation. An absolute age dating of a similar
granitic dike just NW of the Derudeb area gave an
age of 633 Ma by the K-Ar technique (Vail, 1993).

Most of the above describe units are upper crustal
rocks and may imply less development of mountain
range, or limited denudation levels since Pan-
African, or combination of both.

The second set of dikes strike NW-SE and occur
mainly inthe S and SE. Asseen on Landsat images,
in the area SW of Hamashkoreb village they form a
swarm of about 1.5 km wide and extend for over 6
km. Here also the dikes are dominantly granitic.
The abundance of these dikes in the region is
attributed to the widespread extensional tectonics
following the regional compression and plate
collisions during the Pan-African orogenesis (see
also Vail, 1993).

Less prominent dikes with a submeridional  trend
also occur in the SW. They are often basic, less
commonly granitic, and have been intruded into the
metavolcano-sedimentary sequence of rocks. Vail
(1993) described the N-S trending dikes in NE
Sudan to be alkali in composition and correlates
them with chemically similar rocks of 140-130 Ma
old.

2.2.3 Phanerozoic cover rocks

Phanerozoic cover rocks in the area are mainly
sedimentary rocks along the Odi-Langeb extension

that are dominantly sandstones, and basic to acidic
volcanic rocks, of which the latter make the major
part. Lithologically the volcanic rocks are mainly
basalt, rhyolite, dacite, quartz porphyry and minor
tuff. They occur as two major and one minor
exposures in the Derudeb area. In the central S
(called herein “Odi volcanics”), where these rocks
are most abundant, they define a N-S elongated
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structure  that is upto 28 km across, in its central
part, and approximately 100 km long, extending
further S out of the study area. The second
exposure is in the northeastern comer of the map
area on the western half of the uplifted mountain
range of Adar Ribad (hereafter named Adar Ribad
volcanics) whereas  the third and the least
significant  occurrence  is between the above two
areas close to Khor Windi (Enclosure).

The Odi sedimentary rocks

The major rock types comprising the Odi sediments

are sandstone,  conglomerate and mudstone, in
addition to limestone and marl beds reported by
Delany (1956) and Hassan (1991). The sedimentary

rocks occur mainly in the central S, along the Odi
valley, after which they have been named, and also
along the courses of K. Langeb and its tributaries to
above the
that grades

the N. They generally lie unconformably
basement rocks. A basal conglomerate
upwards to sandstone frequently marks the lower
part of the sedimentary  sequence, although in one
case (E of Hamashkoreb settlement) a paleo-soil of
about 1.5 m thick has been observed between these
sediments and the gneissic rocks. In many
occurrences  the angular unconformity has variable
dips possibly indicating an uneven old topography.
The sedimentary rocks exhibit variable dips; in the
northern part they are subhorizontal whereas in the
S they dip at 15-30° centrally towards the Odi
depression. Their total thickness appears to be
variable in response to weathering and the old
morphology,  ranging from few to some tens of
metres with a general increase southwards (ca. 150
m at most). The top part of the sedimentary  rocks
are presently exposed at an elevation of about 480
m. This increase in thickness has been ascribed to
variations either in the original depositional basin or
in the extent and mode of uplift after deposition that
prevailed in the area. )

The sandstone is often poorly sorted, medium to
coarse grained and brownish to whitish in colour. It
mainly contains monocrystalline  quartz and feldspar
crystals with poor sphericity set in a cement
comprised of iron-oxide, quartz and clay minerals.

Primary sedimentary  structures like cross-bedding

and graded-bedding are well displayed and
younging directions  appear frequently up-right.
Hassan (1991) classified the Odi sandstone as
dominantly subarkose, with minor exposures
showing arkosic and quartz-arenitic compositions.
The basal conglomerate consists of poorly rounded
quartz pebbles and clasts of the basement schists
ranging from 5 mm up to 30 cm in diameter. The
grain size generally gets coarser up the sections.
The mudstone
and light coloured rocks that occur in beds of 1-3 m
thick each.

According to Hassan (1991) the Odi
sedimentary rocks generally form part of the Nubian
Supergroup (Vail, 1988) known in the rest of the
Sudan and represent a continental lacustrine
environment. A generally Cretaceous age has been
suggested  for the Nubian sediments and those
occurring inthe Sasa graben, about 150 km NNW of
Port Sudan (Almond, 1986). Later studies by
Semtner (1993), however, ascribed the latter to a
Lower Paleozoic age based on index fossils.

The various sedimentary rocks are also known
to occur as intraformational layers, of often few
metres  thickness and partly containing rounded
volcanic fragments, within the volcanic stratigraphy
in parts of the Derudeb area. This observation
indicates ~ that the sedimentation
intermittently  interrupted by subaqueous volcanism
and was finally dominated by rift-related subaerial
volcanicity. The contact between the sedimentary
rocks and the overlying younger volcanic sequence
described  below, is thus conformable.

and siltstone are very fine grained

process was

The Odi volcanics

The Odi volcanic occurrence  has been relatively
more studied (eg. Delany, 1956; Hassan, 1991) not
only for its well preserved succession  of the
different rocks but also for its relative accessibility
permitted by its moderate topography and proximity
to the main road. The type locality where the
complete sequence of these rocks has been observed
is on the sides of Jabal Oman, around the Khor Odi-
Langeb confluence (Enclosure). Here a succession
of interlayered basalt and tuff horizons lie

conformably over each other, to be topped by



26 N. H. Kenea

rhyolite and agglomerate, with a thickness totalling
about 150 m. In this area the rocks dip 20-40°
centrally towards the Odi depression. The observed
stratigraphy has been summarised in Figure 2.2.

Basalt is the most widespread volcanic rock in
this area, and up to 10 uninterrupted layers of
variable thickness assumed to represent different
flows were observed. Generally, the basalt is fine
grained and massive, although amygdaloidal
varieties are not uncommon, the latter being
attributed to a possibly water-bearing environment
during extrusion. The amygdules, and plagioclase
phenocrysts, often increase in size and abundance
up the layers. Mineralogically the basalts contain
plagioclase (labradorite), olivine, augite and iron-
oxides (magnetite), with the former two as
phenocrysts in porphyritic varieties. Occurrence of
olivine both as phenocrysts and groundmass is
interpreted to indicate an under-saturated alkali
melt. Flow folding has as well been noted at
outcrop scale in a few instances. Spheroidal
weathering is very common and iron oxidation
effects give the rock a brownish colour on capping
layers.

Rock sequencg e

Description
thickness

S 12m Breceia ofacidic lava (rhyolite)

-45m Fine to medium grained, light colored rhyolite

- 55m Fine grained olivine basalt (upper)

- 13 m Tuffaceous band. at places brecciated

. 35m Middle basalt, at places amygdaloidal

- 10m MiddleTuff and other pyroclastics

-6m Dacite

-20m Basalt, at places vesicular

-15 m Lower tuff

Lower basalt with intraformational
-55m sediments of mainly sandstone

Odi sediments (sandstone, conglomerate, marl,
e

1+ + + |
1+ +

Basement rocks

Figure 2.2. Generalised stratigraphic section of the Odi
area (based on observations along Khor Tashalal). Rocks
dip (-20°) consistently southwards. Section not to scale.

Two samples from the Odi area (Table 2.2) were
dated for absolute age by a whole rock K-Ar
methods at the Leeds University, UK. The sample

from the bottom of the sequence gave an age of ca.
30.8 Ma whereas the one from the layer towards the
top yielded an age of -26.6 Ma, depicting basaltic
volcanism towards the Late Oligocene. The
obtained ages conform with the relative stratigraphy
observed in the area (Figure 2.2). These magmatic
activities correspond very well with the early
volcanism that occurred in the southern sector of the
Red Sea, which the Derudeb area is a part, and are
thought to have accompanied the initiation of rifting
(Makris and Rihm, 1991). Hassan (1991) described
the geochemical character of the Odi basalt as a
subalkaline-tholeiitic, primitive, almost Mid-
Oceanic-Ridge-Basalt (MORB) type. He further
relates these rocks to an upper mantle partial
melting derivation associated with the early phase of
Red Sea rifting. Table 2.2 gives the radiometric
ages obtained for some volcanic rocks of the
Derudeb area.

Dacite occurs in one locality N of the Odi
depression, lying conformably over the basalt. It is
a brownish rock quite often with amygdules as large
as 15 cm in diameter. The amygdules are
ellipsoidal in shape and mostly filled with quartz,
calcite and greenish (probably chlorite) material.
The abundance of amygdules that gave a pumice
like appearance, may indicate wet ground over
which the lava flowed.

At least three tuff layers have been identified in
the Odi area. The layers are 2-5 m thick and
generally occur between the basalt and rhyolite units
(Figure 2.2). Occurrence of tuffaceous layers within
the basaltic sequence suggests intermittent explosive
volcanic activity with more viscous magma. The
rocks are fine grained, often weathered and whitish
in colour. The tuff bands are discontinuous but
persistent in the volcanic sequence S of Tashalal-
Langeb Lineament and on the eastern part of the
volcanic basin. A sample from the middle layer
provided a whole rock K-Ar age of -28.3 Ma, and a
step-wise evaporation of the same sample by the Ar-
Ar method gave an age of 29.5+0.3 Ma (Table 2.2).
These results are self-consistent as such small
discrepancy in K-Ar and Ar-Ar methods may be
ascribed to the fact that tuff often incorporates clasts
of older rocks. The Ar-Ar evaporation generally
gives a more reliable age, as compared to the K-Ar
method.
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Rhyolite, as the second most abundant volcanic rock
in the area, is well exposed around the Odi
depression. Where observed it conformably rests
over the basalt and is characterised by moderately
negative aeromagnetic anomalies (see Section 6.5).
The rock is often of beige to reddish colour, fine to
medium grained and porphyritic in texture. The
phenocrysts are mostly potash feldspar, and
spheluritic quartz occurs as the characteristic
constituent. Flow banding is also well displayed in
some varieties. A sample from the upper layer was
dated at ca. 22.8 Ma by the K-Ar whole rock
method. The age ranges obtained for the tuff and
rhyolite layers are in good agreement with the
magmatism of the central Red Sea region which
took place as the volcanism that was initiated in the
southern part propagated northwards (Makris and
Rihm, 1991).

Quartz porphyry is exposed N of the Odi
depression in two minor occurrences. It has a
similar composition with the rhyolite but contains
remarkably large phenocrysts of quartz and potash
feldspar, up to 8 mm in diameter and over 5 cm
long, set in a fine-grained groundmass. Vertical
columnar jointing is apparently well developed.
The acidic rocks (dacite, rhyolite and quartz
porphyry) of the Odi area have been ascribed to
lower crustal partial melting associated with the
injection of the basaltic magma (Hassan, 1991).

The Adar Ribad volcanics

The Adar Ribad volcanics are represented by basalts
and rhyolites. Like in the Odi area, here also the
rhyolite lies conformably over the basalt which in
turn rests unconformably over the basement rocks.
In this area no sedimentary rocks equivalent to the
Odi sediments have been observed between the
basement and the volcanic rocks. This is interpreted
to be related either to the early commencement of
uplifting in this area that long preceded the Red Sea
rifting and thus facilitated extensive erosion, or
localized sedimentation in the Odi area in a
lacustrine environment (see Section 2.3).

The basalts are compact, fine grained and dark
coloured. They are compositionally similar to the
Odi basalts but here no amygdaloidal and
porphyritic varieties have been observed. The
rhyolite also exhibits a composition similar to the
rhyolite of the Odi area. The volcanic rocks in this
area occupy the western half of the Adar Ribad
ridge and invariably show a moderate (~ 40°)
westerly dip. This structure is ascribed to tilting of
the whole sequence following the uplifting of the
western shoulder/horst of the Red Sea, being
bounded to the W by the submeridionally striking
Osir Walab Fault (see Figures 2.6 and 4.1).

Table 2.2. Radiometric ages obtained for selected volcanic rocks of the Derudeb area using K-Ar method. § shows

samples also dated by Ar-Ar evaporation method.

Sample Stratigraphical Location K0 vol ®Arrad  *Arrad Age
number unit (Longitude , Latitude) (Wt%) (scc/g x 10%) (%) (Ma)
98 Basaltic Dike 36°32'S7"E, 17°4'H"N 0.304 0.0352 46.0 29.5+1
115 Adar Ribad Basalt 37°10'43"E, 17°30'56"N 0.154 0.0168 18.7 27.9+1
121 (§) Adar Ribad 37°14'53"E, 17°38'59"N 4.718 0.4532 27.7 24.5+1
Rhyolite

179a Odi Rhyolite 36°42'54” E, 17°12'24”N 2.762 0.2460 54.3 22.8+1
179¢ (§) Middle Tuff 36°43'17"E, 17°13'5"N 3.700 0.4099 61.9 28.3£1
183a Upper Odi Basalt 36°40'37"E, 17°16'28"N 0.285 0.0297 13.1 26.6+1
183b Lower Odi Basalt 36°40'30"E, 17°16'40"N 0.352 0.0425 18.7 30.8+1
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Figure 2.3. Summarised stratigraphic relationships between the Phanerozoic rocks of
the Derudeb area based on K-Ar age determinations and field observations. Bold
unduldse lines indicate possible erosional surfaces.

A K-Ar absolute age dating conducted for one
sample from each basalt and rhyolite in this area
gave whole rock ages of ca. 27.9 and 24.5 Ma,
respectively (Table 2.2). The latter was also dated
by the more reliable Ar-Ar evaporation and yielded
an average age of ca. 28.5 Ma. With the exception
of this limited discrepancy, the results by and large
conform with the relative stratigraphy, and indicate
that the volcanic activities in the Odi and Adar
Ribad areas were coeval. Furthermore, it may also
be inferred that the basic and acidic volcanisms in
the Odi and Adar Ribad areas belong to the same
regional magmatic events that also prevailed in this
part of NE Africa and SW Arabia.

The Khor Windi volcanics

The third exposure of volcanic rocks around Khor
Windi is represented only by basalts. The basalt
shows a composition and a texture similar to the
Adar Ribad occurrence, and here also no

sedimentary rocks have been observed. The basalts
occur as NE-SW trending densely emplaced dikes
whose aggregate maximum thickness reaches few
hundreds of metres. They are partly discontinuous
and the length of a single body may extend for about
half a kilometre. These basalts are thought to
represent a zone of weakness, related to extensional
tectonics,  possibly connecting the two major
occurrences of volcanic rocks in a form of
transfer/transcurrent  fault that exploited a Pan-
African weak zone (see Section 2.2.4). Although no
absolute age determination has been conducted for
this occurrence it is presumed to be of comparable
age with the other two major exposures discussed
above. No remarkable extension is presumed to be
represented by the Khor Windi occurrence.

Dikes

In addition to the above mentioned rock types there
are several dikes believed to be related to the
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Cenozoic volcanism in the area. As can be seen
from the Landsat imagery they occur typically
concentrated  along the southern part of the Odi
basin and in close association with the Adar Ribad
volcanics often in the form of swarms. In the
former occurrence the dikes frequently show steep
dip, predominantly trend submeridional, with a less
pronounced set striking NE-SW, and have a width
of about 3-8 m. Jointing is often well displayed.
Both basic (doleritic) and acidic (rhyolitic) varieties
occur. While the latter are less common and seem
to be restricted to the western margin of the central
Odi-area, the former are overwhelmingly abundant
and widespread.

A basic dike from the Odiarea has been dated at
ca. 29.5 Ma (Table 2.2) using K-Ar whole rock
method. This result is comparable with an age of
30.8 Ma obtained for the lower basaltic sequence of
the same area, since dikes commonly have excess
Ar from degassing of basement rocks. This
observation, added to the abundance of the basaltic
dikes, close spatial association and compositional
similarities between the basic dikes and the basalts,
allows the conclusion that the latter were extruded
as fissural eruptions with the former as feeder-ways
through fractures that were developed during
extensional tectonics (Section 2.2.4). In the Adar
Ribad area the dikes exclusively trend N-S and both
acidic and basic varieties occur. Here, they form a
swarm of several kilometres wide and extend for
tens of kilometres along strike cross-cutting the
basement structures.

The age relationship between the basic and
acidic dikes appears to be less explicit; however, the
basic dikes are probably older than the acidic dikes
considering the stratigraphic relationship between
their extrusive equivalents. The time relationship
between the NE-SW and N-S sets of dikes seems
also less obvious. Nonetheless, the NE-SW striking
dikes are presumably older than the N-S trending
ones, in view of the tectonic development of the
corresponding lineament sets (Section 2.2.4).

Quaternary sediments

The Quaternary sediments in the study area mainly
include wadi deposits, unconsolidated sand and

gravels. Post-volcanic sedimentation of some
conglomerates and arenites have been reported to
occur just N of the Odi depression overlying the
rhyolite of J. Oman (Hassan, 1991). These
conglomerates contain rounded pebbles from the
underlying pyroclastic rocks whose relation to the
volcanic rocks is an angular unconformity (Hassan,
1991). Such conglomerates have not been observed
either in the field or on the processed images during
this work.

Recent sediments are ubiquitous along the major
drainage channels in the area. They range in
thickness from few metres up to several tens of
metres, with good examples occurring along Khor
Langeb. In most sections variation in grain size is
not uncommon. Change in the course of flow has
been noted along the same river just N of J. Oman
whereby Recent sediments of up to 120 m thick
occur about 300 m away from the present channel.
These are indicatives of possible neotectonic
activities in the region that are to be associated with
the Red Sea rifting.

Another area of relevance is the Odi depression
where Recent sediments occur extensively. This
area isa recent depocentre for the drainage systems
S and SW of the area and draining northwards. Its
relatively broader depositional area has been
considerably reduced at least in the past decades, as
seen on images obtained in 1979 (see Section 2.2.4),
due to environmental changes.

2.2.4 Structures

The structural history of the Derudeb area is
admittedly more complex to be completed by this
work, with a limited ground-truth data, and requires
more detailed investigations. Some regional aspects

have been given by Abdelsalam and Stem (1993),
and detailed references to the adjacent areas have
been made by Wipfler (1994) and Haenisch et al
(1996). In the following section a brief account to
the Derudeb area is given based on field
observations and interpretations of Landsat images
(1:170000) in addition to hard copy outputs from
Large Format Camera (frame 1321, 1 : 75000,
c=306mm, H=230 km). The  structural
developments in the area may be broadly grouped
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into two: structures related to the basement rocks
(principally Pan-African) and those which were
active since then (mainly Cenozoic).

Basement structures

At least four major ductile deformation episodes
have been identified within the basement rocks of
the Derudeb area. The first phase (DJ is interpreted
to be related to the high-grade rocks and is
characterised by complex fold structures. This
interpretation is rather indirect since limited
structural elements belonging to this event were
observed in the field. Possible exceptions include
intrafolial folds seen within the metasediments in
the SE whose primary layers have been tightly
folded. As it has been seen in the field the
gneissosity often parallels the primary layerings and
it variably strikes between NE-SW and NW-SE.

On the Landsat images ithas been seen that both
in the SE (N of J. Qawayateb) and SW (S of J.
Adni) fold patterns of complex nature are displayed
by the quartzite-amphibolite bands and graphitic
gneiss/schist, respectively (Figure 4.1). These often
tight- to close-folds, and certainly modified by the
later D,/D; overprints, appear to have axial plane
strikes varying from E-W to N-S. These complex
folded structures seem to be lacking in the northern
part of the area where the greenschist-dominated
metavolcano-sedimentary sequences are exposed.
Planar structures that belong to the Dj event are the
gneissic foliations that presently display variable
orientations  due to later folding phases.

In the Derudeb area the second (D,) and the
third (D;) deformational events are rather well
displayed by the  metavolcano-sedimentary
sequences at variable scales. The D, deformation is
possibly the earliest event witnessed by these rocks.
This episode produced the penetrative S, foliations
that mostly strike NNE, as it has been observed over
folded primary layers ina couple of localities. This
was consecutively followed by the D; deformation
that refolded the D, structural elements in a similar
pattern. Folds of D,/D ; events are tight to isoclinal,
with axial planes striking ENE-WSW and frequently
dipping N or S. The fold axes often plunge at
shallow to moderate angles towards SW or NE and

were possibly generated through NW-SE oriented
principal stress that produced co-axial but not co-
planar foldings.

Orientations  of structural elements produced by
the D,/D; events suggest crustal shortening in the
NNW-SSE  direction that occurred at deeper crustal
levels under ductile conditions. A good example of
the Do/Dj structural relationships  is the fold closures
seen on the Landsat image in the central part of the
area (Figure 2.4, inset-2 of Figure 4.1). On this
image it is evident that the interference  between
these deformation events gave riseto a hook-shaped
pattern (Ramsay, 1967), and the distinction between
D, and Dj structural elements is apparently possible.
This relationship has also been observed at outcrop
scale in a number of localities.

Another prominent feature belonging to these
events is the NE-SW trending thrust fault in the
central part of the area (Enclosure). This thrust
zone is interpreted to represent the late phase
collisional tectonics, that was developed through
progressive  deformation of D,/Dj, between the
crustal segments on either sides (Section 2.3). Itis
thought to have been developed as an.
accommodation to the progressively intense
compression that led to crustal shortening, through
displacements involving vertical components. The
sense of movement along this thrust fault has been
deduced from some stretching lineations measured
in the field, and fold vergences which consistently
indicate a northward plunge. Interpretation of these
structural elements indicates a generally NNW-SSE
tectonic transport with northwesterly —underthrusting.
The thrust fault was modified by the later Dy
shearing (Enclosure).

The fourth deformation episode (D4) that
affected the basement rocks of the Derudeb area is
related to the development of transpressional  ductile
shear zones. One of such prominent features is the
Adadi Thrust and Transpressional Shear Zone
(ATTSZ), named after the main ridge in the area,
that occurs in the central-southern part of the map
sheet. This high-strain zone strikes about N45°E
and can be continuously traced for over 45 km along
strike, after which it becomes less pronounced and
trends about N10°E for another 10 km. In its central
part it has a width well over 6 km whereas to the NE
it becomes as narrow as 1.5 km. The ATTSZ can be
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Figure 2.4. Interference relationships between D, (F,) and D; (F;) folds and
later conjugate sets of dextral and sinistral shearing (D,) as seen from
Landsat TM imagery. Block size 48.4 x 27.8 km?. Inset-2 of Figure 4.1.

Figure 2.5. Highly stretched and displaced boudinages (left) and well developed penetrative shear bands
(right) observed within the metavolcanics along the ATTSZ (parallel to the handle of the hammer and
compass length).
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followed further to the SW where it becomes as
wide as 10 km and shows modifications by the late-
orogenic plutons. In this area its central zone is
typified by dismembered ultramafics (mainly
severely fractured talc schists), as also seen on the
processed Landsat imagery (Figure 4.1). Shear
sense indicators such as S-C fabrics, typical shear
bands, asymmetrically boudinaged and fractured
leucocratic "inclusions" with pressure-shadows set
in a rather dark country rock, and vertical
asymmetric-folds indicate the involved significant
lateral movements.  Thin-section study of few
samples from this zone also revealed an
ultramylonitic texture. Figure 2.5 shows some
features observed along this structure.

According to field data both dextral and sinistral
movements appear to have prevailed in the ATTSZ,
the former being less frequent than the latter. The
left-hand displacement has also been confirmed
from small scale Landsat imageries. Striation
lineations and grooves observed on the S,/S;
surfaces at few localities show a subvertical
northeasterly plunge, implying the involved
compression. Furthermore, an asymmetric "Z" fold
observed in one locality plunges 60° towards
N70°E. This is interpreted to indicate that the
dextral shearing did involve some vertical
component, implying a transpressional character of
this shear zone, at least at its early stage. The rather
sinistral and regionally expressed shearing appears
to be a younger event that took place due to the
change in the stress field. In this case the shallow
plunging stretching lineations are interpreted to
show a principally strike-slip tectonic transport.
The narrow “Arqawi Shear Zone” in the N (Figure
4.1), having a similar NE-SW strike with left-lateral
movement, is thought to be geodynamically related
to this structure.

The next prominent high-strain zone of “Tihilla
Shear Zone”, occurs SE of Tihilla ridge (Figure 4.1)
and is defined by highly crushed quartzofeldspathic
bands and quartz mylonite. The shear zone trends
SE-NW with a mylonitic foliation measured at a
place having a dip of 75° towards N50°E. It has
been difficult to determine the sense of movement
within this zone, although Wipfler (1994) identified
the Himasa Shear Zone, further to the NW (out of
the map area), as a left-laterally displaced zone.

The Tihilla Shear Zone is thought to have possibly
contributed to the emplacement of the nearby Tihilla
ring complex.

A less prominent but similarly trending shear
zone seen in the NW within the acidic
metavolcanics (E of Abu Samar, Figure 4.1),
however, shows a sinistral sense of movement. All
the shear zones with NW-SE trend are to be
geodynamically related to the prominent Oko Shear
Zone further N in the Nakasib area (Abdelsalam,
1993) which has the same sense of movement and
runs parallel to them (Figure 2.1). The Oko Shear
Zone is known to be post-dating the Amur-Nakasib
Suture (Abdelsalam, 1993).

In the southern part of the area a narrow high-
strain “Kibirit Shear Zone” represented by sheared
biotite schist, on which well pronounced stretching
lineations marked principally by biotite crystals
occur, were observed. The lineations plunge
subhorizontally either to the NE or SW. On the
Landsat imageries the shear zone shows a sinistral
sense of movement and appears to be extending for
over 20 km (Figure 4.1). This structure has been
displaced by a dextral E-W trending semi-ductile
shear, and later on reactivated as brittle fault
affecting the Odi basalts. This observation, in
addition to its alignment with the Khor Windy
volcanics, may indicate the significance of this
shear zone in connecting the two volcanic
occurrences (see below).

The fifth deformation episode (Ds) generally
produced brittle structures in the Derudeb area. One
such structure of regional significance is the Adit-
Langeb Lineament, which shows a less pronounced
left-handed displacement over the gabbroic pluton
in the far N (Figure 4.1). On mosaicked Landsat
images this structure can be followed northwards up
to the Red Sea coast with a total strike-length
reaching well over 300 km (eg. Haenisch et al.,
1996). From these images it is also evident that
several Pan-African syn-orogenic granitoids occur
along this fault, suggesting that the lineament is
presumably a deep-seated structure that served as a
weak zone for their emplacements. Most of the
latitudinally striking Neoproterozoic dikes in the
NW are apparently truncated by this structure. This
lineament also marks the western boundary of the
Odi volcanics, suggesting its later reactivation
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during the Cenozoic. Other brittle structures related
to the basement rocks in the area are represented by
the various lineament orientations: NNE-SSW, E-
W, and NW-SE sets considered in the coming

Sections.

Cenozoic structures

These sets of structures are ascribed to brittle
deformation that are believed to be principally
related to the tectono-magmatic events associated
with the sedimentary and volcanic rocks of the
Derudeb area. They are thought to be primarily
related to the nearby Red Sea rifting/opening, and
include different types of faults, fractures, uplifts,
extension, etc. Figure 2.6 shows a possible tectono-
magmatic model proposed for the Odi and Adar
Ribad areas for the time between Late Oligocene
and Early Miocene.

As it could be seen on the mosaicked Landsat
images the prominent Adit-Langeb Pan-African
lineament (Section 2.3) makes the western boundary
of the Odi sediments and the Cenozoic volcanics.
To the E these rocks are bounded by another
lineament that runs close to Khor Langeb.
Supported by the centrally dipping attitude of the
primary layers and striation lineations observed ina
couple of places along these surfaces, it is
interpreted  that these lineaments are essentially
normal faults that define a graben structure (see
Figure 2.6). This structure 1is thought to be the main
basin in which the Odi sediments were deposited.
The axial trace of this rift basin extends southwards
out of the map area with its length reaching well
over 100 km, and it has a maximum width of about
28 km in the central Odi area. Volcanicrocks could
be traced all along this structure, but its southern
peripheiy is covered by Quaternary sediments. The
Odi rift basin, therefore, most likely represents one
of the carliest extensional tectonics that preceded
the Red Sea rifting, although it appears presently
difficult to constrain its upper age limits (Section
2.3).

In addition to the above event of graben
formation, two later major phases of extension are
to be recognised in the Odi area: an early phase
related to the basaltic extrusion that are genetically

related to the submeridional basic dikes, and a later
event associated with the emplacement of the acidic
rocks (Figure 2.6). It is worth noting that no direct
observations have been made which prove that
extension was not continuous during the magmatism
that ranged between ca. 31-22 Ma in the Derudeb
area. However, supported by the distinctly
recognised extension phases for the Red Sea
(Voggenreiter et al, 1988) it is assumed that similar
events most likely prevailed in the study area.

The earlier phase has been recognised based on
the interpretation that the abundant basic dikes
parallel to the axial trace of the rift basin indicate
fissural eruption of the basaltic flows. Since these
dikes represent new material injected into the upper
crust, their age and aggregate thickness may give a
clue as to the time and amount of extension that was
needed to keep the isostatic equilibrium,
respectively, though extension by dyking is
generally insignificant  for the very limited volume
involved.

An age of 29.5 Ma obtained for a basaltic dike
in the Odi area, is believed to be correlative to the
Lower Basaltic unit (Figure 2.3) that also gave an
age of about 30.8 Ma. The above mentioned
extension is thus interpreted to have started about 31
Ma ago being accompanied by the volcanism that
certainly lacked
interpretation conforms well with the one suggested
for the rifting in the southern Red Sea based on the
study of the Jizan Group (As Sirat), SW Saudi
Arabia (Voggenreiter et al, 1988), although the
volcanism there was bimodal. In the absence of
substantial  subsurface information  extension
estimates are obviously difficult, especially where
fault planes are not well exposed.

The last major extension event is related to the
emplacements of acidic volcanics and it appears to
have been prominent around the Odi depression. On
Landsat MSS image captured on the 2nd August
1979, a lake of about 10 km* could be seen covering
this area. As stated earlier, the rocks dip at about
25° towards the centre of the depression. The
structure is also well depicted on residual gravity
anomaly data (Section 6.5). Similar pattern, where
the surrounding rocks show inward dips, has been
seen in SW Ethiopia (C. Ebinger, pers. comm.).
This feature is thought to have been developed

an acidic component. This
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because of thermal subsidence related to post-rift
cooling rather than anything structural. Its
proximity to the Tashalal-Langeb transfer fault
along which the younger acidic rocks are confined,
and the displaced nature of the rocks on its sides
(see below) also augments the idea that this zone
behaved as a centre of extension. The extension
direction was thus more of NE-SW parallel to this
transcurrent fault. The above observations suggest
that the latest major rifting took place about 22 Ma
ago (Figure 2.3, 2.6) when the acidic volcanics and
intrusives were emplaced. This age conforms well
with the period of rapid extension and per-alkaline
volcanism indicated by Almond (1986) for the Red
Sea opening, and the major rifting event in the
central Red Sea (Voggenreiter ef al., 1988).

Using processed Landsat imagery, displacement
measurement along this fault gave a roughestimate
of about 7 km, assuming no dip-slip component and
supported by field observations. This figure is valid
as the upper limit of extension, and to the N and S
of this fault extension estimates are certainly much
lower. Using large scale images, information over
the least extension estimate shows few hundreds of
metres, using dikes along an E-W section across the
Odi rift. For the subhorizontal strata! dips a
maximum of 2 km extension is estimated anywhere
in the Odi basin.

Another set of lineaments in the Odi area shows
a NE-SW trend with a left-lateral displacement.
These lineaments are properly displayed over the
rhyolite and basalt units, where they are partly filled
by thin dikes, and are believed to be younger than
the N-S trending ones. One major lineament with a
similar trend traverses across the central-Odi
volcanics and along the Tashalal-Langeb extension.
This structure connects 2-3 initially separated
normal faults, and appears to delineate the northern
subhorizontally lying volcanics over a relatively
narrow block (ca. 10 km wide) from the centrally
dipping wider block (ca. 15-18 km) that possibly
underwent more extension. It should also be noted
that the younger and saturated volcanic rocks
(dacite, rhyolite, tuff and quartz porphyry) are
closely associated with this lineament possibly
depicting a volcanic migration, and the
accompanying chemical differentiation, towards the
centre of the rift basin. Based on these facts it is

suggested that this structure represents an active
zone that behaved as a transfer fault during the
rifting. Its eastwards continuation into the
structures of ATTSZ, as seen from the processed
Landsat imageries, is a manifestation of the truth
that this lineament exploited a similarly trending
and identically displaced Pan-African weak zone.
Similar observations have been made in different
parts of the Red Sea (eg. Makris and Rihm, 1991;
Schandelmeier and Pudlo, 1990).

The RSH as a whole represents a block that has
been uplifted (Almond, 1986) by events related to
the Red Sea rifting, and it exhibits a westerly gentle
slope (eg. Abdel Rahman, 1993). As stated earlier,
the Adar Ribad block in the NE, with thick
Cenozoic volcanics on its western part, represents
one of the most elevated ridges in the area and it is
interpreted to be an uplifted block during this event
(Figure 2.6). The volcanic rocks are presently
exposed at elevations between 300 and 1300 m
a.m.s.l. The lack of these rocks on its eastern part,
but the occurrence of basalts just E of the Baraka
Suture in a subdued elevation as seen on the work of
GRAS (1988), suggest that this block acted as a
hanging-wall and the basaltic flows through the
reactivated Baraka fault were extruded on the foot-
wall towards the E (see Figure 2.6). Alternatively,
volcanic rocks have been removed from the hanging
wall by erosion, though it seems less likely.

The volcanic layers on the western part of the
Adar Ribad block show a consistent westerly dip of
about 45°, and are thought to indicate a westward
tectonic tilting (Figure 2.6). The block-tilting
appears to have been bounded to the W by the
prominent Osir Walab Fault (OWF) that trends
NNE, and extends for several kilometres northwards
out of the study area, being obscured by Quaternary
sediments (Figure 4.1, Enclosure). The large stratal
dip is, therefore, ascribed to the combination of
tectonic tilting and late rift-flank uplift associated
with the Red Sea. Although fault dips have not been
measured in this area they are presumably higher
than the stratal dips. This may further hint larger
extension in this part of the study area as compared
to the Odi area.

In the same area, several closely spaced dikes
with a submeridional trend make a remarkable
feature on the Landsat images and are interpreted to
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be feeders to their volcanic equivalents. These,
often basic, dikes appear to be parallel to the left-
lateral brittle faults seen on these images and those
which possibly accompanied the uplifting. The
Adar Ribad block also seams to have truncated the

lateral displacement.

along its western part appear to crudely imply left-
These observations may
encourage the interpretation that the uplifting event
had some northwards lateral movement, in a form of
decoupled blocks, though more field data is still

northeastern extension of the ATTSZ, as seen on needed.
these imageries, and comparison of lithologic units
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Figure 2.6. A schematic diagram showing the tectono-magmatic events during the Late Oligocene-Early Miocene that
led to continental rift-basin developments in the Derudeb area. Stratal dips simplified to illustrate basinal stratigraphy.
In A-D, dips approach 20° in the Odi area, and stratal dips are now about 40° in the Adar Ribad area indicating post-
depositional tilting probably in the past 20 Ma. Geochronological data represent K-Ar ages (see text). White areas in the
sections symbolise basement rocks, and arrows indicate presumed movement directions.
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Lineament analysis

For the purpose of lincament analysis Landsat TM
data was initially processed using directional filters
chosen after a broad observation of the structural
pattern of the area. A colour composite image has
then been produced at the scale of 1 : 170000 using
these three images, from where lineaments well
over 3 km long were manually traced. The
resolution of the minimum width is dependent on
the spectral contrast with the adjacent units but few
metres can generally be picked up on the images. In
this approach a total of about 1107 lineaments were
recognised and analysed.  Section 4.6.1 elaborates
the image processing technique adopted.

In order to simplify interpretation, the obtained
lineament map has been divided into six different
domains for statistical analysis, depending on
distribution and tectonic  characteristics (Figure
2.7a). Domains [ and II seem comparable but
separated to observe ifthe Adit-Langeb lineament,
as a “master fault”, had influenced the structural
distribution in both areas. Domains III and VI are
separated  from the other sectors to be able to
possibly “discriminate” Pan-African  and younger
Cenozoic structures. Domain IV covers the ATTSZ
while domain V is ascribed to the gneissic rocks.
Figure 2.7 shows all the lineaments along with the
domain boundaries and the corresponding  rose-
diagrams plotted for direction against total length of
the lineaments in each 10° sector expressed in
percentage.

In domain-I, a predominant N-S and a secondary
trend of E-W are apparent, in addition to which
subsidiary ones striking at 060° and 130° exist. In
area-Il the prominent trend is centred around 020°
in addition to which secondary and ternary strikes
occur around 080° and 045°, respectively.  Areas III
and VI also exhibit a significant meridional trend
centred at about 010° followed by minor distinct
orientations around 045° and 090°, respectively. In
a similar way the major orientation in domain-IV
falls around 060° whereas in area-V it is centred
about 020° the secondary orientations are centred
around 010° and 090°, respectively, in addition to a
020° ternary strike in the latter.

Some of the N-S trending faults in domain-I
shows sinistral sense of movement, including a

major fault just E of the master Adit-Langeb  fault
(see Figure 4.1). It is also known from image
interpretation that significant amount of dikes
display the same trend in this domain. A principal
compressive  stress oriented at about 335° would
generate  the NNE-SSW  trending major sinistral
lineaments including the Adit-Langeb fault and the
other 130° trending less pronounced dextral faults.
These are thought to be conjugate
with the D /D ; events.
Compression events which led to

sets associated

thrust
tectonics towards the late phase of Dj; possibly gave
way to a right-handed E-W (090°) shearing/
displacement and was more likely intensified during
D,. These events also gave rise to lineaments
striking NE-SW  (around 050°), and which possibly
represent compression associated thrust faults
and/or tensional fractures parallelling fold hinges in
domains [ and II. The relatively pronounced E-W
trending lineaments in section I, that are apparently
truncated by the prominent Adit-Langeb lineament,
are more possibly attributed to dike swarms that
were initiated through a sublongitudinal crustal
dilation (post D3) and that consequentially promoted
the emplacement of post-orogenic
complex to the W. E-W trending aeromagnetic
anomaly are also thought to be related to these dikes
(Section 6.5).

The orientations of lineaments inarea V isalso
similar to domains I and II. Pan-African dikes
trending NW-SE and E-W are known to occur in
this area. This could be related to major extensional
tectonics in ENE-WSW direction, and may be
ascribed to the same D,/D;events, in the absence of
orientations of structural elements belonging to the
U! phase.

The relatively broad and prominent orientation
of domain-IV centred around 060° and a minor
trend of 010° obviously denote the ATTSZ that has
been developed through a subhorizontal principal
compressive  stress (Dy4) oriented NNE-SSW  (around
035°). The second set of 010° strike in domain IV
and the dextrally displaced lineaments trending
about 020° in domain II are thought to be
concomitant with this shearing event; the latter
frequently occur close to this structure and are less
developed in domain-I.

Tihilla ring
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L]

Figure 2.7. Lineament map of the Derudeb area, with different domains (I- VI) demarcated by brocken lines (a), and the
corresponding rose-diagrams for total length (in percent) versus direction in sectors of 10° (b).
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In domains in and VI the N-S lineaments are known
to represent significant proportion of dikes and
normal faults having submeridional orientation. A
maximum extensional stress  centred  around
090°would  generate longitudinal extensional
fractures which then gave way to fissural eruptions

in these domains. The secondary lineaments
striking 040° in domain III are attributed to left-
handed transtensional  fractures interpreted to be a
transfer faults. It should be noted that the N-S
lineaments in both domains and the E-W ones in
domain-VI are not only subparallel but also extend

further into those in the other domains, suggesting a
substantial reactivation of Pan-African fracture

systems during the Cenozoic. The younger N-S
oriented lineaments and drainage patterns indicate
Neotectonic ~ events of extension and uplifting that

are related to the Red Sea trend.

2.2.5 Relationships between
magmatic and tectono-
thermal events

Based on thin-section study, field observations and
interpretation of processed imageries the following
relationships has been established between the
deformation, metamorphism  and  plutonic
emplacements for the basement rocks of the
Derudeb area. The earliest deformation (DJ,
recognised only in the gneissic rocks, is thought to
have been accompanied by a metamorphic phase of
mid-amphibolite facies (MJ. This prograde phase
is represented  as gneissosity within these rocks, and
it is often marked by eclongated amphibole
(hornblende) crystals in most of the metapelites. No
plutonic emplacement  related to this activity has
been identified by this work. It is broadly assumed
that this tectono-magmatic event is related to an
early passive  margin environment that was
developed some 1000 Ma ago as indicated for parts
ofthe Nubian Shield (Vail, 1988).

The next prograde  regional metamorphic
episodes (MyM;) are mainly related to the
metavolcano-sedimentary sequences  which
generally witnessed  greenschist  facies conditions.
In most of the metasediments, micas make the

largest component  defining the S,/S; foliations.
Very close to the ATTSZ the M,/M ; phases reached
lower- to mid-amphibolite facies conditions, as
represented by the development of hornblende as
the major constituent in intermediate rocks.

In the high-grade gneissic rocks post-hornblende
recrystallisation  of biotite at high-angle marks these
events. It has been difficult to distinguish between
the M,/M; phases during this work, and both are
thought to be associated with Do/D; progressive
deformations which locally gave way to the thrust
tectonics  that in turn partly gave rise to lower
amphibolite facies metamorphism.  The syn-
orogenic plutons in the area are possibly ascribed to
the arc/ back arc magmatism of 900-850 Ma old
suggested for the Haya Terrane (eg. Abdelsalam and
Stem, 1993).

The syn- to late-orogenic  granitoids of the
Derudeb area are supposed to have accompanied the
M2/M; thermal events. In regional context they may
be related with syn-collisional —mantle-origin  plutons
of 815-724 Ma old proposed by Klemenic and Poole
(1988). If the distinction between these thermal
phases is well substantiated, this interpretation may
indicate subduction similarities between  both
events.

Since the post-orogenic  plutons in the Derudeb
area cut across the major shear zones, as could be
seen on the processed images, they certainly post-
date the D4 shearing events. Their emplacement in
a subduction related environment (El Labib, 1991),
dominantly N of ATTSZ, possibly resulted in
crustal  thickening. Widespread  contact
metamorphism (M 4) along the boundaries of these
plutons marks this phase. Good examples
the NE around J. Arqawi (Figure 4.1). Lack of any
preferred  orientation in these plutons suggests a
relatively stress-free  environment, as also revealed
by their circular features. These rocks may
possibly correspond  to within-plate magmatism in
the RSH 550-720 Ma ago (Shackleton, 1994).

The last metamorphic phase (MS5) is a retrograde
event represented by epidote and chlorite after
amphibole and/or biotite. This event is relatively
widespread in the region and it possibly occurred
following the crustal relaxation which gave rise to
post-orogenic  granitoid emplacements in the area.

occur in
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The structural and magmatic relationships of the
Phanerozoic rocks in the Derudeb area have been
considered in section 2.2.4 and a simplified
developments of events and their timings are given
in Figure 2.6. It is to be noted that in the study area
no evidence of uplifting before magmatism has been
observed, and the early magmatic events were
certainly preceded by, or synchronous with,
extension. But for the later acidic volcanics it is
most likely that magmatism predated extension,
similar to what has been observed in Yemen
(Menzies et al., 1992), and were finally followed by
uplifting.

2.3 Regional Implications

The Haya Terrane of the RSH is known to make
part of the juvenile Nubian segment of the Pan-
African sequence that is bounded by Nakasib Suture
in the N and the Baraka Suture in the S (Kroner et
al., 1987). Abdel Rahman (1993) interpreted the
Abu Samar area to represent an ophiolite sequence
within the Haya Terrane, and this idea has also been
promoted by Wipfler (1994). Drury and Berhe
(1993) suggested that the area W of the Baraka
Suture (Baraka Terrane) is quite distinct from the
younger metavolcano-sedimentary rocks that
comprise tectonically juvenile terranes to the E.
Involvement of older crustal elements (ca. 840-870
Ma) in the area E of the Baraka Suture has been
indicated by Kroner et al (1991). If these
interpretations are valid, the western limit of the
Baraka Terrane and the eastern boundary of the
sector S of the Abu Samar Ophiolite need to be
constrained.

As it has been discussed above, structural
pattern of the first deformation (D,) displayed by the
high-grade rocks does not appear conformable with
those displayed by the greenschist assemblages.
The relatively mature morphology (with low-relief
outcrops) of the former against the rather rugged
and tectonically juvenile nature of the latter in
conjunction with their distinct spectral expressions
(of high albedo caused by silica-rich minerals within
the gneisses) to be attributed to mineralogical
variations also corroborate this difference.
Furthermore, the occurrence of NW-SE and E-W

trending dikes (see also Drury and Berhe, 1993)
exclusively associated with the gneisses, coupled
with the association of high-grade rocks lacking
ultramafics both on the images and in the field,
conform with this disparity.

The ATTSZ, as a ductile shear zone subparallel
to the regional strike, represents a prominent
sinistrally displaced structural pattern unique to its
surroundings, but identically displaced like the
Nakasib-Bir Umq and its western extension Oshib-
Amur sutures (eg. Abdelsalam, 1993) of the central
RSH. Although less pronounced, older dextral
shearing comparable to those in the Nakasib Suture
(Abdelsalam and Stem, 1993) and which occur
within the large “S” structure are also evident in the
ATTSZ (Section 2.2.4). Few stretching lineations
measured along this zone have been interpreted to
suggest early compressional tectonics that were later
predominated by transpressional events. Rocks
along the ATTSZ, at least partly, show amphibolite
facies metamorphic conditions possibly attributed to
the intense shearing and their spectral signatures
appear similar to that of the high-grade rocks. In its
western  extension, intensely sheared and
dismembered ultramafics (talc schists, pyroxenite
and minor serpentinite) occur as small elongated
ridges in association with marble, minor basic
metavolcanics (amphibolites) and some gabbroic
rocks interpreted to exhibit a layered structure
(Section 2.2.2). Presently unmapped serpentinite
bodies were observed in its central part and minor
pyroxenites have as well been noted in the
northeastern extension of the same shear zone
(Section 2.2.2). These rocks may be ascribed to arc
or lower crust assemblage of oceanic origin, but
requires more work.

It can been seen on the geological map
(Enclosure) that the distribution of syn- to late-
orogenic plutons is largely confined to the area N of
the ATTSZ and it defines an arc running parallel to
this zone. El Labib (1991) interpreted the tectonic
settings of some of these granitoids to be related to
volcanic arc magmatism that also indicate a syn-
collisional environment. He ascribed the
geochemical characters of post-orogenic granitoids
in the area exclusively to within-plate magmatism
possibly associated with subduction zones, ensialic
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rifting  or rift-related alkaline to subalkaline
magmatism.

Further to the E, about 30 km out of the map
area (S of Tokar), Kroner et al. (1991) reported the
involvement of older crustal component (840-870
Ma) within metavolcanics whose

characteristics

geochemical
to extensional
They further suggested that these rocks
have been evolved near the ancient continental

has been ascribed
tectonics.

margin of Africa. According to Drury and Berhe
(1993) these rocks fall within their relatively
juvenile and younger Little data is
available over the Baraka Lineament at the eastern
boundary of the map area (Enclosure), but it has

terranes.

been recognised as a Pan-African  strike-slip fault

representing a crustal boundary or suture (eg. Vail,

1985; Kroner et al, 1987) separating the older
Baraka Terrane inthe W (corresponding to the high-
grade rocks, this work) from rather juvenile

metavolcanic terranes to the E (Drury and Berhe,
1993). These are in conformity with Embleton et al
(1983) who implied that the high and low grade
rocks constitute distinct crustal entities.

Based on the above observations and the
regional set-up in this part of the RSH, it is
proposed  that the ATTSZ possibly represents a
tectonic boundary demarcating an interface between
discrete crustal components; an older terrane in the
S that is the western continuation of the Baraka
Terrane suggested by Drury and Berhe (1993), and
a relatively younger and juvenile segment to the N
that makes part of the Haya Terrane of Kroner ef al.
(1987). The ATTSZ shows significant similarity
with the Nakasib Suture to the N in both strike and
styles (where NNW-SSE
axial folding and thrusting as well prevailed;
Abdelsalam, 1993), and also with other similarly
trending sutures in the region (Stem et al., 1990).
Its dominantly strike-slip nature shows a later event
may be interpreted either as the less developed
equivalent of the Oko Shear Zone (Figure 2.1) in the

context of large scale collision, or related to NE-SW

deformation oriented  co-

oriented compression that later produced the Oko
displacement (Abdelsalam, 1993).
In the above context the compressional

structures (D;) are interpreted to suggest oblique
collision in NW-SE direction that possibly followed
NW subduction of the Baraka Terrane. It has been

difficult
thrust zone, but the present central
zone is seemingly a representation of among several

such planes. Progressive deformation and possible

dextral  shearing  further = complicated the
deformation events, and gave way to the chiefly
left- lateral transpressional tectonics (Dy4) at a later
stage, accompanying a change in the stress field.
The latter facilitated the emplacement of some of
the late-orogenic  plutons by serving as a migration
path, whereas those N of this zone are thought to
represent a subduction/collision related magmatic
arc. The D,/Djevents are believed to make part of
the Pan-African accretion tectonics

to constrain the axial trace of the main
axis of the shear

over the Nubian
Shield that took place against the now reworked
Nile Craton to the W/NW (see also Abdelsalam and
Stem, 1993). The collision was followed by
uplift/mountain-building and denudation, and no
evidence of post-orogenic extension has been
observed.
However,
encouraging
decorated

the limited observations made seem

to interpret the ATTSZ as an ophiolite-
suture, lack of substantial information
over geochemical characteristics  of the adjoining
rocks, detailed history of structural developments,
lithologic association, absolute age dates, and
implications on tectonic settings etc., leave many
arguments open. Nevertheless, in addition to the
suggestion by Abdel Rahman (1993) that the Abu
Samar area in the NW represents an ophiolite
sequence, as also referred by Wipfler (1994) and
Haenisch (1997),
models to be proposed for the region, the present

work may also provide some constraints on Pan-
African evolution of the Haya Terrane of the
Southern RSH and particularly to the area S of the
Abu Samar Ophiolite.

Rocks of the "Toilik Series" in the NW, which
are metamorphosed under regional amphibolite
facies conditions (Kroner et al, 1987), have been
related to Lower-Middle Proterozoic  rocks of the
Sudan (Vail, 1988).
for the gneissic rocks of eastern Derudeb map-sheet
defining  the Baraka Terrane, their
is likely to be related either to erosional
effects that left behind remnants of the underlying
gneissic sequence after plutonic emplacements at
shallow levels or a possibly tectonic juxtaposition.

to be considered in accretion

If this distinction is valid, as

isolated
occurrence
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In the latter case they represent an exotic terrane
whose occurrence is to be related to the geodynamic
evolution of the nearby Emasa Shear Zone (Wipfler,
1994) and the Abu Samar ophiolite (Abdel Rahman,
1993). A contact metamorphic effect from the
batholithic ~ plutons in the area suggested by Kroner
et al. (1987) looks unlikely to explain similar
extensively ~ exposed rocks occurring further N
around Emasa Shear Zone (Haenisch, 1997) and in
the southeastern  part of the study areca (Baraka
this work). In view of the above facts the
relationship between the high-grade and the
greenschist rocks is also interpreted to be a tectonic
contact, at least in this part of the study area, in
contrary to Embleton et al. (1983) who proposed a
gradational  relationship, and Hassan (1991) who
thought the former were derived from the latter.
Sedimentary rocks in the area of interest have

Terrane,

been related to lacustrine environment and they are
believed to make part of the Nubian Supergroup
(Hassan, 1991), that ranges between Ordovician and
Cretaceous  (Vail, 1988). On the other hand,
Semtner (1993) indicated the occurrence of mainly
Paleozoic sediments, with minor Mesozoic  strata,
near the Sasa Plain NW of Port Sudan, all of which
were previously given a Cretaceous age (Almond,
1986). In the absence of substantial evidences, it
appears difficult to classify the Odi sedimentary
rocks in any of these age groups. Furthermore, such
correlation may be erroneous since the deposition
was probably restricted to individual basins which
may not have been connected.

Nonetheless, if the regional correlation  is
substantiated,  the Odi sediments may be correlated
to the Dirurba Formation (Semtner, 1993) for its
similarly rift-controlled nature and geographic
proximity coupled with the comparable lithologic
association.  Their restricted occurrence in the Odi
area, in this case, is to be ascribed to a major pre-
Oligocene uplifting event over the RSH as a whole
which facilitated
parts.  On the other hand, normal faulting and
graben formation associated with subsequent
volcanism are certainly responsible for their
preservation  in the Odi area. The absence of these
sediments in the NE (Jibal Adar Ribad) is to be
explained by longer and intense erosion in this part
long before the onset of volcanism  during

significant erosion from its most

Oligocene, possibly related to this uplifting (see also
Almond, 1986) which progressed  westwards, and
the lack of conducive environment for preservation.
Although it is difficult to estimate the amount of
sediments eroded or the extent of uplift involved,
from the available data, this interpretation,
conforms with what has been proposed by Semtner
(1993) for the Dirurba Formation.

If the above regional is not valid,
which most likely the case is, it is apparent that the
sedimentation was rather restricted to a local
sedimentary rift basin. This interpretation is
supported by the fact that the conglomerates contain
rock fragments exclusively from the basement units,
which implies rift-flanks not covered by
sedimentaiy rocks.  Furthermore, occurrence  of
intercalated Oligocene volcanic rocks within the
sedimentary sequence (Section 2.2.3) and the
observed subaqueous extrusive units indicate low-
elevation  conditions with no/negligible
uplifting/doming before magmatism. Lack of
angular unconformities between the volcanics and
the underlying sediments can also be used to support
that uplifting did not pre-date magmatism (31 Ma
ago).  Similar interpretation  has been given by
Menzies et al. (1992) for the same regional

over NE Africa and
in southern Yemen. No
indications were also observed, for the Odi are, that
favour block faultings that were initiated through
uplifting but through crustal extension. The fact
that the distribution of the volcanic rocks is
controlled by the fault blocks further corroborates
this argument.

The Odi rift basin may then represent one of the
earliest Phanerozoic extensional tectonics of
unknown dimension in the area.  However, the
upper age of the sediments remains to be
unconstrained in both cases, although Almond
(1986) indicated tectonic stability of the region until
the Late Mesozoic. In contrary to Semtner (1993)
who suggested an uplifting phase for the Dirurba
arca before the Red Sea doming, the Odi rift basin is
thought to have been preceded by extension, as
bimodal volcanicity is commonly related to rifting
environments (eg. Stem et al, 1991). Although
fission track data are lacking in order to establish
the time relationships between magmatism, rifting

however,

correlation

magmatism that extended
Arabia based on studies



42 N. H. Kenea

and uplift it may be suggested that the existing data
may not easily fit into the known active or passive
models of rifting. As Menzies et al (1992)
suggested a possibility of more complex
relationship  (magmatism-extension-uplift)  for
Yemen, it is likely that for the study area the
relationship rifting-magmatism-uplift applies for the
early tectono-magmatic  phase. This time
relationship is in good agreement with what has
been suggested by Almond (1986), that Afro-
Arabian doming occurred around 10 Ma ago, and
early crustal extension in the region was related to
subsidence and not uplift/doming, in addition to the
generally accepted exhumation in Saudi Arabia,
Yemen and southern Red Sea to have started 20-15
Ma ago (Menzies et al, 1992). In this context the
Late Oligocene magmatic activities identified in the
Odi and Adar Ribad areas are not only coeval, but
also belong to the same regional exhumation
episode that prevailed in parts of Ethiopia, Yemen,
Saudi Arabia and Egypt during this time.

Although extension estimates appear difficult
with the available limited data, a maximum of 2 km
has been suggested for the Odi area based on strata!
dips. The Adar Ribad area is more complicated and
further work is obviously needed, but the area
possibly underwent a larger amount of extension
(about 45° westerly strata! dips and much steeper
faults). It is to be inferred, therefore, that extension
increases towards the margins of the Red Sea,
similar to the flank uplifting.

The Adit-Langeb Lineament has been identified
to be a Pan-African sinist<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>