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The major lithologies of the Eed Sea Hills, Sudan, can be identified on
Landsat band 7 photographic infra-red imagery*

Lithological discrimination

is not significantly increased on contrast stretched false colour imagery
because of desert varnish*

Principal component false colour imagery yields

the best lithological discrimination but because of contamination from the
erosional products of different lithologies - mainly Nubian Sandstone colour/rock associations are not unique, thus using Landsat alone for
detailed geological mapping would not be justified.

Most of the

geological information acquired by various types of Landsat image is
detected on band 7 > therefore the expense incurred in producing more
sophisticated^ imagery is not warranted*
Photoreduced uncontrolled mosaics of panchromatic aerial photographs
are inferior to Landsat images for regional investigations*
Lithological discrimination is inferior on radar imagery (SIE-A)
compared with Landsat but radar is a superior system for acquiring
structural information.

Penetration of the sand cover by radar, possibly

up to a depth of 6m, revealed lineaments, circular features, folded
stiuctures and numerous drainage channels, some of which are probably
palaeodrainage systems.
In the Wadi Onib region, lineaments have been dextrally deformed into
a N/S zone which is probably an island-arc suture*

A complex sinistral

oblique-slip shear zone system more than 500 km long appears to have
operated in N.E* Sudan.

It is formed by a 200km N, l^O^W* - trending shear

zone in the southern Red Sea Hills which apparently curves near Wadi Onib
to an approx* U/S strike and sweeps round into the E.N.E* - trending Sol
Earned zone.

A plate tectonic model involving oblique subduction and

rotation of a plate can explain the structural relationships*
The Hakasib belt, a possible island-arc suture, is ehovm by a 'Jlsm wide,
200km long belt of N*60^E. - striking lineaments*

In Eritrea a H.N.W. -

striking zone of lineaments is overprinted at its northern termination by
lineaments of the curvilinear Adobaha belt which is subparallel to the
Argadom belt*
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PRÉFACE

Chapter 1 introduces the study area, presents the aims of the thesis and'
lists the various -^es of imagery that ere to be used for the study.

Pan-

African terrain from widely separated areas is briefly described in Chapter 2 so
that(. the study area can be viewed within a continental context.

The general

geological succession of the Nubian Saield is considered in Chapter 3 end the
lithological signatures on band 7 ere determined in Chapter 4*

The usefulness

of digitally enhanced Landsat imagery is examined in Chapter 5*

The structural information acquired from the band 7 mosaic is described in
Chapter 6 and explanatory models for the observed structural relationships are
^ presented in Chapter 7»
made in Chapter Ô.

A comparative study of aerial and Landsat mosaics is

Chapter 9 deals wilh the ©luttle-acquired radar imagery

and tie main conclusions of ihe thesis are synthesized in Chapter 10.

Seven appendices are included at tie end of the thesis.

Appendices A

and B show the areas each baud 7 image covers and the relevant geological maps
of the study area i^spectively.

Appendix G outlines the methodology used to

evaluate structural controls on the Younger Intrusives.

The Landsat system

is described in Appendix B, production of digitally enhanced imagery in
Appendix E and the generation of principal component axes in Appendix F.

)Parameters that are inrportant in radar systems are discussed in Appendix G.
Four maps are included in the folder and the chapter each one is relevant
to is given in the text.

Note, altermtive foisns of spelling are common on the

various maps of the study area, e.g. Shereik (Shereiq), Wadi Allaqi. (Alaqi),
Jebel (Jibal, Gebel), Zargat (^rget) Naam etc.
possible used the commonest form.

The author has as far as

CHAPTER

1

INTRODUCTION
1.1

LOCATION
The study area encompasses parts of three countries in north

east Africa, the Eritrean Highlands of Ethiopia, the Eastern Desert
of south-east Egypt and north-east Sudan( Figure 1. l) . It is
2

480,000 km

in area, the largest proportion of which (more than 80%)

is in the Sudan.

It is bounded to the north by latitude N.24°.00'

(position of Ras Danas in Egypt) and to the south by latitude
N.17°.00*.

The eastern boundary is the Red Sea while the western

limit is approx. delineated by longitude E.31°.30*.
lithologies crop out over approx.
1.2

Precambrian

of the area.

TOPOGRAPHY
In north-east Sudan, extending for 600km along the coast and

inland for about 250km,is Ihe Red Sea Hills physiographic province,
an exposed, deeply incised and eroded escarpment facing a flat sandy
coastal plain, 15 - 20km wide-

The average height of this range of

hills is 1000 - l500m thou^ isolated peaks are up to 2200 m_high.
Post-orogenic intrusions, volcanics and ultramafic bodies form most
of the hi^er topography.

The highest relief is in the Eritrean.

Highlands, the elevation rising sharply near the Sudanese-Ethiopian
border to more than 3000m.

Inland, between the Nile and the Red Sea

Hills is the Nubian Desert, a vast sand-covered region where
gradients are low and the average hei^t above sea-level is 400 m.
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Figure 1.1: Major towns, geographical and geological features
within the study area which are referred to in the thesis. The
location of the study area within an African context is shown
in the inset.
1.3

CLIMATE
The climate of much of Sudan is due to the seasonal migration

from south of the equator to N.l8°.00*

- of the Intertropical

Front, a convergence zone, which results in four distinct seasons,
winter, early hot season, rainy season and late summer season
(Fisher, 1971 )•

Most of the moisture from onshore Indian Ocean

winds is dissipated over the southern part of the country so that
from N.18 .00* northwards, north-east dry winds predominate
producing an arid desert climate.
—2—

Rainfall within most of the study area is minimal, about 100mm
per year, though this does not reflect the true situation because
drought conditions can persist for many years, only being relieved
by intense precipitation for a short duration.

Vegetation is very

scanty and is mainly confined to the Nile.
Temperatures vaiy greatly both diumally and seasonally, a
diurnal range of 20°C is not uncommon.

In the winter, temperatures

drop as low as l6 °C but in summer they can reach U3°C.
I.ii PREVIOUS WORK
Geological exploration of this region was initially confined to
field work mainly in the more accessible locations, along the Nile
1 .
and the Eed Sea coast. Many unpublished reports were produced by the
Sudan Geological Survey in the first half of the Twentieth century
(VJhiteman, 197l) and important contributions have been made by Hume
(193 I4), Andrew (19I+8 ), Gass (1955)» Huxton (19^6 ) and Vail (1978 a,
1978b).

Of more relevance with respect to the present thesis are

the geological applications of remote sensing techniques in the region.
Gindy and Andrawos (1969 ) reported the Bayuda Desert volcanic field
was first discovered from the air in 1920.

Aerial photography has

been used to locate and map the ring complexes (Gindy and Andrawos,
1970; Delany, 1955; El Ramly et ^ . , 1969, 1970).

Vail (1972)

produced a photogeological sketch map of the Nubian Desert and the
Red Sea Hills.
Abdel-Gawad (1970 ) used imagery from the Gemini and Apollo
programs to map the structural trends in the Red Sea region.

This

structural mapping was also performed by Schonfeld (1977) and
Schonfeld et

al. (1977) utilizing Landsat imagery.

Landsat has

been employed in E-Wiiopia (Purcell, 1976; Mohr, 1979), Sudan
(Ahmed, 1982 ) and in Egypt (Garson and Krs, 1976; Abdel-Khalek, 1979).
-

3-

Regional radar imageiy of the Ehhian Shield was not available
until the SIR-A experiment aboard the November I98 I Shuttle mission.
Dixon and Stem (1982 ) analysed a small region in Egypt, north of
the study area.
1.5

PRESENT WORK
The present work entails a study and interpretive mapping of the

geological features of the Pan-African terrain of north-east Africa
by remote sensing techniques, mainly Landsat band 7 imagery.

Because

the region is vast and often remote with poor access the application
of remote sensing is particularly relevant as it is often the only
means by which the area can be investigated.
The identification numbers of the various band 7 images used in
this study (and the areas they depict) are listed in Appendix A.

The

availability of "ground truth" is important in any remote sensing
study and for this thesis it is provided by maps, the locations of
which are shown in Appendix B.

Ophiolites (and possible ones) have

been discovered in parts of the Nubian Shield and are thought to mark
the sutures formed by the collision of Precambrian

island-arcs, a

current model for the formation and evolution of #iis region.

The

ability of Landsat for identifying known ophiolites and its
application for locating potential ones is investigated.
Although examination of band 7 imagery forms the bulk of the
information source for the thesis, various parts of the SMeld are
analysed by different systems which results in the same area being
displayed on different types of image.

This allows comparative

examinations to be made for two reasons:(1 )

To ascertain which system allows the greater information

extraction and under what circumstances the different techniques
can be applied to maximize the output.

(2) To ascertain whether the extra information gained by
applying the different techniques, other than band 7 imageiy ' justifies
the additional time and expense expended on them.
In all, imagery from four systems is employed - Landsat, NOAA-6 ,
panchromatic aerial photography and Shuttle-bome synthetic-aperture
radar.

The additional imagery (other than Landsat band 7) is,

(1 ) a reduced-mosaic of aerial photographs of the northern and
central Red Sea Hills of Sudan.

Scale 1:500,000

(2 ) A black and white radar image (SIR-A) of N.E. Sudan from
Dongola to north of Halaib,

Scale 1:500,000

(3 ) A NOAA- 6 black and white image displaying a large area of
N.E. Africa.
In the Egyptian-Sudanese border region
(h) an enhanced false colour Landsat image.

Scale 1:500,000

(5) Linearly stretched false colour imagery (stretch I).
Scale 1:^50,000 approx.
(6 ) Linearly stretched false colour imagery (stretch 2).
Scale 1:^00,000 approx.
(Y) Linearly stretched black and white first principal
component imageiy. Scale 1:1|50,000 approx.
(8 ) Principal component colour imagery.

Scale 1:^00,000 approx.

(9 ) Taylor colour space representation of principal components.
Scale 1:1+00,000 approx.
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CHAPTER

2

PAN-AERICAN TERRAIN
2.1

INTRODUCTION
African Precambrian crust can be divided into three categories:
(1) Several Archaean cratons, e.g. West Africa, Kaapvaal,

Zimbabwean, (Vail, 1965),
(2) Ancient mobile belts ranging in age from the Archaean e.g.
gneissic Limpopo belt (Kroner, 1976) to approx. IIOOMa e.g. Irumide
belt in Zambia (Kroner, 1977a).
(3) Pan-African mobile belts.

The concept of a Pan-African

tectono-thermal event was first mooted by Kennedy (l96i|) when he
recognized the frequency with which geochronologically sampled rocks
fell within the timespan 1+50 - 650 Ife, during which he postulated the
continent had undergone an important structural event.

This range

has been extensively revised by increased data and refinements in
dating techniques to approx. 1100 - 1+50 Ma and this period is now
generally taken to be the extent of the Pan-African event.
There are two main hypotheses for the evolution of Pan-African
crust.

An ensialic setting in which the Pan-African event has been

superimposed on an older, presumably Archaean, basement or a plate
tectonic model involving production and subduction of oceanic crust
and subsequent collisions.

Because Precambrian palaeomagnetic data

are often not precise in detail^ evidence for Pan-African plate
tectonics can involve comparisons with present day features.

However,

such comparisons are not universally accepted. For example, using the
analogy of present day orogenic belts formed by continental collision
Burke et- al. (1977) considered the Zambesi belt to have formed by the
operation of a Pan-African subduction zone.

This is discounted by

Barr (1976), Shackleton (1973,1976) and Martin and Porada (l977b) who
believed it had an ensialic origin.
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Figure 2.1: Areas affected by Pan-African event, modified after
Kroner (l979)«
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Areas affected by the Pan-African event are shown in Figure 2.1.
A number of regions, encompassing the African continent are described
to ascertain which of the two evolutionary hypotheses best explains
the geology.
2.2. ARABIAN-MJBIAN SHIELD
During Pan-African times, Arabia underwent the same processes
as N.E. Africa thus the entire Arabian-Nubian Shield is considered
here.

To describe this region as a Pan-African "belt" is misleading

as the connotation implies a linear zone.

This is a vast area that

has been influenced by the Pan-African event and is unlike the other
areas discussed that have a more linear appearance.
In general terms the area has an overall simple lithological
succession consisting of volcan&clastic sediments and calc-alkaline
andésites metamorphosed to greenschist facies and heavily invaded by
granitic plutons.

The volcano-sedimentary sequences are cut by

narrow discontinuous bands of mafic and ultramafic bodies which have
a N.W. strike in S.E. Egypt (Abdel-Khalek 1979)» a north or north
east strike in N.E. Sudan (Vail, 1982a) and a north or N.E. strike
in Saudi Arabia (Al-Shanti and Mitchell, 1976; Frisch and AlShanti, 1977; Stoeser and Camp, 1981+)*
Geochronological evidence indicates cratonization can be
broadly grouped into three phases, C.1000; 800 - 600; 550 Ma,
forming the Hijaz tectonic cycle (Greenwood

al., 1976).

The

granites, country rock and ultramafic bodies have been investigated
by various authors and can be explained satisfactorily within a plate
tectonic framework.

The rare earth element distribution and niobium

content of the Pan-African calc-alkaline granites are similar to
calc-alkaline granites found above present day subduction zones
indicating the-Pan-African^granites .could..have .been.formed by
-8 -

processes operating at destructive margins (Gass, 1977, 1979).
The volcano-sedimentary country rocks consist mainly of andesitic
greywackes, basalts, andésites, shallow water sediments and flow
turbidites and are indicative of an island-arc regime (Mitchell and
Reading, 1971).

Gass (1981) subdivided the Pan-African into lower,

middle and upper and linked the progressive change in plutonism,
volcanism and sedimentation with the development, maturing and
subsequent collision of island-arcs.
The confirmation that many of the ultramafic bodies are ophiolites
and the recognition that ophiolites represent obducted oceanic crust
emplaced at subduction zones support a plate tectonic evolutionary
^

model for the Arabian-Nubian Shield.

Ophiolites have been reported

from Saudi Arabia e.g. Jabal al Wask (Bakor ct

^1., 1976) near Yanbu

(Camp, 1984) and Bir Umq (Frisch and Al-Shanti, 1977) and from Ethiopia
(Kazmin _et ^ . , 1978,1979).

An ophiolite complex is located at Sol

Hamed in N.E. Sudan (Fitches et _al., 1983; Price, 1984) and near Khor
Nakasib (Embleton jet _al.,1982).

An extensive ophiolite melange has

been reported in S.E. Egypt (Ries et

^ . , 1983).

Attempts have been made to explain the mineralization of the
Arabian-Nubian Shield within a plate tectonic framework.

)

Sillitoe

(1979) related much of the mineralization of Arabia,Sudan, Egypt and
Iran to hot spots caused by lithospheric thickening, due to the suturing
of island-arcs.

Mineralization typical of circum-Pacific subduction

zones is associated with the ophiolites and metavolcanic rocks of S.E.
Egypt (Garson and Shalaby, 1976) and the mineralization of the central
and eastern part of the Arabian Shield can be explained by assuming the
existence of a Precambrian subduction zone (Al-Shanti and Roobol, 1979).
In summary, the calc-alkaline granites, nature of the volcanosedimentary rocks and of the mineralization and the presence of
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recognised ophiolites indicate the Pan-African event in the ArahianNuhian Shield took place within a plate tectonic framework.
2.3 ' MOZAMBIQUE BELT
■
. The Mozambique belt extends from Mozambique in the south to
Ethiopia in the north.

Its western edge is relatively well defined

although sometimes transional with the Archaean cratons (Eepworth,
1972 ).

Many differences exist between the belt and the Arabian-

Nubian Shield to the north.

There is no evidence of Archaean crust

in the Nubian Shield but Archaean ages are believed to be widespread
throughout the Mozambique belt (Sanders, 1965; Hepworth and Kennerly,
I97O; Kazmin, 1971; Veamcombe, 1983a).

Pan-African andesitic

volcanism is virtually absent from the Mozambique belt but extensive
in the Nubian Shield (Kroner, 1979)*

Low grade metamorphism

predominates in the Arabian-Nubian Shield but h i ^ grade metamorphism
is extensive throughout the Mozambique belt (Shackleton, 1979).
These differences led Hepworth (1979) to propose a possible decrease
in the structural level northwards and in this context the ArabianNubian Shield would represent the "géosynclinal facet" of Clifford
(1970 ) while to the south the Mozambique belt would correspond to
the "vestigial facet".
A continential collision model has been proposed for-uthe
Mozambique belt (Burke and Dewey, 1972; Burke ^

, 1977).

An

ophiolite complex located in Kenya (Sekerr) supports this model
(Price, 1984 ; Veamcombe, 1983b).
In the southern part of the Mozambique belt the lack of
recognized ophiolites and continuity of earlier lithological units
through the belt (Kroner, 1977&; Shackleton, 1976) and the absence

■10-

of major granitic and granodioritic plutons (Martin and Porada,
1977L) support an ensialic origin.

A southward propogating spreading ridge has been postulated
in east Africa (Shackleton, 1979) and can possibly explain the
differences in geology between the Arabian-Nubian Shield and the
Mozambique belt.

Thus, when subduction commenced, closure of the

wider ocean in the north was characterised by the formation and
collision of island-arcs (Arabian-Nubian Shield) but closure of
the narrower ocean in the south (Mozambique belt) resulted in a
more continental type of collision e.g. Sekerr (Price, 1984 ).

The

ensialic nature of the southern part of the Mozambique belt can te
e:q)lained by assuming subduction was initiated before the entire
continent split.
2.4

WESTERN HOGGAR
Pan-African belts occur around the West African craton and the

evidence suggests some formed within a plate tectonic setting.

In

the Pharusian belt of the western Hoggar the fault separating the
craton from the belt is regarded as a cryptic suture (Bertrand and
Gaby, 1978; Burke et. ^ . , 1977).

Ophiolites have been reported

along the fault’s northern extension (Leblanc, 1976).
At c.SOGMa the continent split and large volumes of mantle
derived magma were extruded in the form of massive mafic and
ultramafic dykes, sills and lopoliths (Kroner, 1979).

This was

followed by a period of intense calc-alkaline magmatism linked to a
subduction zone in an island-arc environment (Bertrand and Gaby, 1978)
Analysis of the thick and widespread immature greywackes ("Green
Series") associated with this period by Gaby

al. (1977) led to

the conclusion they too were possibly formed within an island-arc
regime.
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Burke and Dewey (1972) and Burke et. al. (1977) indicated a
suture around the West African craton.

The proposed suture on the

eastern edge of the craton is formed "by the Pharusian and Dahomeyan
"belts.

It continues into South America and returns to Africa - on th3

western edge of the craton - where it is represented "by the Rokelides
and the Mauritanides( Figure 2.l) .
2.9 DAMARA-GARIEP BELTS
The Damara "belt of S.W, Africa between the Congo and Kalahari
cratons is believed to mark the site of a former ocean closure (Burke
et

al., 1977 ).

Two units have been used to support this model, the

thick (c.lOkm) sequences of geosynclinal sediments similar to those of
Phanerozoic age and the Ifetchless amphibolite belt consisting

of

pillow lavas, gabbros and serpentinites which have been interpreted as
ophielites.

A straightforward operation of the Wilson Cycle is

discounted by Martin and Porada (l977a,1977b) and Kroner (l977a, 1977b,
1979 )*

The former considered a model involving the development of an

aulocogen, the subsequent, metamorphism and deformation being due to the
rise of a mantle diapir.

Kroner (l979) concurred with this model

.

although he proposed a possible splitting of thinned sialic crust
which resulted in the Matchless belt being extruded.
Geochemical analyses of the metavolcanics of the Gariep belt
indicate an ocean floor origin and the extrusive rocks together with
ultramafics are thought to constitute an ophiolite.

Blueschists are

located where expected according to a collision model.

Kroner (1979)

believed the complete Wilson Cycle operated in the belt though Martin
and Porada (1977%) believed the Gariep belt formed in a similar mode
to the Damara belt.
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2.6

COmUSIQKS
, Different parts of the Pan-African terrain exhibit different

characteristics some of which can be accounted for in plate tectonic
terms.

The Arabian-Kubian Shield and possibly also western Hoggar can

be explained within an island-arc setting.

Limited data from "üie

Gariep belt indicate it too can be viewed within a plate tectonic
framework.

The northern part of the Mozambique belt can be

explained by a plate tectonic model.
ensialic in origin,

The Damara belt is probably

Briden and Gass (l97h) suggested a link between

theimal activity and plate motion in Africa and correlated the PanAfrican event with a stage when the African plate was stationary.
Many geologists believe the Principle of Uniformitarianism
breaks down with respect to plate tectonics in the early history of
the Earth and it is but one stage in an evolutionary change of tectonic
regimes (Tarling, I98O; Watterson, 1978; Sutton, 197&; Davies and
Windfey, 1976 ; Engel et.

, 197U)»

Although the nature and timing

of the changes are arguable, a general consensus is a change from a
permobile Archaean stage through an intermediate ductile one in the
Proterozoic when the continental crust was not very rigid to the plate
tectonics of the Phanerozoic.

Kroner (1979) believed the Pan-African

event to be an evolutionary change from Precambrian ensialic plate
tectonics to Phanerozoic Wilson cycles with the different PanAfrican belts showing different degrees of mobility.
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CHAPTER 3
GENERAL GEOLOGICAL SHCCESSION ACT) MKERALIZATION
IN THE NUBIAN SHIELD
3.1

INTRODUCTION
Geological mapping of the Nubian Shield originally involved quite

small and separate areas and this resulted in many authors using
different group names to describe similar lithologies.

With the recent

island-arc accretion model to explain the evolution of the region,
attempts are made here to correlate the various names( Table 3 .I). Some
of the earlier stratigraphie subdivisions are no longer tenable.

Before

the different lithologies are described, difficulties in correlating the
various groups and assigning them a position in the geological
succession are discussed.
3.2 DISCÏÏSSION OF LITHOLOGIES
The Eritrean h i ^ grade metamorphics and Grey Gneiss Group are
possibly the oldest lithologies within the study area and have been
postulated Archaean by analogy with other rocks. Hepworth (1979)
compared the Eritrean metamorphics with."African basement" rocks in the
Mozambique belt and Vail (1982a, pers. comm., 198i|) believed the Grey
Gneiss Group ; to be possibly Archaean or early Proterozoic 'in age. No
radiometric ages are available for either lithology.
The nature of the Metasedimentary (Kashebib) Group is problematical,
It has been viewed as an older - than Pan-African - basement or as
metasedimentary bands within the Greenschist Assemblage which have
locally undergone higher grade metamorphism.

Vail et.

(1981|)

believed the Metasedimentary Group and the Grey Gneiss Group formed the
African foreland in N.E. Sudan and Vail (1979) stated that the
Metasedimentary Group uneonformably underlies later rocks near Berber.
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Key;

Sudan
2) Ethiopia
J) Egypt

RED GRANITE

RECENT DEPOSITS

(1 )
"YOUNGER

SODA GRANITE

GRANITES"

(1 )

POST-NDDIAN
VOLOANICS

PHASE 3

YOUNGER ANOROGENIO
COMPLEXES

PHASE 2

(1 )
PHASE 1
NUBIAN SANDSTONE

3rd GEOSIN. DEPOSITION OF SEDIMENTS & YOLCAILCCS
RHYOLITE & LAYA BRECCIA

(l)

(l)

VOLCANIC SERIES (1)

YOUITGER INTEUSI7ES

n
1

GENERALLY
"EXTRUSIVE
PHASES"
(1 )

ASOTERIBA
VOLCANICS

BATHOLITHIC GRANITE
1

"A¥AT GROUP"

INJECTION GRANITE
1

()

SYN-OROGENIC

()

1st & 2nd GEOSYN. DEPOSITION OF SEDIMENTS & VOLCAlflCS (l)
NAFIRDEIB GROUP/SERIES

(1)

TSALIET GROUP

SHADLI METAVOLCANICS

(3)

OYO SERIES

(2)
rmius'AND"—
ULTRA^IAFICS,
(POSSIBLE OPHIOLITEg

*(1)

______

HALÂBAN GROUP (ARABIAN SHIELD]

ODI SCHISTS

(1)

PARA- AND ORTHO-GNEISSES (l)

MITIQ GROUP

(3)

KURMAT SERIES

(1 )

KASHEBIB

g r o u p /s e r i e s

(l)

Î^IETASEDIÎ'ÎENTARI
GROUP

(1 )

PRIMITIVE SYSTEM
SEMENT"

2
9

i

ABU HARIK AND
IRAEABA SERIES

GREY GNEISS GROUP

(l)
_J

I—

ERITREAN
METAMORPHICS

LOWER COMPLEX (2 )

Table 3*1: Correlations and alternative titles for lithologies in the Nubian Shield.
Nomenclature for the thesis is given in the ri^t hand column.
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However, Pitches ^

(1983) reported "up to now no intact

unconformahle contact, nor geochronological evidence, can he cited to
confirm that the Kashebib Series does represent an older basement".
The Greenschist Assemblage was originally thought of as a number
of different groups.

It has been divided into northern, central and

southern sequences by Embleton et. al. (1982 ).

In the author*s

opinion this three-fold subdivision should be considered tentative
because it is based on limited Rb;Sr data and speculative sutures
separating volcano-sedimentary sequences which have rapid lateral and
vertical facies changes, and no significant lithological variations
between the sequences can be determined.

The author views the

Greenschist Assemblage as an entity i.e. a heterogeneous time—
transgressive unit which indicates the extent to which an island—arc
tectonic regime operated in the Nubian Shield during Pan-African times.
The ages of the igneous intrusions in the study area range from
C.900

Ma to c. loom, thus their position in the geological succession

can vary.

Neary et

el. (1976) subdivided the "Younger Granites" of

the northern Red Sea Hills into three phases, phase 1 c.TOOMa; phase
2 c.^OOMa; phase 3 c.lOOMa.

Vail and Kuron (l9?8) suggested at least

two groups, a younger one c . e n d

c.230Ma and an older one with

an average age of 900 Ma.
In a plate tectonic framework the igneous complexes can be
separated into two intrusive cycles, an older post-orogenic one when
subduction was continuing or had just ceased and a younger anorogenic
cycle by which time the area had achieved a continental character.
Based on the duration of the Pan-African event(c. 11OOMa - U^OMa) and
the Kb - SiOg characteristics of volcanic arc and "within plate"
magmas (Pearce and Gale, 1977) the Phase 1 and Phase 3 Younger
Granites are post-orogenic and anorogenic respectively.

—
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Sparse

Nb-SiOg data for the phase 2 intrusions (Neary

, I976 )

suggest that by about 900 Ma continental characteristics were
established in the northern Red Sea Hills.
Extrusive phases in the Red Sea Hills have previously been
considered as separate groups.

The "Awat Group" is probably part of

the Greenschist Assemblage and the Asoteriba volcanics are possibly
related to the Younger Intrusives (Almond, 1979)»
The group names used in this thesis represent the respective
lithologies in a: regional context.

Thus, Greenschist Assemblage is

preferred for the widespread metavolcanic-metasedimentary sequences
rather than Nafirdeib Group which was originally employed for them
in a specific location.

The term syn-orogenic granite is shortened

to granite in the text,

(in sections discussing the Younger Intrusives,

granite as a component of them will be referred to, but in these
instances distinction from the syn-orogenic granite will be evident).
3 .3

ERITREAN HIGH GRADE METAMORPHICS
In Eritrea along the Red Sea Escarpment, h i ^ grade metamorphics

crop out, consisting mainly of gamet-staurolite schists, gneisses and
biotite-muscovite schists invaded by migmatitic granite (Mohr, 1979).
They have been termed the "Lower Complex"

by Kazmin (1979)-

3.1i GREY GNEISS GROUP
Vail (1979 ) considered the oldest lithological unit within N.E.
Sudan to be the Grey Gneiss Group, which is composed of granitic,
biotite and muscovite bearing gneisses.

Its:, type area is the Dayudà ,

Desert where parts of the outcrop (Vail, 1982a) correspond to the
Precambrian Abu Harik and Rahaba Series of Barth and Meinhold (1979 ).

- 17-

3.9

METASEDIMENTARY GROUP
In the central Red Sea Hills, Ruxton (199&) gave the name

Primitive System to a metasedimentary group, mainly within the
amphiholite facies, consisting of biotite granites, gneisses, marbles,
hornblende schists, graphite schists and slates.

Similar rock types

for this area have been referred to as "para-gneisses and ortho
gneisses"

(Lofti and Kabesh, 196i|).

The Metasedimentary Group

corresponds to the Kurmat Series in the Bayuda Desert (Barth and
Meinhold, 1979) and the Mitiq (Meatiq) Group in Egypt.
termed the Kashebib Series (Gabert et
Group (Whiteman, 1971).

It has been

al., I960 ) or the Kashebib

Vail (1979) indicated a possible correlation

with the Hali Group in Saudi Arabia.
Metasedimentary Group is not known.

The absolute age of the
Ries et

al. (1983) reported

that Abdel-Monem and Hurley (1980 ) obtained a 1770Ma U-Pb zircon
age for the "gneisses and migmatites" of El Ramly (1972) which was
interpreted as the a ^ of the source region of the detrital: zircons.
3.6

MAFIC AND UDTRAI'IAPIC MASSES
Throu^out the Nubian Shield are numerous mafic and ultramafic

masses (layered gabbros, serpentinized dunites, wehrlites and
Iherzolites) which are thought to represent parts of ophiolite
complexes.

The masses are often grouped into narrow zones which

have been used to indicate the location of possible sutures (Vail,
1982a; Pitches et

, I983 ).

The Sol Hamed complex near Halaib

has all the characteristics of a true ophiolite, ultramafics,
gabbros, sheeted dykes, pillow lavas and oceanic sediments as
stipulated at the Penrose Conference (Anon, 1972).
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3.7

GREENSCHIST ASSEMBLAGE
The Greenschist Assemblage is composed of volcano-sedimentary

sequences metamorphosed to greenschist facies.

It consists of

greywackes, pyroclastic beds, limestones, conglomerates, breccias,
pelites, basalts, rhyolites and andésites.
restricted extent and variable thicknesses.

Individual horizons have
Rapid vertical and

lateral facies changes are common.
The volcano-sedimentary sequences have been called the Greenschist
Assemblage by Vail (1979), the C^o Series (Gass 1955), Odi Schists
(Delany, 1956), Nafirdeib Series (Ruxton, 1996; Gabert et
or the Nafirdeib Group (Whiteman, 1971).

al., 1960 )

The Greenschist Assemblage

corresponds to the first and second geosynclinal deposition of
sediments and volcanics (Lofti and Kabesh, 19614.) and correlations have
been made with the Shadli metavolcanics in Egypt, Ealaban Group in
Arabian Shield and Tsaliet Group in Eritrea.
A Rbf Sr age determination of the volcanics in the Sol Earned area,
yielded an age of 712 + 98Ma (Pitches et

, 1983 ).

Por similar

rocks in the Shabetem complex region an age of 723 + i{Ma was
established (Zlemenic, I983 ).
The third geosynclinal deposition of sediments and volcanics
(Lofti and Kabesh, 19614.) and intermediate volcanics near Port Sudan
(Lofti, 1963 ) were correlated with the "Awat Group" but these
lithological units are probably also components of the.Greenschist
Assemblage.
3.8

SYN-OROGENIC GRANITE
Granitoids of batholithic proportions, consisting of diorite,

granodiorite and adamellite, crop out widely in the study area.
Cavana^ (1979 ) obtained ages of 669 + 20 Via (core) and 686 + l8Ma
(margin) for the granite.

Dixon (l979) established an age of
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711 + 7 Ma.

Vail et

al. (198I4) reported the granite is intruded by

dykes which yielded an age of 7 2 9 + 2 3 Ma.

Limited field evidence

indicates the granite is younger than the Greenschist Assemblage.
3.9 YOMGER imUSIVES
The Younger Intrusives often form conspicuous ring complexes
and high’ruggèd peaks. The term "Younger Granite" has been used to
describe these post-orogenic intrusions.

However, this term suggests

an association of rocks similar to the Younger Granites of Nigeria
(Jacobson at al., 1958) but many of the complexes in N.E. Sudan are
not considered to be Younger Granites sensu stricto (Almond, 1979).
In describing the intrusions the general term Younger Intrusive is
adopted by the author.
Many of the Younger Intrusives have not been mapped in detail,
but a generalized outline of lithologies has emerged.

The intrusions

are mainly composed of granites, syenites and gabbros though different
complexes have varying proportions of each constituent.

Some are

formed almost entirely of one lithology - Qeili complex being mainly
syenite - others have a granite ring dyke around a gabbroic core
though Vail and Kuron (1978) reported homblendic gabbro often forms
the outermost ring dyke.
Because many of the Younger Intrusives consist of multiple
intrusions, age determinations are often only the ages of particular
intrusions. Granite from the Kadaweb and Shabatem complexes yielded
ages of 717 + 7Ma and 676 + 13 Ma respectively (Klemenic, I983 ).

The

Shabatem gabbro yielded an age similar to the Kadaweb gabbro, a
combination of the data resulting in an age of 766 + 26Ma.

In the

southern Red Sea Hills, ages of 895^’Ia and 690Ma were established
for the Abu Tikir and Erheib granitic ring dykes respectively thou^
Jar-en-Nabi (1976) expressed doubt about the acceptance of these ages.
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The Asoteriba volcanics are composed of rhyolite and rhyodacite.
Neary et

(1976) considered them as belonging to the same

magmatic cycle as the syn-orogenic granite and the "phase 1 Younger
Granites".

They have been dated at 6i|9 + l8Ma (Cavana^, 1979).

3.10 NUBIAN SANDSTONE
The Nubian Sandstone consists of quartzose sandstone with
mudstone and claystone lenses and basal conglomerate.
although variable, is often highly ferruginized.
either horizontal or gently dipping.

The matrix,

The beds are

The possible origin of the

sandstone is discussed comprehensively by Whiteman (l97l).
Lithological evidence suggests it was possibly laid down in river
deposits.

The Nubian Sandstone is generally believed to be

Cretaceous in age.
3.11 YOUNGER ANOROGENIC COMPLEXES
These intrusions are very small and are composed mainly of
various types of syenite (El Ramly et
et, al., I98I1).

Serenesits

al., 1970, 1971; Vail

(1978) obtained K-Ar ages of

139 Ma, II4.2 îfei and 11+9 Na for Nigrub El Pogani, Jebel Misbeh and

Jebel El Naga respectively.
given by Vail ^
respectively.

Ages of 139 + 3Ma and 139 + 3Ma are

(198 U) for Jebel Sha and Jebel Mndara

Por Jebel Ankur, ages of 237Ma (gabbro ring dyke)

Illi^Ma (syenite ring dyke) and 1 l9 Na (syenite plug) are reported by
Jar-en-Nabi (1976),
3.12 POST-NUBIAN VOLCANICS
The Bayuda Desert volcanic field consists of a large number
of volcanic cones, lava flows, explosion craters, pyroclastic cones
and pumice mainly of basaltic composition.

Almond ^

al. (1969 )

considered from the excellent preservation of the volcanic features
—21—

that some of the activity could be as late as Pleistocene.
3.13 REGENT DEPOSITS
Most of the youngest deposits in the study area occur along
the coastal plain e.g. Dunganab and Abu Shagara Eormations.

They

consist mainly of clastic sediments, limestones, evaporites arid
shales.

Inland, vast low-lying areas are blanketed by windblown sand.

3.1U MINERAL DEPOSITS
Mineralization in the study area is diverse, zinc, tin, lead,
gold, cobalt; tungsten, chromium, mica and iron (Ahmed, 1983 ; Vail
1978b) though few deposits are economically viable.

are mainly hydrothermal in nature.

The deposits

Auriferous veins are virtually

restricted to the Greenschist Assemblage (Vail, 1976).
Within N.E. Sudan there are three large concentrations of
deposits, west of Halaib, south of Haiya and near Todar (Ahmed, 1979).
A number of ore bodies are associated with the ophiolite suite;
copper and nickel in the Abu Swayel ultramafics and chromite, iron
and titanium in the Abu Dahr sexpentinite.

Some of the Younger

Granites of Nigeria have high concentrations of tin and tungsten
(Almond,. 1979) but Stoeser and Elliot (1979) reported that no
economic deposits are associated with the post-orogenic intrusions
in Saudi Arabia or the few sampled Younger Intrusives in Sudan.
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CHAPTER h
DISCRIMINATION OF ROCK TYPES AND LITHOLOGICAL
SIGNATURES ON LANDSAT RAND 7
U.1

INTRODUCTION
The use of Landsat band 7 imagery for discriminating between

different rock types is investigated in this chapter. A lithological
map was produced from the band 7 mosaic (Map 1, in the folder) and
grid references in this chapter refer to it.
A lithology*s Landsat signature has two major components, tone
and texture.

A rock type is usually described as being light-toned,

intermediate or dark, but because this broad division is often not
precise enough to indicate how lithologies compare they are here
assigned a grey scale number (GS) which can vary from 1 (white) to
(black). A grey scale is included in the folder.

Direct comparison

of tones between images is often not possible because photographic
processing (different exposure times) can result in the same lithology
having different greyness levels on different images, giving the
misleading impression that a lithology has a wide tonal range.

However,

relative comparisons can be made using the grey scale numbers because if
one rock type is darker than another on one image, this relationship
should be maintained for other images( Table I+.3J.
Differentiation of lithologies is sometimes in terms of texture
rather than tone because the latter is often very similar between rocks
of a diverse nature.

Texture is, to a large extent, dependent on

topographic expression i.e. dissected appearance, flat, rugged etc.
The signatures acquired from the imagery are summarised in Table 1|.1.
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Various factors can greatly alter a lithology*s signature.

In the

arid terrain of the Nubian Shield, "desert varnish" - discussed in
Appendix D - is a major one.

The term "contaminated" rather than

covered, masked or obscured is preferred by the author and used
throughout this thesis to describe the effect when a lithology*s
original signature is affected by the erosional products of a
different rock type.

The latter terms suggest that none of the

lithology*s original reflectance characteristics contribute to the
resultant signature seen on the imagers'". However, there are varying
degrees of contamination, slight, when the original signature is not
greatly altered, through to severe, when serious degradation of the
original signature results.
h.2. ERITREAN HIGH GBAHE MEPAMOEPEICS
These have a distinctive dark tone (GS 10-11) which is
conspicuous because of the sharp contrast with the pale coastal plain
to the east and the light-toned Eritrean Highlands to the west (J8).
The outcrop (which extends southwards outside the limits of the
imagery) is 70km long, 12km wide and strikes NNW.

It has a rugged

texture with straight wadis aligned along its length.
h. 3 GBEY GmiSS GROUP
Vail (1979 ) reported that this group is grey in colour and forms
a subdued outcrop.

Because of a sand cover it is not possible to

accurately ascertciin itë: tone.

Eie outcrop boundary between it and

the Metasedimentary Group in the western Bayuda Desert (C7) is shovai
by a distinct change in tone (from GS3 to GS8).

It is much more

difficult to locate precisely the eastern extent of the Grey Gneiss
Group because the Metasedimentary Group is also sand-covered in this
area.

However, the boundary shown by Vail (1978 a) correlates reasonably

well with a slight tonal change, the Metasedimentary Group being darker.
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h.h

METASEDIMENTARY GROUP
The largest outcrops of this group are within the Bayuda Desert

and the Abu Swayel region of Egypt (D2).

It is mainly intermediate in

tone (GS 7-9), though it is sometimes sand-covered (D7).

In the Abu

Swayel region the texture is rough though in the Bayuda Desert it is
smooth.
L.5

MAFIC AND ULTRAMAFIC BODIES
These outcrops are responsible for most of the darkest signatures

on the imagery (GS 11-11+).

The texture is very rugged.

The masses are

often thin, elongated and aligned in zones.
The Sol Earned ophiolite is well depicted' on the imagery (E2).
Fitches et.

(1983) showed it as consisting of three main elongated

outcrops, ultramafics, gabbro and pillow lavas and breccia.

The gabbro

has the darkest signature (GS 1i+) and forms the major (central) part of
the ophiolite.
its length.

The thin ultramafic body has a similar tone for most of

The contact between the gabbro and the pillow lavas is

marked by a slight tonal change, the latter being paler (GS 11-12).
Sei^entinite masses in N.E. Sudan (E3) and in S.E. Egypt (E1,E2) are
very prominent (GS 1i+) as is a 60km long layered gabbro (GS 9-11 ) in
the Wadi Onib area (E3).

A metagabbro-diorite complex could not be

differentiated from serpentinite.
i+.6

GREENSCHIST ASSEMBLAGE
The volcano-sedimentary sequences crop out widely throughout the

region (D3, E3, Ei+, GS, 17).

Outcrops tend to be large and continuous

with an approx. uniform intermediate to dark tone (GS 8-11 ),

A common

feature of the Greenschist Assemblage is the presence of a tectonic or
compositional fabric.
north-east.

This "structural grain" strikes mainly north or

The texture is mainly rough to very rou^ though in the

Bayuda Desert it is smooth.
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At a number of locations separate components of the Greenschist
Assemblage can be identified.

West of Port Sudan a chloritic schist,

occupying a I+Okm long syncline (Lofti, 19^3), pelites in the Dunganab
area (Pitches ^

al., I983 ) and the Homogar Volcanics north of Haiya

are darker than average.

Twenty kilometres south of the Sol Hamed

ophiolite a Greenschist Assemblage outcrop is very dark (GSI3 )
compared to others in the same area.

This is not caused by photographic

processing effects or contamination and it is probably due to the
nature of the lithology comprising this part of the Greenschist Assemblage
U.7

SYN-OROGENIC GRANITE
Large granite outcrops are common throu^out the Red Sea Hills.

The texture is generally: smooth thou^ the tone can vary greatly
because the granite is easily eroded, forming flat low-lying areas^
which are usually covered by a layer of windblown sand or contaminated
by debris from other darker lithologies (D2, E1, D3, F3» G7).
granite is not marked by superficial deposits

Where

(70km north of Wadi

Onib and in the southern Red Sea Hills) it has a pale tone (GS1|-6).
In the Dqnganab area, Neary _et. al., (197^) divided the outcrop
into granite proper and an assimilation margin.

The former appears

slightly darker but, due to the variabiliiy of the tone, this cannot
be considered significant.
k.8

YOUNGER INTENSIVES
The distribution of the Younger Intrusives is discussed in

Chapter 6. Their signatures vary enormously, tone, from pale to very
dark, and texture from smooth to highly dissected and rugged.

Although

the signatures for the Younger Intrusives reflect to some extent the
nature of the lithologies comprising them,debris contamination from
other lithologies is common, muting in some instances the sharp
contact ; between the intrusions and the country rock.
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In the Bayuda

Desert, the Younger Intrusives in the Gilif Hills, Sani, I-îusran and
Sultanyat are difficult to differentiate because of the volcanic
fields that crop out around them, thus this area is very dark.
Other intrusions in the Bayuda Desert isolated from the postNubian volcanics e.g. Singeir, Abu Handal and Jebel Abu Nahl are
very prominent and have intermediate tones.
In the Red Sea Hills the Shabatem complex, is obscured almost
entirely by recent deposits (thus it has a pale tone) though on its;
north-eastern edge concentric arcs of granite and gabbro are clearly
visible.
A common characteristic of the Younger Intrusives is their "form" i.e,
they occur as circular

complexes which are often distinctive and

easily identified on the mosaic.

However, some intrusions can not

be located from the imagery e.g. Abu Tikir.
U.9

NUBIAN SANDSTONE
This group crops out extensively around the Nile and south of

the Bayuda Desert (A3, B3, 03, B9, 09) though it is often only
exposed sporadically due to a thin sand cover.

Nearer the coast

there are two major outcrops, one in S.E. Egypt (D1) and the other
in the central Red Sea Hills (Pli).

The tone and texture is often

very similar to that of the Greenschist Assemblage making
differentiation difficult though the absence of a "structural grain"
for the sandstone is a useful distinguishing characteristic.
a.10 YOUNGER ANOROGENIO OOMPLEXES
The complexes are very small (5km in diameter) and circular or
oval in shape.

The tone is intermediate to dark (GS 9-11 ) and the

texture is rough.
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I+.11 POST-IHJBIAN VOLCANICS
The major outcrops of the volcanics are in the Bayuda Desert.
Their tone is very conspicuous and very dark (GS II4) producing a
sharp contrast with the surrounding paler Precambrian lithologies.
■The texture is very rough.
1+.12 SUPERFICIAL DEPOSITS
Mature sand deposits composed mainly of quartz have a high
reflectance in band 7 thus they are very pale (GS 1-1+)• However,
the tone of the superficial deposits is usually controlled by the
lithology they cover or chat crops out nearby.

Variation in tone

along the coastal plain can be correlated with changes in the rock
type adjacent to it( Table 1+.2J. (The greyness values were all
acquired from one image thus they are directly comparable).
The paler superficial deposits are associated with the paler
lithologies and the deposits have a higher reflectance (lower GS
value) than the lithologies they are associated with.

LITHOLOGY

Syn-orogenic granite
Metagabbro-diorite
complex
Syn-orogenic granite
Metagabbro-diorite
complex
lounger Intrusive
Syn-orogenic granite

GREY SCALE VALUE
FOR OUTCROP

GREY SCALE VALUE FOR
ASSOCIATED SUPERFICIAL
DEPOSITS

7-8

2-3

1i|
10-11

7-8

10

h

10-11
2

9-10

7

1U

Table 1+.2: Correlation of variations in tone of the superficial
deposits with different lithologies.
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a.13 DYKES
Numerous dykes can be observed on the imagery, mainly in the
form of linear dyke swarms though ring dykes and radial dykes are
also evident but much less common.

A feature common to all the dykes

within the mosadLc is their contrast with the background - in all cases
they are darker.
A major dyke swarm in the Bayuda Desert (C?) strikes ENE, with
individual dykes being up to 30km long.

The dykes are cut off to the

south by the Nubian Sandstone unconformity.

They can be traced as far

northwards as the large Bayuda Desert volcanic field where they cannot
be discerned, probably not due to the poor contrast but because the
post-Nubian volcanics overlie them.
In S.E. Egypt, (D2) two classes of dyke can be distinguished on
the basis of their Landsat signatures.
restricted to a narrow band, 15 km wide.

Very dark dykes are mainly
Along the axis of this

swarm a number of younger anorogenic complexes crop out, often with
their long axis orientated parallel to the dykes.

The dark natmre

of the dykes possibly indicates a basic character because it is not
due to contamination as the dykes are intruded into pale granite and
very pale superficial deposits partially cover them.
The second class can be observed across a i+Okm wide swath of
terrain.

The dykes are very clearly expressed in granite as this

has weathered much more easily then them, thus they appear as thin
"ridge-like" lineaments.

A comparison of the tone of these dykes

with the initial class shows they are considerably paler.

This has

resulted in a low contrast with the pale granite but the trend of the
dyke swarm, approx. normal to the illumination direction^ means the
dykes are accentuated on the Landsat imageiy.
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ii.iu EVALUATION OF BAND 7 IMGERY FOR GEOLOGICAL MAPPING AND THE
LOCATION OF POTENTIAL OPHIOLITES
A comparison of the rows in Table 1+.3* shows how the variation
in photographic processing - over which the author had no control has affected the signatures.

A lithology which has a particular GS

value at a certain level of photographic exposure will have a higher
GS value (i.e. it will be darker) if overexposed.

Thus for example

from Table I+.3 , No. 1 has been overexposed with respect to Nos. 7
and 8 whereas Nos. 1 and 6 have approx. similar levels of photographic
exposure.
comparing the columns of Table i+»3» the influence that
photographic processing has on the Landsat signature is effectively
removed.

The mafic and ultramafic masses (along with the post-

Nubian volcanics) form the darkest outcrops i.e. have the hipest
GS values.

Greenschist Assemblage and granite between them form most

of the Precambrian basement and differentiation between them on band
7 is veiy good.

Many of the Younger Intrusives are conspicuous because

they occur as ring complexes.

The Metasedimentary Group is generally

slightly paler than the Greenschist Assemblage.

Differentiation of

the Greenschist Assemblage from Nubian Sandstone is often poor.
Band 7 imagery is an excellent tool for identifying potential
ophiolites in the Nubian Shield because mafic and ultramafic masses major components of the ophiolite suite - have one of the most
distinctive signatures on Landsat,

Using the signature acquired for

known (or suspected) ophiolites an examination of the mosaic was
made to ascertain if similar signatures existed elsewhere which could
be potential ophiolites.

The regional coverage of the Landsat system

makes it ideal for such a purpose and allows large areas of poorly
mapped terrain to be easily investigated.
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In the northern and central Red Sea Hills, from the imagery,
there is no signature that can he considered ophiolitic.

In the

southern Red Sea Hills (g6 ) there are a number of outcrops that are
possible ophiolites.

Three of the outcrops are very dark, thin,

and elongated along a narrow zone of lineaments.
In conclusion, the major lithologies can be assigned a Landsat
signature, the mapping of which corresponds closely with the outcrops
shown on the published maps.

Thus Landsat band 7 imagery is a useful,

cheap and readily available data base for reconnaissance geological
mapping.

y
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CHjlPTER
ANALYSIS
5.1

5 •

GF DIGITAL

IMGERY

imODUCTIGN
The enhanced imagery in this chapter was produced from a

computer compatible tape (COT) of the Egyptian-Sudanese border scene.
(l4ap 2 in the folder was produced from an enhanced FCC image of this
scene).

The theory behind the generation of the different image

types is deferred to Appendices E and F.

The digitally processed

imagery includes:
(1) Linear stretched black and white first principal conqponents.
These are similar to single band Landsat images except they represent
an approximation of albedo in the 0.5 - 1.1 ^

range.

However, due

to the particular reflectance characteristics of this scene the first
principal components are similar to linearly stretched band 7 images
but they show better signal to noise ratio and more grey levels.
(2 ) Linear stretched false colour composite (FCC) images.
Imagery was produced with two linear stretches, both of wMch were
designed to hi^light dark areas.

Stretch 1 and stretch 2 images have

cut-off values of (l2 ,10 ,2 ) and (8 ,0 ,0 ) and saturation values of
(14.1 ,6 5 ,21+) and (35 ,5 0 ,18 ) for bands l+,5 and 7 respectively.

(Bands

1|,5 and 7 were projected in blue, green and red respectively).

(3 ) Principal component imageiy. The covariance matrix of the
dark areas was used to drive the statistics manipulation.

The

projection colours were red, green and blue for the first, second
and third principal components respectively.
(I4) Taylor colour space display of principal components which
expresses subtle differences in a different way to "normal" red/
green/blue principal component images,

The first prinoipeJ.

conqoonent drove the bri^tness, the second the red-greenness (low

- 3I+-
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Figure ^.1: Location of suLscenes discussed in the text. The area south of the
discontinuous line A — B is shown on Plates
and 5» 2^ using a reduced
number of pixels
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values - red; intermediate - yellow; high - green) and the third the
blue - yellowness (low values - blue; intermediate - green; high yellow).
No hard copy ratio.: images were produced because when viewed on
the monitor of a BIPIX Aries - II image processing system extremely
little information could be extracted from them due to the very high
correlation between all the bands for this scene.
The aims of this chapter are;
(1) To compare and contrast the different types of digital
imagery with each other and band 7 to ascertain which provides better
lithological discrimination.
(2 ) To critically examine the variability of different lithological
signatures.
(3 ) To investigate a range of geological features on band 7 and
digital imagery to determine if digital image processing is neccessary
to elucidate them.
Five individual subscenes - each depicting an area of approx. $0x
1|0 km - for which different types of image were produced form the basis
of the study( Figure 5*l) , Small location figures are-included in •t&e
text for each subscene.

The "ground truth" for this

region (El Ramly,

1972 ) is generally better than for the rest of the study area.

Consequently for this chapter the metavolcanic-metasedimentary sequences
which constitute the Greenschist Assemblage are considered separately
i.e. metavolcanic component (Shadli metavolcanics) and the metasediment
ary component which is still referred to as the Greenschist Assemblage.
5 .2

SUBSCENB 1 (D1, Map 2)
The contrast stretched first principal component (Plate $*2) allows

greater discrimination in the dark areas of subscene 1 compared with the
band 7 image, thus more lineaments can be observed on the former.
example a fault (A, Figure 5»2) which is practically invisible on
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For

Plate ^.1 is conspicuous on Plate 5-2.

Differentiation of granite

from the Shadli metavolcanics by tone (B and C Figure 5-2) is good on
Plates 5*1 and 5*2, but where the distinction is by texture (D, Figure

5.2), Plate 5*2. is superior.

The sharp tonal change (E, Figure 5.2)

does not represent a change in lithology but the granite's signature is
degraded by darker lithologies.

The Abu Dahr serpentinite (P, Figure

5.2) is much more prominent on the first principal component than on
the standard band 7 image.
The enhanced false colour composite images, Plates 5*3 and

$.ki

although more colourful do not provide appreciably more structural
information than a linearly stretched black and white image.
circular feature (G, Figure
was examined.

A

$i2) was not recognized until Plate 5.3

The major effect of the different stretches is in the

overall colour of the subscene i.e. brown and blue.

The Younger

Intrusives (H and I, Figure 5-2) are prominent on the FCC's.

The principal component representations of subscene 1 (Plates
5 .5 and 5 .6 ) are considerably more colourful than the FCC's discussed

earlier.

The Younger Intrusives are particularly striking on Plate

5 .5 » being dark red in colour.

Distinctive orange superficial deposits

which extend from the northern intrusion across the coastal plain
(Plate 5-5) are much more subdued on the Taylor colour space image.
The green colour of the wadis on Plate 5-6, which accentuates the
drainage system, is probably due to the ^erosional products #f the
Shadli metavolcanics because the wadis drain this outcrop.

(V/here

two sub-parallel wadis strike alongside each other - J, Figure 5*2 they have different colours, green in the metavolcanics and yellow in
the Younger Intrusives),

Differentiation of the Abu Dahr serpentinite

from the Shadli metavolcanics is poor on Plate 5*5» slightly better on
Plate 5 .6, but best on Plate 5* 3*

Variations in the colour of the

granite outcrop (K,L. Figure 5*2) are due to different degrees of
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o

Figure $,2: Location figure for subscene 1, based on
Plate 5*3* Lineaments represent distinctive features
e.g. faults, outcrop boundaries, wadis, etc.
Scale 1:ii50»000 approx.

—^8—

Plate 5 .I: Band 7 image of subscene 1. (North at top of
this plate and all others unless otherwise stated).
Scale 1:^p0,000 approx.

^

,a0fCsÊ

%

ZOOM

IPIX

Plate 5-2: Linear stretched first principal component
image covering most of subscene 1. Scale 1:U^0,000 approx.

” 39"

m

278
Plate 5*3: Linear stretched false colour composite of
subscene 1 (stretch 1). Scale 1:^50,000 approx.

m

Plate 5-i+: Linear stretched false colour composite of
subscene 1 (stretch 2). Scale 1:1+00,000 approx.

1308

MOVE

CURS07;

Plate 9.9: Principal component image of subscene 1.
Scale 1:1+00,000 approx.

%

Plate ^.6: Taylor colour space display of principal
components showing same area as above. Scale 1:1+00,000
approx.
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contamination.

The Younger Intrusives have been unaffected by any

contamination because they have a rugged "upstanding" topographic
expression.
There is a loss of textural information on the principal
component images compared with the linearly stretched false colour
imagery because of the high noise content of the higher-order
principal components.
^.3

SUBSCENE 2 (C1 Map 2)
Six different lithologies can be identified in subscene 2.

Most of them do not have a unique signature but the major ones can
be distinguished even on band 7 (Plate 5*7).

Serpentin!tes at

Jebel Um Tagar and Jebel Zargat Naam (A and B, Figure 5*3) contrast
sharply with the large intermediate-toned granite to the north
(C and D, Figure 5*3) and the pale Nubian Sandstone to the west
(E, Figure 5»3)«

Although this latter area is shown by El Ramly

(1972) as uniform Nubian Sandstone, bare rock is only exposed
sporadically (F,G, Figure 5*3)-

Greenschist Assemblage crops out

in the N.W. (H, Figure 5*3) but it is mainly sand-covered
(l,J, Figure 5-3).
The contrast stretched false colour composites differ markedly
in their usefulness. There is less colour variation on Plate 5«9
than on Plate ^.8 and the former is little better than a black and
white band 7 image. On Plate

$,8 the thin cover associated with

the major lithologies has a different hue, cream for sandstone,
pale blue for granite and dark blue for Greenschist Assemblage.
gabbro is observed equally well on band 7 as on the FCC’s
(K, Figure 5-3)«

-1+1-

A

Figure ^ . 3
Plate

Location figure for subscene 2, based on
Scale 1:^$0,000 approx.

■"1+2-

Plate 9-7î land 7 image of subscene 2.
approx.

Scale 1:^000,000

Plate ^.8: Linear stretched FCC of subscene 2 (stretch 1)
Scale 1:1+^0,000 approx.

Plate $.9: Linear stretched FCC of subscene 2 (stretch 2).
Scale 1:1+00,000 approx.

Plate S'10: Principal component image showing same
area as above. Scale 1:1+00,000 approx.

”1+3”

The dominant feature of Plate ^.^0 (a principal component image)
is the bright red colour associated with the Nubian Sandstone.

It must

be emphasised that this relates to the erosional products of the
sandstone and not the bare rock, which is a dark purple colour on
Plate S'10'

Although lithological variations have been recognized for

the Nubian Sandstone (Whiteman, 1971) the cement is generally
ferruginous in character.

The area shown red on Plate S-10 is yellow

on the FCC used to produce Map 2 (hi^ reflectance in band 7 and band
S, low reflectance in band 1+) indicating a red colour in the field.
Weathering of the sandstone has not only produced distinctive red
in situ sand dunes but dispersal of the iron-rich matrix by wind has
resulted in other lithologies being affected.

Thus granite near the

sandstone (L, Figure S-3) is red because it is heavily contaminated.
In the N.E. of subscene 2 granite has a thin highly reflective sand
cover with a yellow signature which has been degraded to yield a
yellow to dark^ orange hue.
Differentiation of the Shadli metavolcanics from the Jebel Um
Tagar serpentinite (M and A, Figure 5*3) is not possible on any of
the images though the former appears slightly brighter on Plate 5*10*
Although the Greenschist Assemblage outcrop has a similar signature
to serpentinite on Plate 5-10 (dark blue), itSL weathered products
(l and N, Figure 5-3) are much paler than the weathered products of
the ultramafic.
SUBSCENE 3 (C2, D2, Map 2)
Both linearly stretched false colour composites (Plates ^.12 and
5 .13 ) are superior to band 7 (Plate ^.11) for geological mapping

because of the low contrast of the band 7 image in the dark, eastern
half of subscene 3 . The effects of the different stretches, as well
as changing the overall presentation of an image, can alter the

efficacy of the Landsat system for lithological discrimination.
Serpentinites are Yexy conspicuous on Plate ^.12 (A,B,C, Figure ^.l;)
because their black colour contrasts well with the "brown background"
but they are less prominent on Plate 5* 13*

Nubian Sandstone crops

out extensively in the S.W. (B,E, Figure 5*i+).

Its

colour on the

FGC*s is similar to that of the Shadli metavolcanics (F, Figure 5*U)
but they can be distinguished by texture because the metavolcanics
are highly dissected whereas the sandstone has a rugged topographic
expression.

The drainage system is a different colour for the two

lithologies on Plate ^.12; metavolcanics (blue), sandstone (white).
Narrow metasedimentarj’' lenses crop out in the centre of subscene 3
(G,H, Figure S.k)»

Granite is verj»- pale on Plates $ .1 2 and $ .1 3

(l,J, Figure $.1+).
Dykes are prominent on the FCC's and they are also readily
detected on band 7 (K,L, Figure $.i+).

Folding in the N.W. (M,

Figure $.i+) is well depicted on the false colour imagery.
Contamination from the Nubian Sandstone is immediately obvious
on the principle component image (Plate $.1i+) as evidenced by the
bright red colour of the granite.

Serpentinites are not prominent

on Plate $. II4.but on the Taylor colour space image (Plate $ .1 $ ) they
retain their distinctive black colour.

Subtle reflectance variations

between the Shadli metavolcanics and Nubian Sandstone are highlighted
on Plate $ .1 $ compared with Plate $ .1 2 , consequently the two
lithologies can be distinguished by hue as well as by texture.

Dykes

and fractures are more distinctive on Plate $ .1 $ than on Plate $.1U*

Figure $.i+; Location figure for subscene
Plate $.12. Scale 1:1+^0,000 approx.

3» based on

p.

P late $.11: Band 7 image o f subscene 3*
1:$00,000 approx.
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Scale

Plate $.12: Linear stretched FCC of subscene 3 (stretch 1 ).
Scale 1 :l+$0,000 approx.

Plate $.11+: Principal component image of subscene 3*
Scale 1:1+00,000 approx.

#
ISPLAY
Plate $.13: Linear stretched FCC of subscene 3 (stretch 2).
Scale 1:1+00,000 approx.

LUT

Plate $.1$: Taylor colour space display of principal
components showing same area as above. Scale 1:1+00,000
approx.
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SUBSCENE h (A$, Map 2)
Two serpentinite bodies have a rugged dark signature on Plate $.17
(A,B, Figure $.$).

Tonal variations for the Greenschist Assemblage -

ranging from medium to dark and very dark brown (C,D,E, Figure $.$) are very distinctive on the FCC but subdued on band 7 (Plate $.16).
Granite is masked by a hi^ly reflective sand cover (F,G,H,I, Figure
$.$) thus it is easily distinguished from other darker lithologies on
Plate $.l6.

A Younger Intrusive was first accurately located on Plate

$.17 (j, Figure $.$).

The Metasedimentary Group crops out in the

north (K, Figure $.$) but it is difficult to differentiate it from the
Greenschist Assemblage on Plates $.16 or $.17*
The pink colour on the Taylor colour space image (Plate $.19) is
due to contamination from the Nubian Sandstone and this is partly res
ponsible for the variable Greenschist Assemblage signature.

On Plate

$.17 the medium brown colour for the Greenschist Assemblage (C, Figure
$.$) is caused by the integration of two signatures, i.e. a very pale
superficial deposit and a dark brown outcrop.

Note, on the FCC there

is no evidence of the deposit thus the variable signature could have
been interpreted as being due to different components of the metavolcanicmetasedimentary sequences.

However, on Plate $.19 the higher

reflectivity and distinctive colour of the superficial deposits have
resulted in their signature being dominant.

(On Plate $.l8 the

signature is composed of dark blue (outcrop) and red (contamination)
producing a purple colour which has a poor contrast with the dark blue
Greenschist Assemblage).

The pale blue colour on Plate $.19 shows

where the granite is covered only by highly reflective sand (i.e.
mature cover formed of quartz grains) and there has been- no input
from the erosional products of other lithologies.
Hhe FCC shows some geological information which is greatly
suppressed on the principal component images.
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Plate $.16 : Band 7 image of subscene 1+. Scale 1:$00,000
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Plate $.17: Linear stretched FCC o f subscene 1+ (stretch 1)
Scale 1:l+$0,000 approx.

P la te $.19: T a ylo r c o lo u r space d is p la y o f p r in c ip a l
components showing same area as above. Scale 1:1+00,000
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by wadis (L, Figure $.$) and an arcuate feature (M. Figure $.$) are
very difficult to detect on Plates $.18 and $.19 but are prominent on
Plate $.17 .
$ .6

SUBSCENE $ (approx, Dl+, }%.p 2)
The different lithologies that foimi the Eastern Desert Ophiolitic

Melange crop out in subscene $.

Differentiation of serpentinite bodies

(A,B, Figure $.6 ) from a metagabbro-diorite complex (C, Figure $.6 ) is
not possible on any of the enhanced images.

The outcrop boundary

between serpentinite and the Shadli metavolcanics (D, Figure $.6 ) is
prominent on Plates $.21 and $.23 but much less so on Plates $ 20 and
$.22.

Greenschist Assemblage (E, Figure $.6 ) and the Metasedimentary

Group (f, Figure $.6 ) are not prominent on any of the images.
The very different colours for rock surfaces (brown) and erosional
products .(green) on Plate $.23 results in a sharp well-defined image
when compared with Plate $.22.

El Ramly (1972 ) showed a serpentinite

mass which correlates with a dark green triangular area (G, Figure $.6 )
on Plate $.23, thus the superficial cover is probably very thin.

This

suggests the rock surface at H (Figure $.6 ) is very near the surface
because this region is also dark green in colour.

The circular

feature (l, Figure $.6 ) does not correlate with any known lithology
on the Geological l'îap of El Ramly (1972 ).

Its; shape and the

observation that it has not been adversely contaminated by the
serpentinite*s erosional products (which indicates a probable rugged
character rather than a subdued topographic expression) suggest it is
a Younger Intrusive.
The Eastern Desert Ophiolitic Melange has been mapped as far south as
24° N. (Ries e_t £l. ,1983, Bayoumi, 1984) i.e. 150 km north of
Subscene 5. Based on signatures acquired from Plate 5.23 (Subscene 5),
the Melange can be extended as far south as 22 30' N., see page 55
and Plate 5.25.
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Figure ^,6: Location figure for subscene
5-21. Scale 1:1^00,000 approx.

— ^2—

based on Plate

•-J'
y:

-i'J» \

MOVE
Plate 5.20: Band 7 image of subscene 5*
approx.

Scale 1:500,000

CURSOR

DIPIX

Plate 5.22: Principal component image of subscene 5.
ocale 1:b00,000 approx.

m
ISPLAY
Plate 5.21: Linear stretched FCC of subscene 5 (stretch 2),
Scale 1:^.00,000 approx.

LUT

Plate 5.23: Taylor colour space display of principal
components showing same area as above. Scale 1:^00,000
approx.
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5.7 EVALUATION OF ViillOUS TYPES' OF MM)SAT IMâGE, FOR GEOLOGICAL
PÏÏBPOSES, IE THE EG-YPTIM-SULABESE BOBBER REGION
No single iype of Landsat image that was examined yielded as much
infozmation as a range of other types of image.

Thus to evaluate the

usefulness of any particular type, reference must he made to specific
applications^ Table 5«l) .
Ratio imagery is entirely unsuited for this area.

Single band

(black and white) imagery although it generally has poor lithological
discriminatory capabilities can usually distinguish between the major
lithologies in the region.

A range of structures and lithologies

were examined on unenhanced band 7 and on contrast stretched black
and white imageiy, and although more lineaments were detected on the
latter, lithological discrimination and the general trends are
similar on both types of image.

Ratio

STRUCTURAL
INFORMATION
very poor

LITHOLOGICAL
DISCRIMINATION
very poor

Band 7

good

poor - good

Linear stretched black and
white

very good

poor - good

Linear stretched FCC

very good

good

Principal components
fred/green)
(blue
)

. - very poor

IMAGE TYPE

Principal components in
Taylor colour space

poor - good

good - very good

good - very good

Table 5*1: Comparison of the usefulness of various image types for
lithological discrimination and the acquisition of structural
information.
The increased lithological discrimination on the FOG's is often
not significant because of the effects of desert varnish.

Thus,

whereas on a single band image, lithologies are distinguished by
varying grey tones (and texture), on the FCC’s the rock types have
varying shades of brown or blue.

In general

principal component imagery provides the best

lithological discrimination, hov?ever the particular conditions that
exist in the study area mean it cannot be exploited to its

full

potential, Desert varnish and contamination have resulted in
lithologies having similar signatures, but because the superficial
deposits associated with various rock types can have different colours,
principal components can be used indirectly to indicate different
lithologies.
A large area (1I4O 3; 185 km) of the Egyptian-Sudanese border
scene is displayed on Plates 5-21; and 5-25

Both images provide

considerably better lithological discrimination than either single
band imagery or the false colour composite used to produce Map 2,
The effects of contamination are vividly shown on Plate 5-21}..

Nubian

Sandstone crops out at locations A and B (Figure 5*7) and is covered
by its. own erosional products at C (Figure 5*7).

Most of the other

red areas on Plate 5 2k are granite (D,E,F,G, Figure 5.7).

A large

distance from the sandstone, granite has a less degraded signature,
i.e. yellow to dark orange (H,I,J,K, Figure 5*7).
The location of the Eastern Desert Ophiolitic Melange is prominent
in the eastern half of Plate 5-25 where it forms the approx. northsouth green swath.

The green superficial deposits are associated with

all the lithologies in the Melange, thus the colour cannot be used to
distinguish different rock types, hence at locality M (Figure 5*7) the
presence of the Melange is indicated by the small green area, but not the
specific lithology. Apart from the difference in colour - pink and green
on Plate 5*25 - of the erosional products of sandstone and the Melange,
their areal extent indicates a difference.

The pink colour Can be

recognized up to lOOlnn from the sandstone outcrop suggesting light
particles (the ferruginous matrix) easily transported by the wind.

The

green superficial deposits of the Melange are not widespread indicating
heavier particles.
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5.8 EVALUATION OF EXTENDING DIGITAL IMAGERY TO THE REST OF THE
NUBIAN SHIELD
Acquiring CCT’s (for the production of digital imagery) for other
parts of the study area would not significantly increase the geological
information.

Enough structural information can be obtained from band 7

to show the major trends and faulting patterns.

Detailed geological

mapping using signatures acquired by Landsat to delineate rock classes
would be unsatisfactory because - based on the study in the EgyptianSudanese border region - different lithologies can have the same
signature and a change in colour is more often caused by a variation in
the influence of a superficial deposit than by a different lithology.
5.9

SUMMARY
Principal component colour imagery provides the best lithological

discrimination in the Egyptian-Sudanese border region.

However, due to

desert varnish and contamination the usefulness of this imagery is
greatly reduced because colour - rock associations are often ambiguous
thus using it as a basis for detailed geological mapping would not be
justified.

Ratio images are not suitable for this region.

Structural information is best acquired from contrast stretched .
single band or false colour imageiy.

These types of image are not

very effective for differentiating rock types.
Unenhanced band 7 imagery provides good structural information but
poor lithological discrimination.

However, because other more

sophisticated images do not significantly increase lithological
discrimination, band 7 is sufficient, in the Nubian Shield, for the
extraction of most of the geological information acquired by Landsat.
(This assessment may be reviewed when 7 channel îHiematic Mapping data
are available from Landsat U because the 2.2pm and 8 - II4 pm (thermal)
channels mi^t provide additional discriminatory capabilities).
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CHAPTER

6

STRUCTURAL FEATURES OF THE NUBIAN SHIELD
AS REVEALED ON LANDSAT IMAGERY
6.1

INTRODUCTION
The structures observed on the Landsat mosaic are considered in

this chapter.

The ability of Landsat to detect even relatively small

features means there is a large amount of geological information that
can be obtained from the imageiy.

Small, higher-order structures are

not described here, only those features are considered, which by their
length or areal extent can be assumed to be of regional significance.
Initially the structural fabric in the northern and central Red
Sea Hills and the linear belts and major shear zone in the southern
Red Sea Hills are described.

The structural trends in Eritrea and

major faulting and fracturing patterns within the study area are
considered next.

This is followed by a section which illustrates that

some regional lineaments are not true tectoni-c features but have an
aeolian origin.

The chapter concludes with a section on the

distribution of the Younger Intrusives.
Two 1:1000,000 band 7 images are included in the folder and
referred to in this chapter.

Image 1 is from the northern Red Sea

Hills (Sol Hamed - Wadi Onib area approx.) and Image 2 is from the
southern Red Sea Hills (Haiya - Port Sudan area approx. ).

Their

locations are shown in Figure A1, Appendix A.
Grid references refer to Map 3, the Structural Map, on which
only the major lithologies are outlined.
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6.2

STRUCTURAL TRENDS IN THE NORTHERN AND CENTRAL RED SEA HILLS
A large Greenschist Assemblage outcrop (D3,D^,E3,E^), 200 - 360km

inland from the Red Sea has been heavily invaded by granite.

To the

east these granite outcrops are less frequent, thus a broad swath of
nearly continuous Greenschist Assemblage exists (E3,Ei|).

In this

area a structural fabric is pervasive, being absent to the west.

This

portion of the outcrop can be divided into two halves, northern and
southern, the dividing line being located near Wadi Onib.

The

northern section is the more complicated structurally.
In the southern half the trend is mainly north-south, though in
one part of the outcrop a N.N.W. strike is present.

The fabric is

expressed by very fine distinct lineaments - intermediate in tone which are probably formed by individual metavolcanic or metasedimentary
horizons within the Greenschist Assemblage.

Their lengths vary, often

being discontinuous along strike, but some are up to 60km long.

Some

of the lineaments are truncated by a Younger Intrusive (E^), thus the
intrusion is younger.
The original extent of the Precambrian grain is not immediately
evident from the imagery because of Recent cover to the east of the
Greenschist Assemblage.

However,75km to the south-east, the

structural fabric can be observed in a 60km long outcrop (p 5)*

East

of this outcrop to the Red Sea (a distance of l80km) there is no
visible evidence of a similar north-striking fabric.
Much of the following description refers to Image 1 - the
northern part of the outcrop.

A simplified interpretation of

Image 1 (Figure 6.1 ) shows the major trends in the region.
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Sol Hamed
ophiolite

30 km

Wadi Onib

"
structural
trends in areas with
intense fabric
; ;Imafic/ultramafic
bodies

Figure 6.1: Simplified interpretation of Image 1 showing major
structural trends in Sol Earned - Wadi Onib region.
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A 6km wide zone - which broadens in the north

Figure 6 .1 )

- of lineaments strikes N. to N.N.E. for 65km north of Wadi Onib.
Elongated ultramafic bodies are aligned along this belt.

The

lineaments can be traced to a shallow sand-filled depression
(B, Figure 6 .l).

The continuation of the lineaments along part of

this depression is confirmed from radar imagery (see Chapter 9).
Apparent dextral transcurrent movement into the zone (and its
continuation along the depression) can be observed on the imagery
(C,D, Figure 6 .1 ),

West of E (Figure 6 .1 ) the lineaments have a

variable strike thou^ they exhibit a general east-west trend for
l50km to south of Abu Swayel (l>3).
A distinct tectonic break is shown by the lineament X which cuts off and appears to overlie the fabric at F (Figure 6 .l).
Vail (1979) believed this lineament to be a major thrust fault which
continued to the Sol Earned ophiolite.
North-east trending lineaments and a layered gabbro complex near
Wadi O n i b a n d possibly parallel lineaments to the north (G, Figure
6.1)--appear tochte. bb@n;.:sinistrally deformed along the zone A - A^.
Similar N.E.- striking lineaments in the Bunganab area (G3), 100km
east of Image 1 can be observed on the Landsat mosaic.
6.3

LINEAR ZONES IN THE SOUTHERN BED SEA HILLS
Three sub-parallel linear belts striking N.60°E. can be identified

from the imagery in the southern Red Sea Hills (G5,G6).

The effects of

later shearing on the belts are discussed in section 6 . Figure 6 .2 , a
simplified interpretation of Image 2, shows a large proportion of the
belts.
The longest and most prominent zone (Nakasib belt) is believed to
mark an island-arc suture ^ ( Vail ,

1982b; Embleton at. al., 1982 ).

It is narrow (approx. 7km wide) and at least 200km in length.
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Sand

covers the Precambrian lithologies to the S.W. ot Image 2^ but distinct
tonal lineaments continue along strike from the Nakasib belt to Atbara.
If this is a continuation of the Nakasib. belt then it is over 350km
long.

Shearing along the zone is conspicuous (A, Figure 6.2).

Along

the Nakasib belt are a number of dark bodies (B, Figure 6.2) which are
possibly ophiolites (see Chapter hi section J+.1U).

The belt remains

prominent to about i+Okm N.E. of Port Sudan but it csinnot be identified
in a granite which crops out alongside the coastal plain.
Twenty kilometres from the Nakasib belt a less distinctive narrow
swath of lineaments can be traced for 80km and possibly connects with
a broader zone to the W.S.V. (C, Figure 6.2).

Twenty kilometres from

this belt is the shortest zone of lineaments, 2^km long, whose
signature is similar to that of the Nakasib belt.
North-east of the shear zone, the 80km long belt strikes
alongside the Nakasib belt for 20km before apparently striking N.N.E.
and then curving gently to trend E.N.E.

(it is very difficult to

ascertain from the imagery if this arcuate zone is a continuation
of the 80km belt.

Although it appears to be a natural extension

of the belt, the arcuate zone seems to have been truncated,
B, Figure 6.2).

6.U

MAJOR SHEAR ZONE IN NORTH-EAST STJBAN
A long N. 1:0° W.— trending sinistral shear zone extends across

the Landsat mosaic in the southern Red Sea Hills.

It can be traced

for 170km - having an 8km wide intermediate tonal band as a signature
- though it is possibly longer.

The shear zone is normal to the

Nakasib belt and no other major structure in the area has a
comparable strike.

Most of it can be seen on Image 2 and Figure 6.2.
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southern part _
of arcuate zone
Jebel
Erba ,

30 km

* Possible
continuation of
,— ; Fakasib belt

structural belts

Figure 6.2: Structural belts and major shear zone in the southern Red
Sea Hills as interpreted from Image 2.
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At itë

southern termination the shear zone is no longer

characterised by a tonal band but bifurcates into two very narrow
branches marked by wadis, E, Figure 6.2.

Flexuring of lineaments

across both branches is consistent with sinistral:.movement,
The most prominent features that can be traced through the shear
zone are the ITakasib belt and parallel zone.
by 22km and the latter by about 10km.

The former is displaced

This differential movement has

resulted in the belts being closer together on the R.E. side of the
shear zone.

This effect is easily identified on the imagery because the

intervening area has a pale signature (granite) which contrasts well
with the darker belts.

The granite is seen to "wedge out".

Areas of

compression and dilatation should have been formed by the differential
motion.

Some lineaments - in the area of compression, F, Figure 6.2 -

are observed on Image 2 to be folded and buckled.
extension fractures can be observed.

Ho comparable

Ten kilometres north-west of

Jebel Erba. lineaments that have, been trending at a high angle to the
shear zone (80 ° - 90 °) have been deformed to strike along it.
Horth-north-west of Jebel Erba the continuation of the shear zone
is more difficult to delineate because of an extensive sand cover.
distinctive signature as a tonal band is absent.

However, slight

flexuring of lineaments consistent with sinistral shear suggest the
shear zone can be extrapolated for a further pOlmi.

-6U-
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6.9

STRUCTURAL TEEHDS IH THE ERITREAN HIGHLAHDS
The lineaments in the Eritrean Highlands are very prominent being

mainly topographic in nature i.e. ridges and long steep-sided valleys.
The signature of these features, bri^t sunlit flanks and very dark
shadows produces a well-defined and easily observed lineament.

There

is a distinct structurail change across the Baraka Lineament, in the
low-lying area to the west of it
(see Map 3» H7, I?)*

regional lineaments are absent,

Aligned along the Lineament is a possible

ophiolite zone (Vail, 1982a).

Vishnevskiy et

al. (l975) believed it

to be a fault "separating noncontemporaneous structural complexes".
Three zones can be identified on the imagery east of the Baraka
Lineament.

Two of these have affinities with each other but the third

is dissimilar.

Figure 6 .3 is a simplified interpretation of the mosaic

in this area.
The most easterly zone, which is

wide, strikes N.N.W. for at

least 130 km - it extends southwards outside the study area.

Many

straight lineaments can be seen along it, the most prominent being wadis.
At certain locations on suitably orientated slopes what appear to be
individual metasedimentary beds are visible, due possibly to the
response to weathering of different schistose units.
Further west the two other structural belts - termed the Adobaha
and Argadom zones by Mohr (l979) - have certain similarities.

Both

occupy synforms and are more pronounced south of Younger Intrusives
which are situated on the axis of each synform.

In contrast to the

N.H.W. - striking zone, the Adobaha and Argadom belts are arcuate and
the fabric in both instances is due mainly to narrow ridges rather
than wadis.
The Adobaha belt, which can be traced for l60km within the study
area has a 10km wide valley along its axis which generally narrows
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northwards.
N, 10^ W.

The belt strikes N.H.E. for 70km before curving to strike
It continues with this trend for 30km to 20km south of Jebel

Hamoet (A, Figure 6.3) where the lineaments bifurcate.
intrusive truncates some of the lineaments.

The Jebel Hamoet

This area is important

structurally because it is the position where the H.N.W. "Red Sea trend"
zone and the Adobaha belt intersect.
the N.N.W. trend.

The intrusion is elongated along'

The lineaments of the Adobaha belt that strike to

the east of Jebel Hamoet clearly cut across the H.H.W. lineaments, thus
the belt is younger than the N.N.W.-zone.

This eastern branch of the

Adobaha belt continues in a H.N.E. direction.
Some of the lineaments that pass to the west of Jebel Hamoet are
folded also to strike H.H.E.

Many of the lineaments within this area

(B, Figure 6 .3 ) have a different signature from those that form most
of the belt.

Instead of being long sharp ridges they have a "crinkled"

appearance as if small-scale folding has been superimposed on them.
The Argadom belt is 35km to the west and sub-parallel to the
Adobaha belt.

It can be traced for 120km south of Jebel Eisiemi

(C, Figure 6 .3 ).
wide

For 30km south of this intrusion the belt is 8km

thou^ southwards it widens and curves gently to the S. S.W.

The

intervening antiform is well displayed on the mosaic and closes to the
south, indicating a southward plunge in the Eritrean Hi glands. Mohr
(1979 ) reported that to the south of the study area "elements of the
ill-defined Argadom belt appear to cut the S.S.W. - curving Adobaha
belt".

If so

this implies a westward younging direction for the

zones.
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30km

BED SEA
Baraka
Lineament

antifoim
structural
lineaments
A, Jebel Hamoet
C* Jebel Eisiemi

Figure 6.3: Structural trends in the Eritrean Hi^lands
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6.6

FAULTING AM) FRACTURING IN THE RED SEA HILLS
Most of the faults shown on the geological maps of tlB study area

are easily identified on the Landsat mosaic.

Offsets across faults

are seldom visible on the imagery, thus confirmation of a fault that
does not coincide with a known one is in general not possible,

(it is

difficult to evaluate the efficiency of the imagery for detecting faults
by comparing them with ’’known" ones because some of the latter have
themselves only been located by remote sensing means and have not been
investigated in detail).
The faults and fractures - due probably to increased erosion along
them - have acted as controls for the drainage system.

The distinctive

pale signature of wadis, caused by highly reflective sand, has resulted
in the faults and fractures being well expressed, especially where there
is a good contrast as in Greenschist Assemblage outcrops.

The areas

where faulting is most common are shown on Figure 6.1+.
Faults and fractures in the Precambrian basement bordering the
coastal plain (A,B,C, Figure 6.1^) strike at a high angle to the Red
Sea.

Most of them are about 20 - l|Okm long.

In the Eritrean

Highlands, 1^ km east of the Adobaha zone axis a structural
discontinuity across one of the lineaments is very pronounced.

A

3km wide steep parallel-sided valley is abruptly terminated by the
lineament.
Garson and Krs (1976) showed long N.60^ E. - striking faults in
the South-Eastern Desert of Egypt.

They claim that one of the faults

(their fault D) "can be traced along a series of pronounced wadis for
nearly 250km".

The imagery does not corroborate this assertion.

fault can be traced for li5km along a wadi S.W. of Has Banas.

The

The south

western part of the "fault" coincides with a dyke with approx. the same
strike.

In most of the intervening area Nubian Sandstone crops out,

and there is no evidence from Landsat of any "connecting" lineament.
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200 km

Figure 6 .I4: Areas where faulting and fracturing is prevalent.

In the Abu Swayel region (D, Figure 6 .U) a

long IT. 10® E. -

striking dextral shear zone has affected a d}''ke swarm strild.ng across
it.

At the northern end of the shear zone the dykes are slightly deformed

over a wide area.

Southwards only short segments of dykes can

be identified, generally aligned along the shear zone.

The shear

zone is shovni by the narrow IT - S pink zone in the S.W. quadrant of
Plate 5*25, Chapter 5»

(increased erosion along it has resulted in

the windbome ferruginous matrix of the ITubian Sandstone being
channelled througii this low-lying corridor producing a distinctive pink
belt).

East of the shear zone,faults are parallel to it but to the west

the faults and fractures have a N. 1$® W. strike.
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Most of the faults in area E (Figure 6.1;) are short" (10 - 30km)
and their strikes vary, though an approx. N - S trend is common.

Area

E is the western part of the Greenschist Assemblage outcrop considered
in section 6.2.

Map 3 clearly shows that changes from regions with

extensive Precambrian fabric to areas with a fault and fracture pattern
occur over short distances.
Faults in the Bayuda Desert are poorly depicted on Landsat because
of a sand cover.
across them.

In general they are shown by an alteration in tone

For example, $Okm long parallel thrust and wrench faults

S.W. of Shereik (El Eabaa, 1972) are indicated by tonal changes from
pale to intermediate.
Faults in the Nubian Sandstone are also usually shown by a tonal
variation across them thou^ east of Lake Nasser narrow dark lineaments
correlate with faults shown by Medani and Vail (l97i^).

6.7

LINEAMEITTS BETWEEN THE NILE AND WADI GABGABA
Diffuse tonal lineaments and bands up to 100km in length are very

apparent in the Nubian Desert (B3, BU, 03, Ci;, C^, D^).

They are

slightly arcuate in shape and have a north to north-north-west strike.
Some lineaments have the same strike but are sharply defined by thin
"ridge-like" outcrops (dark) separated by sand-filled grooves (pale).
The author believes the lineaments are superficial in nature and are
formed by the prevailing winds.
Figure 6.5 is the lineament analysis of a NOAA - 6 image of N.E.
Africa.

It shows that the lineaments in the Nubian Desert are but a

small section of a far more regional phenomenon.

Note that the

pattern is confined to sandy regions, the outcrops along the western
flank of the Red Sea being devoid of such features.

The pressure

conditions and wind direction that often exist over North Africa in
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winter are shown in the inset of Figure 6.5*

The conditions for

summer are similar - Figures 3*U and 3'&D (Fisher, 1971)•
lineaments are sand dunes orientatedparallel to the wind.

The
The tonal

bands observed on Landsat are causedby different depths of
superficial cover, the darker ones having a thinner cover.

(The

southern direction of the wind is illustrated on the mosaic because
some of the larger outcrops in the Nubian Desert have a very pale
swath along their northern edge i.e. the southerly wind has caused a
thick accumulation of sand to build up).
This illustrates an important advantage of remote sensing - the
scale at which features are examinedcan be varied.

The diffuse bands

would not have been detected on an aerial photograph because of the
small area it covers.

The trend is recognizable on the scale of a

Landsat image and with the formation of a Landsat mosaic, a large
scale phenomenon covering hundreds of kilometres is shown.

However,

the regional extent of the lineaments over thousands of kilometres and
the close association with a global wind system only became evident
at an even smaller scale.
The association of linear sand dunes parallel to the prevailing
wind direction is not confined to N.E. Africa.

Seif dunes of the

Mekteir dune field in Mauritania can be observed on Landsat (Gold,
i960 ).

As mentioned previously someof the arcuate lineaments are

clear and sharp.

Similar concentric wind-eroded sand-filled grooves

are shown on a Gemini k photograph of the Tibesti Mountains, Libya
(Lowman and Lattman, 1980 )'
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6.8

DISmBÏÏTIQ]^ OF THE Y O M G E R M R Ü S I Y E S

Large concentrations of ring complexes have been reported in Africa
e.g. Nigerian Younger Granites (Jacobson

al.3 1958) j Nuanetsi Igneous

Province (Cox et. al., 19^5) snd intrusions in southern lialawi
(Bloomfield, 1970) and. S.W. Africa (Rhodes, 1971)•

These "groupings"

sometimes have a preferred orientation suggesting their emplacement
has been controlled.

Examples of this

are the north - south

alignment in Nigeria and a N.E. - S.W. trend in Chad'and the Gameroons
(Black and Girod, 1970).
is

The distribution of the Younger Intrusives

discussed in this section.

The methodology used to generate the

plates is explained in Appendix C which also includes a table listing
the geographical co-ordinates of the intrusions.
She majority of the Younger Intrusives are oval in shape with
axes lengths of between [j. and 10km.
Plate 6.1 shows the trace computed for all the intrusives i.e.
the position of each Younger Intrusive with respect to every other
one.

The plot has a general random appearance, the large numbers of

points and small scale tend to obscure any alignments.
A large proportion of the Younger Intrusives in the study area
crop out within I^Okm of the Red Sea.

Westward - except for a large

concentration within the Bayuda Desert - there is a marked reduction
in the number of intrusions that can be observed on the imagery.

This

is due partly to the large tracts of superficial deposits and Nubian
Sandstone that crops out in the west but even in the Greenschist
Assemblage outcrops there are fewer intrusions.
The distribution plot for the Younger Intrusives in the Bayuda
Desert indicates N.W. - 8 .E. alignments, Plate 6.2.

Migration of

centres of magmatic activity, some in a S.E. direction, have been
reported for part of the Bayuda Desert by Almond
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al., (1982 ).

The reasons for the alignments of complexes in the Bayuda
Desert - shown on Plate 6.2 - are not known.

They could be

caused by:
/(1) Migration of centres of activity in a S.E. direction.
(2) A structural control such as emplacement along S.E.
-striking fractures.

However, there is no evidence

from the imagery of any S.E. - trending faults or
fractures controlling the emplacement of the intrusions
(3) Coincidental alignment.
The traces for the intrusions in the Red Sea Hills east
of Wadi Onib are shown on Plates 6.3 and 6.4.

There appear

to be N.E. - striking concentrations north of the Nakasib belt
(Plate 6.3) though these trends are probably due to a biased
sample area.

The Younger Intrusives south of the Nakasib belt

do not show any alignments and the trace is completely random,
(Plate 6.4).
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PLOT COMPLETED
PLOT

CO MP LE T ED

DO YOU WISH TO RE PEA T?

DO YOU WISH TO R E P E A T ?

Plaie 6,1; Distribution trace for the known Younger Intrusives
in the study area, (North at top for all plates).

Plate 6.3: Distribution trace for the Younger Intrusives
east of Wadi Onib and north of the Nakasib belt.

PLOT COMPLETED

PLOT COMPLETED

DO YOU WISH TO R E P E A T ? ■

DO YOU WISH TO REPEAT? 1

Plate 6.2: Distribution trace for the Younger Intrusives
in the Bayuda Desert.

Plate 6.4: Distribution trace for the Younger Intrusives
south of the Nakasib belt.
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CHAPTER 7
DISCUSSION OF STRUCTURAL ELEMENTS REVEALED ON LANDSAT IMAGERY
7.1

INTRODUCTION
Analysis of the Landsat mosaic has revealed a number of structures

of regional significance which are discussed here.

Some of these

features have been mentioned in the literature and possible
explanations for them have been presented.

In this chapter these

explanations are examined, the author’s opinion on them given and
where he disagrees his own hypotheses ventured.
Pour aspects of the Nubian Shield are discussed.
(1) Namasib belt.
(2 ) Sol Earned - Wadi Onib zone and associated shearing in the
southern Red Sea Hills.
(3 ) Structural belts in the Eritrean Highlands.
(4) Possible Precambrian structural controls on Red Sea rifting.
In the light of the island—arc accretion model for the evolution
of the Arabian-Nubian Shield, the most important structures to identify
are the postulated sutures between the accreted island-arcs.

Before

discussing the Nubian structures, Pan-African island-arc sutures in
other areas are briefly described, to provide a framework within which
possible Nubian sutures can be evaluated.

7.2

PAN-AERIGAN ISLAND-ARC SUTURES
The "Hulayfah-Hamdah" ophiolite belt in Saudi Arabia (also termed

the Nabitah suture) is formed of discontinuous elongated ultramafics/
ophiolites aligned along a narrow zone for approx. 1000km (Prisch and
Al—Shanti, 1977)*

The Al Amar-Idsas suture (200km long) is similarly

distinguished by ultramafics within a narrow belt (Al-Shanti and
Mitchell, 1976 )'

Kazmin

al. (1979) discussing ophiolites in

Ethiopia reported that the "ultramafics form long narrow bodies" and
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in a colli Bon model produced by Dewey and Bmke (1974) elongated
ophiolites are shown with their long axes parallel to the subduction
zone.

Consequently narrow zones along %aiich ultramafics are

concentrated (often with individual masses elongated along stinke)
appear to mark the location of possible sutuzres.

7.3

NAKASIB BELT
The Nakasib belt in Sudan is believed to represent the location of

a suture (Vail, 1982b; Bnbleton et

al.. 1982 ).

The deep structural

level exposed in the southern Red Sea Hills has resulted in the suture
being nearly cryptic and shown only by a narrow zone of lineaments.
However Eableton et, al. (gp. cit.) r^orted that the Khor Nakasib
ultramafic

and other serpentinite bodies lie along the belt.

Throe sub-psrallel zones are shown on the imagezy in the southern
Red Sea Hills, the Nakasib belt being the longest.

The two lesser ones

are possibly imbricated thrust slices at the front of the overriding
arc system, similar to that shown for the Al Amar-Idsas suture
(Al-Shanti and Mitchell, 1976).

Situated along the axis of one of

these minor belts is an elongated dark outcrop which may be a
tectonically engplaced ophiolite.
The Nakasib belt of Sudan can be correlated across ihc Red Sea
with the Rir Umg, suture in Ihe western Arabian Shield (Camp, 1984).

7 .4

SOL RAMRD - WADI ONIB ZONE AND ASSOCIATED SHEARING
An ophiolite zone is shown as extending from Sol Hamed to Wadi

Onib and then continuing southwards (ïitohes et. al., 1983; Tail, 1982a;
Embleton et al.. 1982 ).

The last two have considered a possible

spliting of the ophiolite zone near Wadi Onib.

The author believes

a subduction zone operated in the area but not as described by the
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30 km

possible major
thrust fault

lineaments affected by earl;
dextral shearing

lineaments affected by later
sinistral shearing
location of islandr-arc suture

mafic/ultramafic bodies

To If*

trending shear

.SÛÛÊ______ ______________

figure 7*1: Postulated location of major structural elem<
elements
in
nts in
Wadi Onib — Sol Earned region.
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SOL ^
HAMED

100 km

Figure 7*2: Major structiiral trends in the Red Sea Hills. Hashed
line is a probable continuation of H.i|0°W.- trending shear zone.
previous authors because it does not explain the structural relationships
observed on the imagery.
If continued along strike the postulated major thrust fault shown in
Figure 7»1 - which appears to overthrust dextrally deformed lineaments is coincident with the Sol Earned ultramafic.

The contact of the

Greenschist Assemblage and the ultramafic body is tectonic (Price, 1$81|.)
and it is believed to represent a thrust along which apparent sinistral
movement has been reported (Fitches et

, 1$8j).

The structural trends in the Red Sea Hills of north-east Sudan are
shown in Figure 7» 2.

The major sinistral shear zone in the

ia

ai

A
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WEST

SOUTH
S;Sol Hamed

(t)

0:0Dib
N;Hakasib belt

(c)
Eigore 7 :

(d)

Evolutionary accretion model for H.E. Sudan

Subduction of oceanic crust resulted in collision and relative .motion
between the western and northern arcs. The suture is marked by an
alignment of ophiolites and dextral shearing (b).
Collision between northern and eastern arcs characterised by
overthrusting in a H.W. direction. Sol Hamed emplaced, tilted nearly
to vertical and eroded. Continued subduction resulted in Sol Hamed
being covered unconformably by the Greenschist Assemblage and
collision between eastern and southern arcs. The suture is shown by
the Hakasib belt (c).
Subduction was completed by rotation of the eastern and southern
"composite" plate, which produced sinistral shearing along thrust plane
séparatii]g northern and eastern arcs. East-west convergence at A was
partly accomodated by sinistral strike-slip deformation (d). Compare
(d) with Figure ?.2.
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LISÏEIC OMilQUB-SLIP
SHEAE ZÛES

E.W.

PHES» M ï

8.B.

(b)

I jr
\

pillow lavas
gabbro

ultramafic
Figure

Snplaoemeut model for the Sol Earned ophiolite.

southern Eed Sea SilHs strikes towards Wadi Onib.

Eot to scale,

An examination of

Map 3 shows that the lineaments south of Wadi Onib (A, Figure 7.2)
curve 8.S.E. towards this shear zone rather than being aligned northssouth £18 other lineaments to the west are.

It appears that the sinistral

shear zone in the southern Bed Sea Hills extends northwestwards and
sweeps round into the E.E.E. - striking Sol Earned zone via Wadi Onib
forming a 500km arcuate belt.

Where dips are steep the major deformation

has been strike-slip movement, but with shallow dips thrusting is
predominant.

Siear zones with variable dip - having a "thrust sense" -

are believed to have operated in the Limpopo belt of southern Africa
(Coward, 19Ô0; Coward end Laly, 19&^).
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Any model for this region has to explain:

(1) Alignment of north-south belt of ultramafic bodies (see
Figure 7*1)
(2) l^irly dextral shearing
(3) Later regional sinistral shearing with associated thrusting

(4) Tilting of the Sol Hamed ophiolite to the vertical
A model involving oblique subduction is proposed to explain the
various structures( Figure 7*3). Collison commenced earlier in the
norlh because of the southward movement of the eastern plate ( Figure
7*3(b)) . This produced dextral shearing along the collison front which
is marked by a narrow zone of ultramafics/ophiolites.
this suture is shown on Figure 7*1*

The location of

Ho te, the northernmost ultramafic

bodies along the suture (A, Figure 7*1) lie outside the proposed
ophiolite belt of Vail (1982a) and ^bleton ^

(1982) even thou^

they appear to be a natural continuation of the zone.

A paHnspastic

restoration of the eastern and western flails of the Bed Sea shows
that the

suture is continued in Saudi Arabia where it is known as the

Yanbu suture.

Subduction continued by the southward movement of the eastern ÿlate
forming a longer collison front^ Figure 7*3(c)). As the front
lengthened resistance to the southward movement of the eastern plate
increased.

Subduction tiien proceeded by the clockwise rotation of

the eastern plate.

Strain built up in this plate as it tried to

rotate - because it was "welded" to the western plate along the
collison front - which was relieved by strike-slip movement.
Figure 7.3(d).
The 3-dimensional configuration of the shear zone is not known.
Coward and JkuLy (1984) showed shear zones \diich flattened out at depth
due to a control such as a low velocity layer.

Possibly the

subducting slab beneath the eastern plate sicted as such a structural
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control^ Figure 7 .41,a)) . Emplacement of the Sol Earned complex along
such a curved plane could explain its rotation^ Figure 7 .4 (8 ;).
hi8 trie "thrust zones" have also been proposed for the Arabian
Shield (Kroner, I989). It is possible however that the thrusting
and shearing are independent, i.e. Sol Earned was emplaced in a
thrust slice - caused by the eastern plate overriding the western
one - before the sinistral strike-slip deformation.
7 .S' SIRUGTERAL EELIS IE TSE ERITREAN HIGHLANDS

Mohr (1979; believed the schist belts in the Eritrean Highlands
were formed by two (or possibly three; episodes of east-west
compression which were progressively more intense northwards.

The

author agrees that east-west compression is the most likely
explanation for the north-south folds in the volcano-sedimentary
sequences of the Eritrean Highlands and believes it could have been
caused by the accretion of three island-arcs, termed here from west
to east, the Sudanese-arc, Eritrean-arc and H.H.W. - zone.
Collision (following subduction; between the Eritrean-arc and
H.H.W.-zone resulted in east-west crustal shortening and associated
folding producing the Adobaha belt.

Subsequent collision between the

Sudanese and Eritrean arcs formed the Argadom belt and would explain
its overprinting of the Adobaha belt.
presence of two sutures.

This process suggests the

The Baraka Lineament along which ophiolites

have been reported - and across which there is a distinct tectonic
break - is possibly the suture between tiie Sudanese and Eritrean arcs.
There is no evidence from the imagery of a suture between the Eritreanarc and the H.H.W.-zone - though a different tectonic regime is
suggested by the straight aligned wadis that characterise the
zone which are in marked contrast to the curvilinear ridges of the
Eritrean-arc - but Mohr (op.cit.) reported that ultramafics have been
discovered in the area.

—
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This tectonic model does not take account of the h i ^ grade
metamorphic outcrop aligned along the H.H.W.-zone which has been
correlated with pre-Pan-African continental crust.

It possibly

represents a micro-continent which was "cau^t-up" in the accretion
process as the island-arcs coalesced. Such micro-continents are
believed to exist in the Arabian Shield (Kroner, 1985).

Ho te, the

H.H.W.-striking fabric is superimposed on the volcano-sedimentary
sequences of the H.H.V/.-zone and on the h i ^ grade metamorphic
outcrop, therefore if the latter is a micro-continent the fabric has
been formed after - or as a result of - collision.
Collision between a H.H.W.- trending island-arc and the Eritreanarc would commence earlier in the north, possibly producing tighter
folding and rotation, (Figure, 7»5)> and would explain the change in
strike of the Adobaha belt north of Jebel Hamoet.
Such a rotation assumes in the present tectonic configuration
that the H.H.W.-zone terminates in northern Eritrea,

Two lines of

evidence suggest there is no northwards continuation.
(1) At the intersection of the H.H.W.-zone and the Adobaha belt
no

trending lineaments are observed to continue along strike,

indicating that the Adobaha belt was superimposed on the northern
limit of the H.H.W.-zone, (see Figure 6 .3 , page 67 ).
(2 ) Extrapolating the H.H.W.-zone along strike would result in it
intersecting Sudanese terrain approx, 100km north of Port Sudan.

There

is no strike in this area which could be construed as a continuation of
the zone thus it cannot be extended this far north.

VJith the lack of

an observed continuation north of the Adobaha belt intersection it is
probable that the zone terminates in northern Eritrea.
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Subduction zone

Figure 7»5î Collision model for the Adobaha belt.

BED
SEA

GULF OF
ADEN

Marda Fault
Zone
Wacjru ' Gara \
Fault Mulata
Fault

IjOO km

Figure 7*6: Major structural elements in the Afar region of
Ethiopia modified after Gass (1$80) and Berhe (1985 )
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7 .6

POSSIBLE PBECAMBBIM STRUCTURAL CONTROLS ON EED SEA BIFTING
Althou^ the Red Sea rift is a recent structure (Tertiary)

various authors have postulated the existence of a "fundamental
crustal boundary" along its axis during the Precambrian (e.g. Mohr,
1979; Harris and Gass, I98 I) suggesting that the location of the
rifting that formed the Red Sea was possibly controlled by preexisiting Precambrian structures.
Prom the imagery there is no obvious control on rifting in H.E.
Sudan.

Precambrian features strike across the Red Sea trend e.g. Sol

Hamed zone, Hakasib belt and llie structural fabric in the Lunganab
area.
A strong possibility exists of a structural control on the Red Sea
bordering the Eritrean Highlands.

Within the study area there is a

marked parallellism between the Red Sea trend and the H.H.W.-zone for
130km.

Mohr (1979 ) reported that the Cainozoic faulting followed

H.W.-striking Precambrian structural lines.
South of the study area the Red Sea remains parallel to H.H.W.striking lineaments to about 16°H. (Mohr, o£. cit). Although the Red
Sea coast has a change in strike at about 16°H., major faults and
structural elements (e.g. Erta Ale volcanic axis) retain a H.W. to
H.H.W. trend( Figure 7*6} , The alignment of Precambrian structural
fabric in Eritrea and the 800km long Marda Fault Zone - which is
believed to have been active since the Precambrian (Purcell, 1976;
Berhe, 1985) - with the Red Sea arm of the Afar triple junction
suggests the Red Sea rift in this region opened up along a pre
existing structural weakness.
As mentioned in section 7*5 the author believes the H.H.W.-zone
does not continue farther northwards than the intersection with the
Adobaha belt.

Thus if the initial rifting was controlled by the
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N.N.W.-zone then the lack of a control should be reflected in the Red
Sea trend.

The linear R.N.W. trend of the Red Sea also terminates at

the Adobaha belt intersection (18°R. ) to strike approx. N.50°W. for
120km with an irregular coastline accompanied by rapid and erratic
changes in strike.
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CHAPTER

8

COMPARATIVE STUDY OF LARPSAT AHD AERIAL PHOTOGRAPH MOSAIC
2
An area of 70,000 km in the northern and central Red Sea Hills

of Sudan was examined at a scale of 1:500,000 on a Landsat band 7
mosaic and a mosaic of minus-blue panchromatic aerial photographs,
(obtained from the Directorate of Overseas Surveys) to ascertain which
system allowed more information extraction(^ Figure 8 .l), The Landsat
mosaic was easily constructed using k images.

Landsat acquires near-

orthographic imagery which conforms, up to scales of 1:250,000, with U.S.
national map standards (Colvocoresses, 1979).

The radial displacement

of features on aerial photographs and the greater number of photographs
- approx. I4OO - needed to show the same area as the 1; Landsat images
made the construction of the aerial mosaic much more difficult.
Another disadvantage of the aerial mosaic is that the photographs will
probably have been obtained at different times of the day (or even on
different dates) thus the illumination direction will have varied.

For

a Landsat scene the illumination direction is constant and it does not
vary greatly between scenes.
Interpretation of the aerial mosaic is greatly hampered by its
"checkerboard” appearance which is due to the conqponent photographs
having different contrasts.

This effect is minimal for the Landsat

mosaic - because very few images are needed to form it - and can be
eliminated by using the CCT's to form the mosaic.

On Landsat imagery,

various lithologies can be assigned different tonal signatures which
are generally consistent throughout the study area.

This is not possible

on the aerial mosaic due to the large number and variability of the
images.

Part of the Sol Hamed ophiolite is shown on one photograph

on the aerial mosaic and the pillow lavas are observed to have a
considerably paler signature than the gabbro.
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However, even these

signatures are not directly comparable because of vignetting i.e. a
varation in tone from the centre outwards on aerial photographs.

This

effect is particularly well shown in sand-covered areas, the photographs
having a central bright response darkening towards the edges.
The elongated gabbro body near Wadi Onib is very suppressed on the
aerial mosaic and cannot be distinguished as a single outcrop.

Long

"through going" structures become disjointed on the aerial mosaic.
Differentiation between granite (without a thin sand cover) and
Greenschist Assemblage is very poor though sharply defined on Landsat.
Many dykes which cannot be detected on the Landsat imagery are
clearly seen oh, the aerial mosaic because of the higher resolution of
aerial photographs, approx. 1 - 5® (Weeden and Bolling, I980 ), compared
with 80m for Landsat.
more pronounced.

The higher resolution also means textures are

A dark outcrop with no discernible detail on the

satellite imagery has the appearance on the aerial mosaic of a rugged
narrow ridge.

An important advantage of aerial photographs is that

they can be viewed stereoscopically and are an invaluable aid for the
detailed mapping of an area.

Sabins (1978) reported that stereoscopic

viewing of Landsat imagery can yield useful information.

The author

viewed the overlap between adjacent Landsat images with.a stereoscope
but found it did not appreciably aid the interpretation.
The repetitive coverage of the same scene every I8 days by the
Landsat system enables the monitoring of regional phenomena to be
performed at regular intervals.

For this hyperarid area the

persistence of drou^t conditions can be investigated by observation
of the wadis which have different signatures (on band 7 ) depending on
whether water is present or not.

To attempt this for a large area

using aerial surveys would be expensive and unwieldy.
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Red Sea

lake
Nasser

200 km

Bayuda
Desert

Figure 8.1; The area shown hy hatching was examined at a
scale of 1:^00,000 on a Landsat band 7 and aerial
photograph mosaic.
Aerial photography is generally obtained within the visible or
infra-red range of the spectrum.

The Landsat multispectral, system

acquires data for discrete wavelength ranges and distinction between
lithologies is often more pronounced within a particular band width.
The ability to produce various types of digital imagery ficom the
satellite's data shows the system's versatility.

An airborne

multispectral system would offset some of these disadvantages.
Some available systems can record up to 12 bandssimultaneously for a
greater wavelength range - O.3U - 13*0 pni' (Lowe, 1980 ) - than that at
which Landsats 1 and 2 operate (0.5 - 1*1 pm).
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Neither system can tmequivccally he considered superior unless
reference is made to particular applications.

For the thesis a large

area of the Nubian Shield was to be investigated.

To accomplish this

using aerial photographs an estimated 2000 would have been required.
No major advantage would have been gained but the disadvantages are
cost, extreme difficulty in producing such a mosaic and poor
lithological discrimination.

The large area a Landsat scene

encompasses (approx. 35,000 km^) means large segments of geological
provinces can be examined as an entity rather than in a piecemeal
fashion, allowing a better understanding of the relationships different
linear features have to each other.

The formation of a mosaic of

Landsat images is even more revealing in terms of features being placed
in context to each other.

In this region the scale of the mosaic and

the ability of Landsat to detect ophiolites means it is an excellent
system for the outlining of possible sutures between Precambrian
island-arcs.
In conclusion, Landsat imagery is greatly superior to aerial
photography for regional investigations..
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CHAPTER

9

ANALYSIS OF RADAR BiAGEBY (SHUTTLE IMAGING RADAR, SIB-A)
9.1

INTRODUCTION
While Landsat proves to be extremely useful in geological

mapping of N.E, Sudan, its value is limited in the extensive sandcovered areas due to its inability to provide.information about the
nature of the underlying rock.

Landsimagery relies on surface

reflectance in the 0.5 - 1.1pm range but radar gives data on different
surface properties and so complements Lamsat analysis.
The SIR-A eviperiment carried on the November 198 1 Siuttle mission
imaged a S.W. - N.E. swath, pOkm wide and 730km long, from longola on
the Nile to the Red Sea, north of Ealaib( Figure 9,l) . As approx, 50^
of this swath is revealed by Landsat imagery to be sand-covered, the
scope for extrapolation from the outcrops is large.
Before the radar imagery is analysed for lithological discriminatory
capabiliti.es and structural information the production of geological
radar maps is briefly discussed.

The chapter concludes with a

comparison of the SIR-A and Landsat systems for geological
reconnaissance work.
The parameters that are important ina radar system and which are
responsible for the form of the image are reviewed in iippendix G,

It

is only wûth a knowledge of these concepts and their effects that a
proper interpretation can be made.
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Map A

Map C

Do:
look direction to
the K.W.

100 km
32 E
figure 9.1: Location of radar smth. Letters on flaps A and D show
the grid cells that are used to provide co-ordinates (Sheet 1^, in
folder), Geographical co-ordinates are approx;

9.2

Map A,

(M.21°05’.E.33°30'J- (M.22°U5'. E.35°U5')

Map B,

(H.19°00',E.30°30')- (K.21°u5*, E.33°30')

tep c,

(H.19°50',e.31°50')- (K.20°50', E.32?S7')

SABAS mAGEHr MAPPING

i Representing the full range of information acquired by SIR-A on

a single map would be unwieldy and would obscure much of the information
that is present.

For example within the radar swath there are large

Greenschist Assemblage outcrops, however a similar signature is seen
to continue under the thin superficial cover also over large areas.
To represent this situation by one colour or symbol is not only

neglecting much of the

infozmation obtained from radar i.e. the subtle

variations in overburden depth, but is also inaccurate because it gives
-93-

the false impression that a lithology crops out over a far wider area
than it actually does.
of McCauley et.

A map which shows tonal changes - "terrain map"

(1982 ) - is cumbersome and disjointed.

was produced for part of the radar swath (flap C, Sheet

Such a map

in the folder)

and it is inappropriate for mapping geological structures.

This is

because many lineaments are too narrow to be mapped as distinct tonal
units and their continuity is disrupted by the tonal boundaries.
An attempt is made here to produce comprehensive radar maps (Map
A and flap R, Sheet i+). An outcrop is represented by the relevant
letter e.g. A.

If the lithology has a thin sand cover it is shown as

A*, if a thick cover, by A**.

At some locations the superficial

deposits are so thick the nature of the underlying lithology cannot
be deduced from radar.

These areas are indicated by R (Recent

deposits). This type of interpretation map means lithologies,
structures and to a good approximation superficial cover depth
variations can be represented.

9.3

LITHOLOGICAL RADAR SIGNATURES'
Prom an examination of the geological maps, eight different

lithologies crop out in the area shown in the radar swath, seven of
which can be correlated v/ith the radar signatures obtained^ Table
(The Metasedimentazy Group could not be attributed a definite
signature because the outcrop is very small) • Althou^ gross
lithological discrimination can be made on tonal criteria alone,
where a bright to very bri^t tonal range predominates, differentiation
is in terms of texture.
the size of "flat irons".

The texture is expressed by topography or by
These are small triangular facets seen on

radar images and are typically the signature of tilted layered rocks
(Sabins, 197Ô).

Variations in their size can be indicative of

different lithologies.
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SEKPM TIiaiPE

A portion of a large serpentinite body crops out within the radar
swath, I'^iap A (K1).

It has a bri^t tone and coarse flat irons,

The

bri^tness indicates a high surface roughness d.ue to the lithology*s
high resistance to erosion in arid, terrain,

METAGABBRO-jDIORITE COMPLEX
A metagabbro-diorite complex near the Red Sea has two radar
signatures.

At one locality - i'lap A (J2) - the signature is non-

uniform with large tonal variations from dark to very bright.

This is

due to the very dissected topography as indicated by many scarps, ridges
and steeply incised valleys, thus favourably orientated ridges are very
bri^t whereas other areas are in shadow.

The complex also has a

signature which is much less variable, Eap A (k 5).

It is

characterised by a bri^t tone and vezy coarse flat irons,

GREENSCHIST A8SM#IAGE
Greenschist Assemblage is the most extensive outcrop on Map A,
has a bright signature with fine flat irons.

It

It was not possible to

correlate individual components of the Greenschist Assemblage with
particular signatures because of a lack of detail on the geological
maps.

The tone is approx, constant thou^ variations in the size of

the flat irons are evident.

The drainage system is mainly rectillinear.

It is shown by long straight black lineaments which divide the outcrop
into discrete blocks.

Taking into account the ''darkening effect” that

sand cover has on a radar image, much of Map 3 appears to have
Greenschist Assemblage beneath the superficial deposits.
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gYN-OEOGEHIG GRANITE
Granite is easily eroded forming depressions covered by a thin
sand layer.

This produces very distinctive intermediate to dark

outcrops, Map A (A2)(A3)«

The largest granite outcrop within the

radar swath. Map A (El, G2, Gi|, G5) has an associated complex array
of higher-order drainage channels.

The most prominent channels form

a dendritic pattern but this is somewhat obscured by a very fine
network of lesser wadis.
Map A (J5)*

Granite crops out without a sand cover at

The signature is not very distinctive and differentiation

from other lithologies is difficult.

The tone is intermediate to

bright and the texture is smooth to sli^tly rou^.

YOUNGER IRTRÏÏSIVES
Three Younger Intrusives are known to crop out within the radar
swath, one of which has a distinctive bimodal signature, Map A (Bi+).
A 1km wide dark ring dyke encloses a. bright central' stock.

Granite

ring dykes are a common feature of the Younger Intrusives and the
dyke's signature - dark tone and smooth texture - suggests it is
formed of granite.

Although the ring complexes often have a gabbroic

core, the signature of the stock cannot be distinguished from the
Greenschist Assemblage,

The other intrusions are easily recognised,

Jyiap A (U5)(ii3)> the former possibly having an associated narrow
granite ring dyke,

.

NUBIAN SANDSTONE
The sandstone can be identified over a large area near the Nile»
i'lap B (C1,C4,C5>UU)*
signature.

It has an intermediate to dark mottled

The signature has been modified by a layer of sand ihus

if the lithology was completely exposed a brighter response would be
expected.

Scattered throu^out this region are small vezy bznght

-9 7 -

areas due probably to the rook being at the surface.

BEQMg 3M>0SITS
Large black areas on the radar image indicate a smooth surface
and are. mainly caused by a very thick superficial cover (possibly more
i
:
;

,

-t

.

than 6m deep) • Shese regions are flat end featureless with minimal
surface relief and reflect all the energy incident upon the surface
away from the sensor.

Most of these areas are trains of sand dunes,

depressions or broad low-lying valleys floored by sand. Map £ (J3,
Lb, M2).

The coastal plain has a similar black signature. Map A

(M1 - M^).

y-b

GÛMPABISQN QP SIE-A SIGNATURES LBTWREN arnAN M U K^YPT
Lixon and Stem (19Ô2) analysed SIE-A data for a small area in the

central Eastern Desert of Egypt.

Similar lithologies are ez^osed in

I

this region Ihus pmviding an opportunity to conpare radar
characteristics from two widely separated regions to ascertain if the
signatures remain constant and can be taken as "standard” for the rest
of the Nubian Shield.
Greenschist Assemblage is the most extensive outcrop within the
radar swaths over Sndan and Egypt.
similar.

The signature in both areas is very

The Darrimiya serpentinite in Egypt is bri^ter than %ie

sezpentinite body in Sudan.

Possibly different degrees of

serpentinization could produce different radar characteristics.
Granite signatures for the two regions are practically identical.

The

lounger Intrusives in Egypt - within the SIB-A swaüi - do not occur as
ring complexes thus a direct comparison is difficult.

lAibian Sandstone

has a higher albedo response in Egypt than in Sudan, but the signature
is subdued in Sudan due to a sand cover.
dark signatures in both areas.
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Recent deposits have similar

In conclusion, the radar characteristics of the various lithologies
do not vary greatly, thus similar signatures may be expected in other
parts of the Nubian Shield.

y.S

STBUGTOHAL IMPQBMTION AOwUIBED

RADAR

FAULTING AND EEàGTUBING
Faults and fractures are mainly confined to a major Greenschist
Assemblage outcrop. Map A (A - F).

Their signatures are black because

they are usually exploited by wadis ^lich are floored by smooth sand.
A northr-south trend predominates. A 60km longr sihlstral wrench fault Map A (Ab - £1) - displaces two granite masses, one by 10km and the
other by 3km.

The slight change in strike near the termination of this

fault is similar to that of many "master" wrench faults in the Najd
belt of the Arabian Shield (l^ioore, 1979)#

Two parallel lineaments have

been dextrally displaced by a N. 60°Wr- striking fault.

There is a lack

of detailed geological mapping for this area, though all faults on a
regional map (Vail, 1970a) can be easily identified.

FOLD STBPGTgRES
Folding is easily discernable on 8 IB-A imagery and fozms, similar
to those seen on Landsat, are evident.

However, many folded structures

in the lightly covered Greenschist Ass^blage, invisible on Landsat are
accentuated on radar because the differential erosion of layers has
resulted in the rock surface being hidden by a variable sand thickness
which tends to enhance the folds.

Complex folding - undetected by

Laadsat - is prominent on Plate 9*1#
Favourable orientation to look direction has produced easy
recognition of folding in the exposed Greenschist Assemblage, Map A
(C1, C2).

A 10km wide belt of ridges shows open folding about an E.N.E.

-
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axis.

The folding has resulted in the ridges being aligned parallel to

the look direction hence they are subdued.

However, their curvature is

shown by wadis (black signature) separating the ridges which are not
suppressed.

LINEAMENT ANALYSIS
A 50km long lineament. Map A (HI -lb), - here termed the Dufayt
Lineament - is the most conspicuous one on the imagezy.

It is a W.N.W."

stznking ridge which is enhanced because of a favouzrable orientation
with respect to look direction.

Compression in the near zrange has

zresulted in it having a "scarp-like" appearance.
Lineaments in a granite and Greenschist Assemblage outcrop. Map A
(H2 , Hj, Gb, G5) are parallel to the outcrop boundary between the
lithologies.

Hut whereas the lineaments in the Greenschist Assemblage

(3km wide zone) are positive featuzres i.e. ridges, those in the
granite (5 km wide zone) have a black signatuire indicating sand-filled
depressions.

A belt of 30km long open 8 -shaped lineaments have an

appearance similar in form to tension gashes with an anticlockwise
3X)tation of 15^, Map A (G3, Gb).

On Map A (I5 - H3) lineaments can be traced for 65km end for part
of this distance they lie along a shallow sand-filled depression.
is locality £» Figuzze 6.1, page 60.

(This

The lineaments observed on SIH-A

are a continuation of the zone A - A^ described in Chapter 6 ).
A large number of tonal lineaments and bands can be detected on the
SIH-A swath. Map £ (N2, N3» M3).

Interpzretation of this area is made

difficult because most of the lineaments probably do not have a
structural significance but azre caused by variations in topography
which have zzesulted in the same outcTOp being viewed throu^ diffezrent
thicknesses of send, producing a subtle array of bri^t and dark bands.
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N.E.-etriking bright lineaments are pTOminent on the imagery, MapB
(H4 , H5, 1 4 , J4), even thou^ the area is sand-covered.

A slight textural

change and the termination of these lineaments. Map £ (GJ4, G5) show the
location of the Nubian Sandstone unconfoisnity.

Within the sandstone,

lineaments strike parallel or normal to the Nile.

CIBGULAR PRATTTRT3A

Numerous circular features with a range of signatures can be
identified on the radar imagery, some up to 30km in diameter but the
major!

azre Esall (5km diameter).

Near the Ikifayt Lineament»

(1 3 , 14 ),elliptical features could be Younger Intrusives.

Map A

Small basins

can be easily identified by their black signature caused by thick
accumulations of sand. Map A (£5), J^iap £ (M3, II).

Very bright "stock-

like" features could be the gabbroic cores of Younger Intrusives, Map £
(N1, 01).

A large dome is prominent - Map £ (L2) - because of the

deflection of a major wadi around it and by the increasing albedo response
towards its centre due possibly to a decreasing sand thickness.

A large

subtle circular feature can be recognized in the Nubian Sandstone, Map £
(£2).

(This is not neccessarily of poet-Cretaceous origin.

Deposition

of the sand on an existing topographic dome on the Precambrian basement
surface could produce draping of the beds, variation in grain size etc.
and these subtle differences might be detected by radar) •

The distinctive signature of wadis, the relatively high resolution
of SIB-A end its ability to penetrate sand have resul ted in present
ancient drainage systems being enhanced dramatically.

Using radar alone -

in sand-covered areas - present day wadis cannot be differentiated £xam
palaeodrainage channels.

However, most of the extensive drainage system

shovjn on Plate 9*1 &nd Figure 9*2 cannot be detected on Landsat or
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A"

plate 9.1: Extensive dendritic drainage system in
sand-covered region, revealed by radar but undetected
by Landsat, l>lap 3 (P-Q). Underlying lithology is
probably Greenschist Assemblage. Folding (top centre
part of plate) cannot be observed on the. Landsat
imageiy.

Figure 9.2: Dendr?.tic drainage system interpreted
from Plate 9*1*
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confirmed from aeronautical charts, thus the penetrative capabilities
of radar have probably revealed a palaeodrainage system which does not
have a visible surface expression.
'in the exposed Greenschist Assemblage, the drainage is in the form
of long straight, wadis giving a Rectilinear

drainage texture.

In the

major granite outcrop there is a large concentration of higher^order
wadis forming an interlocking dendritic drainage network.

9.7

COMPARATIVE STUDY OF

BAMR (SIR-A) AND LANDSAT
2

A common area, greater than 30,000km , in N.E. Sudan was investigated
using both Landsat and radar (SIR-A) remote sensing systems enabling a
broadly based comparative study of the systems' performance under
different conditions to be evaluated.
The comparisons are made in four ways.

Firstly the overall

appearance of the radar swath and the corresponding region on the
Landsat mosaic are compared to ascertain if correlations exist between
SIR-A and Landsat signatures for the same lithology.

Lithological

discrimination on the two systems is investigated next, using mainly
band 7, but false colour imagery for a small area is included.

Thirdly

a comparison of the structural information is made and finally some of
the physical characteristics of the terrain are examined.

Table 9.3

and Table 9*5 summarize the performance characteristics of the systems
and permit easy reference.

9.7.1

COMPARISON OF IMAGES

M D SIGNATURE CORRELATIONS

Landsat and SIR-A signatures are dependent on different parameters
thus a direct correlation is complex, nevertheless an examination of
the imageiy shows an inverse tonal relationship for the same rock type the darker a lithology is on Landsat the brighter it is on r a d a r T a b l e

9.2) . Textural relationships are direct.
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A smooth texture on Landsat
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correlates with a smooth one on SIfi-A and an increasing coarseness of the
flat irons indicates an increasing readiness.
Extensive tracts of terrain have a variable sand cover and this is
reflected by variable Landsat and radar signatures, also exhibiting an
inverse tonal relationship*

With a thin layer of sand, bare rock is

exposed in small patches, thus for Landsat - for a pixel-si zed area the

M is due to a combination of the reflectivity of sand (very high)

and outcrop (lower reflectivity) producing a pale signature.

The radar

return is not as bri^t as solely bare rock and this results in an
intermediate to dark response.
e^qposed therefore M

For a deep sand layer no rock surface is

on Landsat is due to the reflectivity of sand i.e.

an extremely pale to %diite signature.
the incident energy away from the

This deep layer of sand reflects

detector, thus on radar a black

signature is produced.
Desert varnish affects lithological signatures on Landsat but not
on

because the SIE-A signatures depend largely on surface roughness

idiich is unaffected by the

veneer of desert varnish tdaich fozms on

rock surfaces in arid terrain.

On Landsat, the recent deposits near

ultramafic bodies are d&rk - due to contamination - and often difficult
to distinguish from the outcrop because of the poor contrast.

On radar

however, the outcrop is bri^t but the superficial deposits azre
conapicuously darker.

Co-registration of images pzx>duced by different systems holds
considerable promise for mapping in arid terrain. MacDonald (1980),
commenting on Graham (1977), reported ”a radaaj-Landsat synergism appears
to zretain all the information available from each sensor while providing
additional detailed data resulting from the simultaneous viewing of the
two in supeiposition**.
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2_GPMPAEATIVE 'STUDY OP LITHOLOGICAL MSQBIMMÎÏÎIOH ON STR^A Aim
A
H
L
S
A
T
f
53ie degree of differentiation between various lithologies is

illustrated in Table 9.3. Althou^ the bulk of the region covered by
the two systems was in monochrome, a small area near the £ed Sea was
available on digitally enhanced Landsat false colour imagery.

(Colour

radar imagery can be produced by epatial frequency filtering i.e.
pzx>ducing h i ^ — medium — and low-pass images and projecting

in red,

green and blue (Sabins, I983) ).
jOifferentiaticn between sezpentinite and a metagabbro-diorite conplex
is poor on boUi systems, though textural differences between the rock types
are better observed on radar*

An excellent contrast between sezpentinite

and Gzreenschist Assemblage on the enhanced imagery enables an easy
distinction to be made, though on 8I&-A discrimination is not as good.
Sezpentinite is easily distinguished from the contaminated superficial
deposits on radar and Landsat digitally ezhanced imagery.
Gzreenschist Assemblage and sezpentinite are distinguished better on
band 7 than on SIÈ-A, though band 7 is inferior to SIfi-A for differentiating
serpentinite bodies fzxmi their associated superficial deposits.

Important

distinctions can be m&de between the two systems for the two major
lithologies in the study area, granite and Greenschist Assemblage.

When

granite has a thin sand cover (as it has throu^out most of the Shield),
differentiation is very good on SI£-A (Plate 9.2) and on band 7 (Plate 9.3).
However, granite also crops out without a sand cover.

A good distinction

between the lithologies is maintained on Landsat (Plate 9.5) but on radar
the distinction is much poorer.

She Younger Intrusives are moz?e pzrominent

on the radar imagery.
She penetzrative capability of SIH-A makes it the better system for
elucidating tie nature of the lithology beneath the superficial cover.
However, without the benefit of "gzround truth” rock types cannot definitely
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be identified» but the system can be used to indicate the most
probable lithologies.
Althou^ a lithology* s signature - lahether on radar or Landsat is dependent on tone AND texture, discrimination between rock types is
often due to tonal QE textural differences( Table

9»k) mUpon a visual

examination of an image tonal variations can be easily identified thou^
textural contrasts are often more difficult to detect and more
subjective, e.g. i^ether flat irons can be considered coarse or vezy
coarse may vary with the interpreter.

Tonal differences between

lithologies are more significant on Landsat band 7 than on SIE-A, thus
the former is generally the better system for lithological discrimination.

9.7.3 CQWPABATTTR STOLY OF STHUCTUEAL IHFOBMTION LERIYRT) PRCM SIR-A
Aim LARL8AT.
faults and fractures are best expressed on SIR-A du% to a high
resolution and a h i ^ contrast.

Althou^ most of the lineaments

observed on radar (Plate 9.6) are seen on Landsat (Plate 9.7) the
claxliy is reduced.

Some differences between Landsat and SIR-A are shown

on Plates 9*2 and 9*3*

Ozi Plate 9*3 granite has a white signature and no

stractural details can be seen.

On SIR-A (Plate 9.2) a h i ^ density of

intersecting lineaments are observed.

An important advantage of radar

is the preservation of structural continuity•

On landsat \dien

lineaments strike into a sand-covered region they cannot be mapped.
However, using radar, the continuation under the cover can often be
seen in arnd terrain.
/ Althou^ illumination direction (Landsat) and look direction (radar)
are approx. parallel, suppression of lineaments (parallel to these
directions) is greater on radar than on Landsat, e.g. I’
lap A (E$) seen
on Plates 9*4 and 9*5*
than Landsat.

folding is generally observed better on radar

A disadvantage of SIE-A is that only a narrow swath is
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available, thus large scale diecontimous structures trending across
the swath would be difficult to detect#

9.7.h

GCMBAELkTLYE S T O m OF TESBàlB CHAMQgmSTICS OS LASDSAg AH3) SIR-A

The most strilgÆg contrast between tiie two systems is the
hi^ali^ting of the drainage pattern#

On SIB-A the drainage system is

prominent, even when there is little contrast as in sand-covered regions#
The drainage syst^n on Landsat is less distinctive in the exposed
crystalline basement and very difficult to detect in areas idiere there
are extensive tracts of sand#

The Landsat system does have one

important advantage over radar relating to drainage#

On band 7 water

has a very low reflectance thus rivers (e.g# Bile and Atbara) appeeuc
black#

On most Landsat images the drainage system is Wiite, representing

river courses - along idiich no water is flowing - outlined by hi^ily
reflective sand (wadis) # On radar however, rivers and dried-up river
channels have the same radar smooth black signature thus they cannot
be differentiated#
It is impossible to determine sand thickness using Landsat#

The

8 IB-A signature is very sensitive to overburden depth but even with

this system the depth cannot be accurately ascertained because it is
not known if the tone observed on a radar image varies linearly with
depth#

However^ a range of relative depths can be easily established

(îlap C, Sheet !+)#
The topographic expression is best determined from radar#

For

example the Lufayt Lineament is seen to be a very prominent ridge on
SIB-A (Plate 9*4) but not on Landsat (Plate 9*5) • The ability to
selectively vary polarization, incidence angle and look direction
enables a radar system to be more versatile than the Landsat system#
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Althoxi^ not a parameter of the terrain, the ability of the two
eystema to operate at optimum efficiency can vary with atnospheric
conditions#
cover#

Information on Landsat images can be "lost" because of cloud

Radar systems which operate at 23cm wavelength, are unaffected

by cloud and can acquire imagery at any time of the day or ni^t#

9.8

COBQHJSIOBS
Beither of the two systems - radar or Landsat - can be claimed to be

the better one for remote sensing#

Both have their advantages and

disadvantages ihich have been brou^t out in the proceeding sections#
However, the combined use of the two systems allows more information to
be obtained than either one used singly because each exploits different
types of interaction between electromagnetic radiation and surface
mateznals#

Thus some of the geological information within a region not

imaged by radar will not have been detected#

In sand-covered areas

Landsat provides extremely little information thou^ - in arid terrain radar can yield information on structures, variations in sand depth and
the nature of the underlying lithology#
Landsat should be the initial system used to provide a general
geological framework and should be regarded as the "standard" to lAich
other systems are ccmpared#

SIBrA is tie better system for the

delineation of many geological structures and the physical characteristics
of the terrain but is inferior to Landsat for lithological discrimination#
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CHAPTMt

10

SY ME SI S
synthesizing the findings in this thesis is difficult because of
its wide scope.

However, it had two major components, one was the

acquistion of geological information about part of the Bubian Shield
and the second involved rating the performance of the different systems
used to extract this inforroation.

The geological information obtained

and the conclusions reached are itemised.
(1; The major lithologies in the study area, can be identified on
Landsat band 7 thou^ differences between them, whether tonal or
textural are often not significant.

However, distinctions between

Greenschist Assemblage, granite and ultramafics are generally good.
(2 ) Ophiolites are readily discernible on band 7 because of their
characteristic signature, very dark, elongated rugged bodies.
(3) False colour imagery does not greatly increase the lithological
discrimination because of the effects of desert varnish, though the
presence of Nubian Sandstone is shown by a unique yellow signature.
Possibly lithological discrimination would be improved using Thematic
Mapping data from Landsat k because of the increased number of bands
and wavelength range.
(4) No useful geological information was gained from ratio imagery
because of the very high correlation between the four Landsat bands
due to highly reflective sand and dark varnish.
(5) Principal component analysis generally provides the best
lithological discrimination.

The colours of the superficial deposits

associated with different rock types indirectly aid this discrimination.
(6 ) Contamination by the erosional products of different
lithologies - mainly Nubian Sandstone in the area investigated - means
colour/rock associations are ambiguous thus detailed geological
mapping using signatures acquired from Landsat is invalidated.
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Granite undergoes the greatest contamination because of its subdued
outcrop.
(7) Lithological discrimination on radar imagery (SIE-A) is
generally inferior to Landsat thoi^ distinction between Greenschist
Assemblage and granite (with a thin sand cover) is excellent.
However, radar provides useful information about the nature of the
rock beneath the sand cover.
up to 6m.

The depth of penetration is possibly

Based on signatures acquired in exposed areas, much of the

Nubian Desert vdthin the radar rn^rath is underlain by Greenschist
Assemblage.
(7)

The aerial mosaic is "patch;^’’" due to the variable contrast of

its component photographs, thus outcrops are disjointed and
lithological signatures variable.
(Ô) A large proportion of the Younger Intrusives within the study
area crop out vnthin a l50km vh.de swath parallel to the Bed Sea.
South of the Nakasib belt the intrusions show no preferred orientation.
North of the Nakasib belt and east of the Sol Haned-Wadi teib zone the
intrusions have an apparent N.E. - S.W. trend thou^ this is probably
due to a biased sszple area.

The intrusives in the Bayudà Desert

produce a N.W. - S.E. distribution trace which could be caused by
the migration of the centres of magmatic activity.
(9) The Nalcasib belt is a 7hm wide, 200km long zone of N.60^‘e , striking lineaments which is thou^t to represent an island-arc suture.
Bodies can be identified along it which based on signatures . acquired
by Landsat are possibly ophiolitic.

The belt is continued in Saudi

Arabia as the Bir TJmq suture.
(10) Three structural zones can be identified in Eritrea, the
Argadom and Adobaha belts and a N.N.W. - striking zone of lineaments.
The Adobaha belt overprints the N.N.W. - strilcLng zone and it is
reported that the Argadom belt overprints the Adobaha belt suggesting
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a westward yoimging direction, •
,

'

.

.

:

(11/ Many Precambrian structures in N.E, Sudan strike obliquely
across the Red Sea and do not appear to have had any control on the
'

rifting.

However further south the Red Sea arm of the Afar Depression

triple junction is aligned with major PrecambrLan structures.
(12 ) Structures in the Wadi Onib - Sol Earned region are very
complicated. Lineaments have been, dextrally -rotated into a N/S zone along which elongated ultramafic bodies lie - which is possibly an
island-arc suture.

A complex sinistral oblique-slip shear belt system

at least ^00 km long appears to have operated in N.E. Sudan.

It is

formed by a N. 40°W. - trending shear zone in the southern Red Sea
Hills which apparently curves into an approx. n/s strike near Wadi
Onib (where it lies along the narrow zone of ultramafics) and sweeps
round into the E.N.E. - trending Sol Hamed zone.

Where the strike

changes from N/s to N.E. the contact is apparently thrust over the
earlier dextrally deformed fabric.

An evolutionary plate tectonic

model comprising oblique subduction and rotation' of a plate can
satisfactorily explain the structural relationships.
(13 ) Long lineaments in the Nubian Desert have an aeolian origin
and are not tectonic features.
Clli.) Faults and fractures filled with smooth (dark) sand are
more clearly expressed on radar imagery than on Landsat.

They do

not undergo suppression irre^ective of their strike because of the
h i ^ contrast with the bri^t (rough) Greenschist Assemblage.
(15 )
Landsat.

The drainage system is accentuated on radar compared with
Numerous drainage channels can be detected in the Nubian

Desert which cannot be observed on Landsat.
palaeodrainage systems.
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Some of them are probably

(16)

and Landsat analyses complement each other because each

depends on différent surface characteristics, thus information will be
lost in areas where only one' system acquired imageiy.
(17 ) More lineaments can be detected on linearly stretched black
white imagery than. on.unenhanced band 7»

However the major trends

are similar, thus standard photographic band 7 imageiy is adequate for
the regional structural interpretation of the study area but would be
aided immensely by a more complete radar cover.
(18 ) For regional investigations an aerial photograph mosaic is
greatly inferior to a Landsat mosaic.

—119“

APPENDIX A
BAND 7 IMAGES - IDENTIFICATION AND LOCATION

A*

E-2319 -07252-7

01

L

B*

E-1286-07335-7

01

C

E-2987-07123-7

D

E-1342-07451-7

E*
*
F
*
G

01

M

E-2158-07345-7
E-1215-07405-7

01

N

E-2336-07204-7

01

02

0* E-1285-07292-7

01

E-2319 -07254-7

01

P

E-30195 -07124-7

E-1286-07341-7

01

Q

E-1342-07462-7

02

E-1357-07274-7

01

R

01

H

E-1342-07453-7

02

S

E-2319-07270-7
E-1232-07353-7

01

I

E-1449-07375-7

01

T

E-1320 -07234-7

01

J*

E-1286-07344-7

01

ÏÏ

E-2333 -07035-7

01

K*

E-30178 -07173-7

Table A1: Identification numbers of the Landsat band 7 images
used in the thesis.

Twenty-one 1:1000,000 band 7 black and white negative
transparencies - from which contact prints were made - were
obtained as copies of positive transparencies held by the
Overseas Development Authority.

The prints are third or fourth

generation from the "archival image" - formed on 70mm film at
Goddard Space Flight Centre - thus there is some degradation.
The images were not corrected for haze effects, nor enhanced
in any way.
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Figure A1: Approximate position of.each Landsat image in the mosaic.
Letters refer to Table At. Hatched images are included in the folder.
The image numbers are listed in Table A1. Those marked by an
asterisk (*) were also examined at a scale of 1:500,000.

The majority

of the images were acquired by Landsat 1, mainly during 1973*

Adjacent

images overlap one another in both the row and path directions.
approximate position of each one is shown in Figure A1.

The

The scene

covered by Image A was examined on a 1:500,000 enhanced FCC (provided
by Adrian Lloyd - Lawrence of Geo survey International Limited) and on
digitally enhanced imagery.

Images F and 0 are included in the folder

and parts of Images E and F are included as plates in Chapter 9*
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APPENDIX B
GEOLOGICAL MAPS OF THE STUDY AEEA

200 km

Figure B1: Location of the geological maps that were used to
establish "ground truth" for the thesis. 1, (Tail, 1982a);
2, (Vail, 1975); 3, (Vail, 1978a);i+, (Vail, 1982b); 9, (El Ramly,
1972 ); 6, (Bagnall, 1955); 7» (Anon, I980 ); 8 , (Trfhiteman, 1971);
9, (Vail et. al., 198I+); 10, (Lofti, I963 ); 11, (Barth and
Meinhold, 19791; 12 ,(Almond et.
, 1982); 13, (Jaiven-Habi,
1976 ).
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APPENDIX C
ME!mO]X>LOGY FOR EVALDATIHG POSSIBLE STHPCTDBAL COimOLS OH
THE Y O m C m INTBnSIYES (CMTRE TO CEHTBE METHOD) ♦

Figure C1: Traoes for randoioly distxLbiited con^lezes (a) and those
\diich show If.W. - 8.E. aligzments (b).

A large number of Younger Intrusives crop out in the study area.
Various trends seem to be appsLrent in the location of these coioplexes
i.e. large concentrations along particular strikes.

However^these

alignments exe often subjective and with a large number of intrusions
various ones can be postulated.
If; for a hypothetical distribution of intrusions (numbered 1,2;
.....n); the position is plotted of 2;3,4*#*##a with respect to 1 up
to 1;2....n-1 with respect to n; a pattern is obtained that gives some
indication of lAether a structural control has operated.

For a random

distribution i.e. no control, a "scatter" pattern is produced as in
Figure Cl (a).

If,however, there has been a controlling factor then

"linear swarms" of points are produced^ Figure Cl(b)).
A computer program was devised by Mr Maurice Kennedy to perfrom
this operation and display the results on a television monitor.
plates in Chapter 6 are photographs of the results).

(The

The geographical

co-ordinates of the Younger Intrusives were acquired from the mosaic
and are listed in Table C2.

A drawback of any statistical analytical
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method in this remote area is that "5iere are pzrobahly unknoim Younger
IntruBives, thus the data set is incomplete.

For this exercise only

the positions of confirmed Younger Intrusives were used.

Table 01

lists the locations of circular features observed on the imagery that
do not correlate with known intrusions.
Plate 6.1 (chapter 6) was generated using the co-ordinates of the
Younger Intrusives numbered 1-8I^(Table 02); Plate 6.2, 65-81].; Plate
6.3, 12-43; Plate 6.4, 44-^4*

LATITUDE

LONGITUDE °E

LATITUDE °N

LONGITUDE °E

17° 57*
18° 07»

37° 57»

20°

52»

34°

39*

36°

33»

32°

18°

09»

36°

21»

20° 53»
21° 19»

31°

47*
10»

18°

32*

36° 53»

21°

20»

34°

40»

21°

31° 09»
35° 20»

21°

27»

31°

13»

19°

19»
20»

21°

34»

31°

15»

19°

21»

21°

59»

21°

37»
48»

35°

19° 58»
20° 07»

35° 42»
33° 50»

35°

32*

34° 56»

21°

50»

35°

23»

20°

12»

36°

21°

20°

36°

22°

51»
01»'

35° 57»
35° 48»

20°

25»
36»

33»
26»

36°

32»

22°

07»

35°

04»

20°

38»

36° 43»

22°

08»

35°

20°

48»

36°

19»

22°

36»

33°

43»
42»

20°

48»

33° 05»

22°

43*

35°

15»

Table 01: Geographical co-ordinates of unknown circular features
within the study area.
For other applications of the centre-to-centre method in geology see
Fry (I979a; 1979b) and Hanna and Fry (1979).
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LATITUDE

LONGITUDE °E

LATITUDE °N

LONGIXOSB °£

1 21° 45*
3 21° 13»

35° 00»

2

21° 23'

33° 57*

4

20° 1*5*

5 20° 43*

34° 48*

6

20° 1*6'

31*° 57'

7 20° 57*
9 22° 03»

34° 48*

8

20° 33'

34° 56'

33° 35*

10

21° 02'

11 22° 32»

34° 02»

12

20° 30'

13 20° 23*
15 21° 35*
17 15° 56»
19 21° 40*

36° 48*

20° 27'

35° 07*

14
16

31° 13'
36° 51*'
36° 1*6'

15° 55'

37° 00'

35° 17*

18

18° 59'

35° W

36° 10»

20

19° 00'

36° 00'

21 19° 13*

35° 33*

22

19° 22'

35° 59'

23 19°
25 21°
27 19°
29 20°

38'

35° 44*

21° 34'

35° 30'

48*

35° 38*

19° 1*2'

36° 10'

45*

36° 00»

24
26
28

20° 00'

05*

36° 25*

30

20° 00'

31 20° 16»

36° 55*
36° 37*
36° 25*

32

20° 1*0'

36° 15'
36° 1*5'
36° 56'

34

20° 30'

36° 39'

36
38

20° 58'

17»
20»
20»

40

22° 00'

42

22° 00'

36°
36°
36°
36°

44

18° 28'

35° 20'

46

18°

uk'

36° 05'

47 18° 04*

36° 11*
36° 50*

48

49 18° 30»

35° 43*

50

18° 11*'
18° 1*0'

36° 15'
36° 30'

51 18° 58»
53 18° 40*

36° 17*

52

19° 08'

36° 32'

54

18° 1*7'

55 18° 27*

36° 40*
36° 37»

56

17° 50'

36° 1*5'
36° 1*0'

57 18° 10»

36° 58»

58

17° 50'

36° 58'

59 17° 40*
61 17° 42*

36° 34*

60

17° 37'

37° 43*

62

17° 1*7'

36° 32'
38° 08'

63 18° 25*

37° 00»

61*

17° 1*5'

37° 17'

33 20° 37*
35 20° 23*
37 21° 16»
39 21° 24*

41 22° 12*
43 21° 36*
45 18° 33*

.

36°
36°
36°
36°

47*

21° 22'

I'

contimed*
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31*° 18'
■

31*° 36'

1*5'
13'
15'
29'

LATITUDE °N

LONGITUDE °E

LATITUDE °N

LONGITUDE °E

66

17 ° 44'

33° 02»

18° 40‘

33° 30'
32° 18*:

68

19° 22'

32° 58»

69

18 ° 00»

32 ° 20*

70

17° 3 0 '

32° 0 5 »

71

17° 43'■

32° 53*

72

17° 46'

32° 25'

73

17° 58'

32° 50*

74

17° 5 2 '

32 ° 25 '

75

18 ° 15»

33° 2 5 '

76

18° 0 6 »

32° 5 2 '

77

18° u9‘

32° 4 5 '

78

18° 2 0 *

32 ° 40»

79
81

17° 58'

80

18° 19'.

32° 0 0 »

82

18° 0 9 '

32° 15'

83

18° 27'

32 ° 5 7 '
0
»
32 10
0
»
32 17

84

18° 2 6 »

32 ° 31'

65

18°05V

67

18° u8'

Table 02; Geographical co-ordinates of Younger Intrusives within the
study area as determined from Landsat imagery.

-126-

APPENDIX D
REMOTE SENSING; - THE LANDSAT SYSTEM
1. INTRODUCTION
Landsat, the major remote sensing system employed for the thesis
is described in this appendix.

Before considering the method of data

acquisition, a brief history of remote sensing is given.

This is

followed by a discussion of the factors that influence Landsat
signatures.

The appendix concludes with a section on how the imagery

was interpreted which deals with method of analysis and the appearance,
possible causes and categorisation of the lineaments observed on the
images.

Note, only the characteristics of Landsat*s 1 and 2 are

described in section 3 because the imagery was obtained from these
systems.

2. DEMOTE SENSING
Remote sensing is the name given to the process by which information
is acquired from an object without being in physical contact with it.
The term is usually applied to the recording of electromagnetic
radiation - as opposed to gravity or aeromagnetic surveys which involve
the measurement of force fields - and it is in this context that
"remote sensing" is used for the thesis.

Prior to the 1960*s the major

remote sensing technique was that of aerial photography, mainly within
the visible light range of the electromagnetic spectrum but also some
black and white infra-red since about 1945.
/ The advent of the space program in the 1960*s led NASA to expand
itè. Earth Resources Survey Program by extending it#
space.

operations to

This involved the photographing of areas on the Earth from

manned spacecraft i.e. Gemini, Apollo or Skylab, which proved to be
of geological value (Lowman, 1965, 1969, 1980).
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A continuation

of this program was the launching in 1972 and 1975 respectively of ERTS 1
and ERTS 2 (Earth Resources Technology Satellite) now designated Landsat
1 and Landsat 2.
launched.

Since then Landsat 3 (c) and Landsat 4 (d) have been

Remote sensing can be passive or active.

The former relies

on naturally reflected or emitted radiation while the latter provides
its

own electromagnetic source, e.g. lasers or radar.

Radar imagery

has been obtained from space-borne systems, e.g. Seasat (launched in
1978 ) and the Space Shuttle.

3. LAiroSAT CHARACTERISTICS
The satellite revolves 918km above the I^rth in a near polar
sun-synchronous orbit surveying the same terrain every I8 days.

A

multi-spectral scanner (mss), consisting partly of a scanning mirror
which sweeps through approx. 12°, collects electromagnetic radiation
from a 0.48 x 185 km swath in a single sweep - normal to orbit
direction - and reflects the radiation into the sensor package aboard
the satellite.

The radiation is directed through filters onto four

banks of six detectors, one bank for each of the four sensed wavebands.
Each detector records data from lines 79m wide.

The continuous

(analogue) signal is electronically recorded and digitized for small
discrete areas, approx. 57 x 79%, termed the sampling cell (Rothery,
I9 S2 ).

The ground resolution cell is 79 x 79m though for Landsats

1 and 2 the optical spatial resolution (i.e. the shortest distance

between two points that are distinguishable from each other) is
considered to be about 250m (Sabins, 1978 ).
Features - mainly linear ones - smaller than the ground cell size
are recorded when the conditions are right i.e. the features have a
high contrast with the background.

For example, dykes probably only

a few metres in width are very clearly expressed in the Bayuda Desert
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because of the h i ^ contrast between their dark signature and the yeiy
pale tone of the sand-covered Grey Gneiss Group.

Linear h i ^ contrast

features are detected because they affect the brightness of the entire
sampling cells they cross.

They are not resolved, but a row of single

sar^ling cells on an image is so narrow, the impression is given that
it is the feature itself being shown.
The four recorded wavebands are listed in Table D1 (Bands 1, 2
and 3 were allocated to the Return Beam Vidicon vdiich failed early in
the mission).

The wavelengths of bands 4, 5, 6 and 7 correspond to

the colours green, red, photographic infra-red and photographic infra
red respectively.

The MSS was not specifically designed for geological

usuage but for agricultural applications, thus bands 5, 6 and 7 define
the red absorption edge of chlorophyll and high reflectivity of plant
cellular matter.
Each sampling cell or pixel (picture element) is allocated a BN
value (digital number) which is related to the reflectance of the
pixel.

For bands 4, 5 and 6 a 7 bit scale is used, (2^, 0 - 127),

thus a black signature has a BN value of zero while brighter parts of
the scene have higher BN*s up to a maximum of 127.

For band 7 the BN*s

range from 0 - 63 (6 bit) due to different receiver characteristics.
The BN values are transmitted to Earth, recorded on high density tape
and transferred to computer compatible tapes (CCT) each containing the
data for an area 185 x 185 km.

To rationalise the scales for the

different bands the BN range for all of them is increased i.e. 0 - 255.
To produce a black and white photographic (or video) image, the pixels
/
are allocated various shades of grey depending on the value of BN stored
in the OCT.
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MSS

mm

WAVELENGTH (pm)

5

0.5 — 0.6
0.6 — 0.7

6

0.7 - 0.8

7

0.8 — 1.1

4

'

Table 1)1 : Wavebands recorded by Landsat 1 and Landsat 2.

The human eye can better discriminate between different shades of
colours then between shades of greyness thus more information can be
gained by an examination of colour imagery.

A colour image can be

produced by a combined use of different bands. However because no
blue l i ^ t is recorded by the Landsat sensors a normal colour composite
is not possible, though a simulated normal colour image can be formed.
A standard false colour composite (FCC) is generated by using the three
additive primary colours, blue, green and red.

Bands 4, 5 and 7 are

projected in blue, green and red respectively and the three images co
registered on a screen.

The combination of the three colours*

intensities produces the various hues seen on an image.

Due to the

projecting of different bands by colours of a shorter wavelength for a
FCC, the colour of a feature in the field has a longer wavelength than
the corresponding one shown on a FCC.

A disadvantage of using the

additive primary colours is that a colour film cannot be produced by
the superposition of the three films.

Standard printing uses the

three subtractive primary colours, cyan, yellow and magenta, which
allows mixing of colours by superposition.
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h. FACTORS THAT IITOUENCE LANDSAT SIGNATURES

4.1.

MINERALOGY
A major factor influencing lithological signatures is the

reflectance characteristics of their constituent minerals.

Hunt and

Salisbury (l970, 1971) produced reflectance spectra - using
particulate samples - for common minerals and in the band 7 waveband,
quartz and albite have higher relative reflectances with respect to the
standard MgO than serpentine or forsterite. %hus rocks composed of
quartz and albite would be expected to be paler on a band 7 image than
rocks in which serpentine or forsterite are important constituents.
On the Landsat mosaic, granite is paler than the mafic and ultramafic
masses.

(Although lithologies can be differentiated on an black and

white image, distinction can best be achieved using the digital data
and an image processing system).
Consequently, if an unknown lithology has a particular signature
(as observed on Landsat), a knowledge of the reflectance characteristics
of minerals which could produce this signature should indicate the
minerals present and hence the probable nature of tlie lithology.

There

are however two fundamental drawbacks.
Firstly, rocks of a diverse nature have the same spectral response,
for example the post-Nubian volcanics and serpentinite bodies.

This is

because within the operational wavelength range of landsats 1 and 2
very few minerals have pronounced minima or maxima on reflectance v
wavelength graphs and variations between different minerals*
reflectances are often not significant.

Important exceptions are minima

for fezric and ferrous ions at approx, 0.7

and 1 pm respectively:

thus discrimination between iron-rich and iron-deficient rocks is best
achieved at these wavelengths (Hutton, 1978).

Limonite, due to its"'

distinctive reflectivity spectrum - Figure 8.5B (Sabins, 1978) - is
easily discriminated in the HSS range (0.5 - 1.1 pm) because of the
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pronounced ferric absorption bands.

Lithological discrimination is

expected to be improved using data from Landsat 4(b) which has seven
channels which detect radiation from the 0.45 - 12.5 pm range.

Goetz

(1980 ) reported an approx. doubling in the reflectance range for rocks
at about 2 pm compared with the Landsat 1 waveband.
Secondly, the correlation between the reflectivity of powdered
rock and the in situ whole rock is dubious for a number of reasons,
discussed in sections 4*2 and 4»3*

4.2

VfflATHERING. SANB COVER. GRAIN SIZE ANB CONTAMINATION
VJhereas theoetical spectral characteristics are acquired using

crushed rock or "fresh" specimens, Landsat records the reflectivity from
weathered outcrops often with i^ situ rubble littering the surface.
Because the in situ reflectance is due to the surface characteristics
of the rock it is dependent on the weathering skin formed on the
surface.

The minerology of the weathering skin is often different

from the bulk rock due to selective erosion, negating the association
of theoretical reflectivities to reflectivity in the field.
A sand cover can mask the spectral characteristics of the
underlying lithologies.

This effect is prevalent for granite because

it forms flat subdued outcrops.
For a mineral the reflectivity increases as the particle size
decreases, thus information on spectral characteristics is degraded
(Fitzgerald, 1974).
The reflectance characteristics of minerals that constitute a
/
particular rock type will contribute little to the Landsat signature
of that lithology if the rock is heavily contaminated by the erosional
products of a different lithology.
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4.3

DESERT VARNISH
Rock surfaces in arid regions often have a dark patina which can

markedly influence reflectance characteristics, resulting in less
variability in spectral signatures for different lithologies (Blodget
and Brown, I982 ).

Such "desert varnish" is thought to be due to iron

and manganese compounds.
Desert varnish affects reflected radiation but not emitted
radiation, thus thermal infra-red imagery could provide lithological
discrimination when desert varnish is present (Kahle, 198O; Abrams
and Siegal, 1980 ).

A study - employing data from Nimbus 5 - along

the 24°N. parallel in N.E. Africa showed litholDgical

.discrimination

was very poor using the Temperature Humidity Infra-red Radiometer
(THIR) which acquired data in the 8 - 14 pm waveband, though using the
Electrically Scanning Microwave Radiometer (ESMR) - which operated at
a wavelength of 1 .5 5 cms - limestone could be differentiated from
Nubian Sandstone but it was difficult to distinguish sandstone from
igneous and metamorphic rocks (Schmugge, 1980 ).

4.4

TOPOGRAPHIC EFFECT
Variations in the topographic expression of any particular

lithology can result in different Landsat signatures because the energy
reflected from a surface - and measured by the Landsat sensors - is a
function of the energy incident on the surface which is dependent on
topography.

The signature is affected by the orientation of the slope

with respect to illuminating direction and incidence angle.
/•
In situ debris is more likely to accumulate on flat horizontal
surfaces than on steep slopes and can subtly alter the reflectance.
Rothery (1982 ) reported debris produces an overall darkening effect
on an image.
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4.5

VEGETATION

A Landsat signature is dependent on surface characteristics thus
vegetation - if it is dense enough - can mask the signature of the
underlying rock.

However, vegetation can he used indirectly to provide

important geological information.

Variations in vegetation type and

density are often closely related to the nature of the underlying rock
and have been used successfully for lithological discrimination
(Grootenboer, 1973; Raines and Canney, 1980).

Vegetation can be

stressed by hydrogeological and geochemical effects (geobotanical
anomalies) and the signature of stressed vegetation has been used for
mineral e^iploration (Lyon, 1975).
Vegetation is practically non-existent over most of the study
area, thus the signatures acquired are for rock outcrops.

4.6

ILLTONATION DIRECTION

The Landsat system acquires itë

data at approx. 9.30 a.m. local

time when the illumination (in the northern hemisphere) is from the
S.E.

Features trending normal to the illumination direction (S.W. -

N.E.) are highlighted but N.W. - S.E. striking lineaments - parallel
to illumination direction - tend to be subdued.

However, if the

lineaments have a high contrast wdth the background, (such as faults
in the Red Sea Hills) they are not suppressed.

4.7

ILLUMINATION ANGLE
The major seasonal difference regarding lighting conditions for

Landsat is the different illumination angles for winter and summer.
Winter images are acquired at lower illumination angles.

Blodget and

B r o m (1982) recorded better "rock-class separability" for a high sun
angle but more detailed structural information at a low sun angle.
Sabins (1978) quoting Hackman (1967) reported that tonal differences
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are more pronounced at high sun angles.
For the thesis no winter and summer images were obtained for the
same scene.

However,in S.E. Egypt, because of the overlap in images,

an area ^0 x 160 km was imaged at two different illumination angles,
33° (winter) and 61° (summer).

For this area the effects of different

illumination angles were investigated.
Tonal variations are more prominent and lithological discrimination
is better on the summer image, especially between the Shadli
metavolcanics and granite.

The topographic expression of a large

serpentinite mass is subdued on the h i ^ sun angle summer image but on
the low angle winter one, the highly dissected rugged nature of the
lithology is very apparent.
illumination angles.

East-west faults are highlit ted at both

Adjacent to the coastal plain a small Younger

Intrusive is more prominent at a h i ^ illumination angle.

North-west

striking lineaments and a ridge offset by a short fault are observed
better on the summer image.
It is difficult to draw conclusions from such a small area but
lithological discrimination is easier at a h i ^ illumination angle.
More structural information was also acquired at a high sun angle for
this region.

li.8 PHOTOGHAPHIC PROCESSING
Photographic processing is an important parameter because the
photographic products of Landsat data are interpreted by eye and it
affects the visual presentation of an ima^. Photographic processing
/
can be controlled, unlike other factors such as desert varnish, sand
cover and illumination direction, thus a proper manipulation of it
can influence, not the information within a scene, but the perception
of this information.

Three images in N.E. Sudan were greatly

overexposed and compared with the same images that had "standard"
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Plate D1: Effects photographic processing have on an i m a ^ .
Overexposure has resulted in a decrease in information from the
dark areas of the scene hut an increase from the paler areas.
Scale 1:1000,000
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processing.

The effects of overexposure are shown on Plate D1 which

is part of the scene shown on Image 1 (in folder).
Plate P1 is very dark and the distinction between the ultxamafic
masses and Greenschist Assemblage is very poor.

The structural fabric

is less distinct on Plate PI than on Image 1 because of the loss of
contrast in the dark areas.

Textural differences are also diminished

in the darker parts of the scene by overexposure, thus the ultramafic
bodies can no longer be distinguished from the contaminated superficial
deposits around them.

Conversely overexposure results in more

information being acquired in the light-toned areas.

Usually this is

a highli^ting of the drainage system but 35 km W.N.W. of Sol Earned,
lineaments striking approx. N.15°E. are more pronounced on the
overexposed image.
In view of the loss of discrimination between lithologies and the
loss of structural information, overexposure of imagery of the Nubian
Shield should be avoided because it can greatly affect the usefulness
of Landsat.

5. INTERPRETATION OF THE IMAGERY
5.1.

ANALYSIS METHOD

The images were examined individually and in a mosaic.

The

information on the imagery was transferred directly onto the maps by
means of transparent acetate overlays.

Although faults and dyke

swarms could be mapped from a single image, the mosaic was neccessary
for regional structures such as the Nakasib belt or the Adobaha zone.
/
Advantages of the mosaic were that spatial relationships of features
to each other were more apparent and subtle alignments more recognizable.
A disadvantage was that the eye tended to extrapolate linear features.
It was found that some lineaments were better perceived in the
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horizontal plane than in the vertical plane.

VJhen the mosaic was

rotated through 90 ° other lineaments were recognized because they too
were more prominent once they were in the horizontal plane.
The mosaic was interpreted with the north at the top.

Due to the

duration of the thesis, a mental picture of the mosaic was formed into
which the eye catagorised different features into associations with
each other.

This had the effect of suppressing

associations.

other subtle

By inverting the mosaic this mental picture was

destroyed and the eye presented with"unrecognised imager^'". This
inversion resulted in a narrow wedge shaped pale feature - which could
be traced over parts of four images - being detected in the southern
Red Sea Hills.

From the coast, where it is 100 Icm wide, it narrows in

a general W.S.W. direction towards Atbara.

The sides are I4.OO km long,

one side being formed mainly by the Nakasib belt and its

possible

continuation under the sand cover.

5.2

LINEBIENTS
In remote sensing a lineament is a linear, h i ^ spatial

frequency change in contrast observed on an image.

It can be

defined more practically as a linear, topographic or tonal feature.
The terms "photo-linear" or "linear" are taken by some authors to be
synonomouB with lineament.

Simple lineaments comprise one feature

e.g. straight valley, ridge, scarp, or wadi, whereas composite
lineaments are caused by the alignment of different features.
An important function of lineaments is in the provision of
geological information about an area e.g. relative ages, orientation
of the stress field, local and regional structural relationships
(Rowan and Lathram, 1980 ).

Often very long lineaments (with a

magnitude of hundreds of kilometres) are ths surface manifestations
of deep-seated structural controls.
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Mineralization is often closely

associated with lineaments.

This can either he of the form of deposits

being located at intervals along a major lineament or where short
intersecting ones concentrate.

These associations have been used in

conjunction with satellite imagery to delineate areas where there is
a higher probability of unknown deposits being discovered (Salas, 1975;
Hodgson, 1975; Nicolais, 197U; Lathram and Reynolds, 1975» Ahmed, 1982 ).
The author compared the lineament pattern with the distribution of
mineral deposits for the Red Sea Hills but found no clear regional
relationships, though gold deposits in area E (Figure 6.i|, Chapter 6)
tend to be associated with north-striking lineaments.

The concentration

of mineral deposits near Haiya in the southern Red Sea Hills cluster
within or near a 30 km diameter circular feature.
A difficulty in mapping lineaments, especially subtle and
discontinuous ones, is their subjectivity i.e. different interpreters
can produce different lineament patterns for the same image.

In any

scene with lineaments of various strikes and lengths inevitably some
will line up.

One interpreter could view these as discontinuous

lineaments, but another as chance alignments.
Various geological features can result in the formation of
lineaments e.g. faults, fractures, dykes, alignments of intrusive
plutons, linear outcrop boundaries and compositional or tectonic
planar fabric.

Most of the faults and fractures in the study area

have a linear pale signature.
as a signature.

Lykes mainly have a dark lineament

Linear outcrop boundaries such as between the

Greenschist Assemblage and the Eritrean high grade metamorphics are
/
marked by a lineament across which there is an alteration in tone.
The "structural grain" is shown by intermediate-toned lineaments
which are probably metasedimentary or metavolcanic horizons in the
Greenschist Assemblage.
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APPENDIX E
DIGITAL IMAGE PROCESSING
Digital image processing can be separated into two categories,
image correction and image enhancement techniques.

The bulk of the

appendix deals with these two aspects but also contains a short section
in which the merits of interactive processing and hard copy format are
discussed.

1. INTRODUCTION TO DIGITAL IMAGE PROCESSING
The information stored on a computer compatible tape (CCT) is not
in a form in which it can be exploited to itâ

full advantage, thus

the tape in digitally processed so as to present the data in the best
possible manner.

The optimum presentation depends on the particular

interest in a scene, consequently a number of different enhancement
procedures are available.

Some of these procedures were originally

employed in enhancing the imagery obtained of Mars from the Mariner
Series and subsequently adapted for Landsat (Condit and Chavez, 1979).

2. IMAGE CORRECTION (ALSO TERMED COSMETIC PROCESSING)
This is performed on the data before image enhancement is carried
out and involves correcting errors caused by the acquisition and
transmission of data.

The parameters considered are atmospheric and

geometric corrections, scan line offsets, line dropouts and sixth
line banding.
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2.1

ATMOSPHERIC CORRECTION
In theory, areas not in direct sunlight should have DN values of

zero.

However, because of backscattering within the atmosphere these

shadows can be illuminated indirectly.

Band 7 is essentially unaffected

by this scattering thus on a band 7 image DN’s of 0 or 1 are assigned to
shadows. The atmospheric effect for the other bands can be corrected by
assuming the lower cut-offs in the relevant BN histograms are due to
scattering and offsetting the histograms so the lowest BN is allocated
a value of zero.

The histograms are shifted by different amounts

because scattering is inversely proportional to wavelength (Hunt, 198 O).
Sabins (1978) reported typical offsets of 3, 6 and 11 for bands 6 , 5
and k respectively.

2.2

GEOMETRIC CORRECTIONS
Geometric corrections have to be applied to the CCT to prevent

scale distortions.

Non-systematic distortions cannot be predicted and

vary from image to image.

They are due to changes in velocity, altitude,

roll, pitch or yaw of the satellite.
from

The correction needed is deduced

orbital parameters (as determined by tracking data) or by

comparing ground control points - whose positions are accurately known with their observed location on an image,

(it is extremely difficult to

find such control points in poorly known featureless terrain).
Distortion in the scan line direction occurs because the Earth
rotates in the finite time (28 seconds) it takes to record a scene.
This is compensated for by offsetting successive groups of 6 scan lines
which results in the images having a parallelogram shape.
%rstematic distortions are caused by parameters whose effects are
constant and known e.g. scan skew, mirror velocity variations and
scanner distortions.

Dp to about 1979 geometric corrections were

applied when the data were used to produce the "archival images"
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but not to the CCT*s.

Since then a correction to account for the

Earth’s rotation has been applied to most tapes.

2.3

SCAN LINE OFFSETS
Some scan lines are offset relative to adjacent lines.At large

scales this effect degrades the image.

Corrections are applied by

accurately aligning the start of every scan line.

2 .ii DROPOUTS AND SIXTH LII^E BANDING
Serious degradation can occur if some scan lines are represented
by a DN value of zero due to a defect in the system,

A correction is

applied in which a DN value is assigned to every pixel in this line
by talcing the average of the DN*s of adjacent pixels in lines above
and below.

Although the six sensors per band in the MSS were

initially calibrated and matched, drift in some sensors* response
has produced sixth line banding i.e. every sixth line has
anomalously high (or low) DN*s compared to the other lines.

The

data within this line are correct but does not match the overall
image.

This can be corrected by a program that recognizes periodic

deviations and applies a correction factor, or by equalizing the DN
histograms of all six sensors to the best of the six.

3. IMAGE ENHAITCET^IENT
Four main types of enhancement are considered; contrast stretching,
spatial filtering, ratioing of bands and principal component analysis
(PCA).
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3.1

CONTRAST STRETCHING
Usually the DN values for any particular hand do not fully

utilize the range of available digital numbers, 0 - 255 * and are
often clustered within a relatively short range.

An image produced

using such pixel values has a low contrast and visual interpretation
is difficult.

If a PCC is produced from these DN*s the full colour

range available will not be exploited and the colour image produced
will not be optimized.
The stretching techniques are best described in terms of DN
histogram transformations.

The simplest one - a linear contrast

stretch - is when the lowest DN is assigned a value of 0 and the
highest 255 * the intervening values being correspondently stretched.
Figure El.

This stretching increases the contrast throughout the

entire scene.

Alternatively a low DN can be set to black (o) and a

high one saturated to maximum intensiiy (255 - white) which increases
the contrast throughout most of the scene at the expense of a loss of
contrast at’" the extremities.

Various more sophisticated non-linear

stretches can be applied, e.g. a uniform distribution or Gaussian
stretch which increases the contrast within the most populated range
of DN*s or in the tails of the histogram respectively.

The optimum

stretch depends on the nature of the scene and the partiular feature
which is of interest.

3.2

SPATIAL FILTERING
By plotting DN values against the number of pixels, a complex

waveform is produced which can be considered as a combination of sine
waves with a range of frequencies.

Special filters can be introduced

(based on Fourier transformations) to this wave to produce an output^
of a particular wavelength which depends on the type of filter used,
hi^, medium ot low pass( Figure E2) . In geology high frequency
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Figure El: Simple linear contrast stretch in which the lowest and
highest DN*s in the original histogram are allocated values of 0
and 2^5 respectively in the transformed histogram.

filters are in^ortant because they emphasis edges.

An edge is a

sharp change in the DN value of adjacent pixels - shown on an image
as an abrupt tonal change - and provides information on structures
e.g. faults, fractures, joints.
Spatial filters can also be introduced by a method termed
convolution filtering.

This is performed by allocating a different

value to each pixel dependent on the average of the adjacent pixels.
Figure E3.
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W S S

SCAB X.I®

Figure E2: Spatial frequency filtering of Landsat data, modified after
Sabins (1978)

sample pixel array

a
1
low pass filter LEx = 1/9 7DR
high pass filter DRx^^ = DRx - DNx' + C
alternative high pass filter DRx

111

= DRx

11

Figure E3; Generation of simple low and high pass filters hy convolution
filtering. A 3 x 3 array is shown through different boxcar sizes, e.g.
5 x 5» can be employed, but only using odd numbers. Rectangular boxcars
can be used which emphasise particular strikes.

3.3 BAND RATIOIRG
Using the four spectral bands available from Landsat, images can be
produced in which new digital numbers are obtained by dividing the DN
/
value of a pixel'in one band by the corresponding value of the same pixel
in another band.

O^ically, ratioing of the pixels produces values from

0.3 - 3 which are stretched to 0 - 255.

Ratioing results in variations

in albedo due to the topographic effect being suppressed, thus a lithology
should have the same signature whether it is in sunlight or in shadow.
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+ DRx

Eothezy (1982 ) reported instances when spurious high ratio values were
obtained for shadows due to ratioing of low numbers.

Ratio

images

indicate the gradient change of spectral reflectivity,curves between
the ratioed bands which can be an important discriminator between
different lithologies.

A disadvantage is that units with very

different albedos on single band imagery can be inseparable on ratio
images because their spectral reflectivity slopes are similar.
Three ratios can be combined to form a colour ratio

image which

is commonly used for lithological discrimination or in the search for
mineral deposits (Rowan et
Lyon, 1975 )#

al., 1974» Spiralcis and Condit, 1975»

The ratios and their projection colours used to produce

the colour ratio image are dependent on the scene, particular area of
interest and the operator's experience.

A hybrid colour ratio

composite can be formed using two ratios and a single band which
restores the topographic information.

3.4

PRINCIPAL COI'TPOimTT ANALYSIS (PGA)

The theoretical derivation of the tables in this section is
described in Appendix P.

A correlation often exists between the DN

values for the four Landsat bands, thus if data for two bands are
plotted a scatter diagram such as Figure E4(a) is produced.

This

correlation between bands means the axes are not statistically
independent.

Principal compcnent analysis is a technique which

results in the production of new images whose probability density
function has orthogonal axes (Gillespie, 1980 ).
Whereas for a single variable the spread about its mean is
statistically calculated from its variance, the joint variation of
two variables about their respective means is given by the covariance.
The covariance matrix for several bands defines a set of concentric
ellipsoids about the mean.

Ry a translation and rotation it is
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Figure El;: Generation of new independent axes (princip^ components) which
correspond to a translation and rotation of the original co-ordinate system.

possible to produce a new axis along which the spread is greater than along
either of the two original axes, Figure Ei;(b).

This new axis, which is a

weighted average of the inputs, is the first principal component (PC1).
The second principal component (PC2) is approx. the difference between
the bands.

For the four Landsat bands, four principal components can be

generated.

Band

7

7
6

1

h

6

0.988

1

0.98

0.99

S

k

1

0.989 0.97 0.976 1

Table E1 : Correlation matrix (r. .) for the different Landsat bands
for the Egyptian-Sudanese border scene.

The very h i ^ correlation between all Landsat bands (Table El)
shows that analysis of a band 7 image is adequate for this scene and
the time and expense expended in analysing other bands is unwarranted
because the amount of new information acquired is minimal.

This h i ^

correlation is not typical and it is due to dominance of rocks and sand, .
sparsity of soil, absence of vegetation and the presence of desert varnish.
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PC1
98 .7%

PC2

PCI*

PC3

0 .69% 0 .35% 0.26%

Table E2: Percentage variation in information within each of the
principàl components.

Nearly all the input from the i; bands is contained within the first
principàl component, Table E2.

An advantage of a PCI image is that all

the noise and residual striping ends up in PC2, PC3 and PCi;.

However,

there is often some geological information in these higher order
components,

ii. INTERACTIVE PROCESSING Aim HAED COPY FORI'IAT
Various types of interactive digital image processing systems are
available and although differing in their degree of sophistication, the
basic components are standard.

The computer compatible tape is loaded

and stored in the computer where the various procedures are performed.
The operator controls the processing applied to the CCT and the results
of this processing are displayed on a colour television monitor.

The

entire scene cannot be shown on the screen with all the pixels due to
poor screen resolution.

Either the number of pixels are reduced or a

subscene is displayed.
A very important advantage of interactive processing over hard
copy format is that the routine can be continually modified to
optimize the information output in the light of previous instructions
and a knowledge of their effects as shown on the monitor.

An

important use of interactive processing is in the refinement of
digital classification maps (Schmidt and Bernstein, 1979)*
Photooptical enhancement techniques are available (Skaley, 1980 )
but no information is lost and a greater degree of control is possible
by the manipulation of digital data.
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Hard copy format does have some advanteiges.

Gillespie (1980 )

reported that photographic film can be superior to digital image
storage media because of the high information density of the
former, e.g. a black and white 35nm slide can contain more than
2 X 10

8

bits of information which would require a 30 cm reel of

magnetic tape to store digitally.

The use of contact prints for

the thesis made the formation of the mosaic relatively easy.

To have

produced the mosaic digitally would have required access to expensive
equipment.

Hard copy Landsat information is cheap, easy to obtain

and requires no specialized systems to interpret it.

The majority of

geologists working with Landsat use photographic film rather than the
raw digital data.
The CCT of the Egyptian-Sudanese border scene was processed on a
DIPIX Aries-II system located at the Open University.

The author

was unable to process the data, all enhancement techniques being
performed by Dr S.A. Drury.
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EVALUAglOK OF PBIHQIPAL GOIîPOmT AXES FOR MLlTISPEGîmAL J^GIIEAL M T A

covariEnce ^dtii %.
-vasiaaoe

veori^ce X^

vector 2
vector 1

* covarLanoe
with X,

(b)

(a)

^1 ■■
^1
Figure F1: Co-ordinate (a) and vector (b) representations of variance
and covariance, modified after Davis (1973)*
Although the formation of principal conrponent axes can be thou^t
of as a translation and rotation of the original axes (Figure £i|>
Appendix E), the new axes are calculated using the eigenvalues and
eigenvectors computed for the scene.
a two dimensional case.

It is most easily described for

The variance and covariance for a bivarLate

data set can be shown in graphical form( Figure Fl) or represented by
a 2 X 2 matrix i.e.
.2
*11

12

21

22

2

2

and 2^2

X^ re^ectively and

variances of X^ and
(=

is their

covariance.
A 2 X 2 matrix defines points on an ellipse whose eigenvectors
define the principal axes and whose eigenvalues give the lengths of
these axes^ Figure F2),
aich a manipulation, of the data results in most of the variance
being in the first principal component (PC1) - and for multivariate
analysis progressively less in the hi^er order components - i.e.
the eigenvalue for this component is considerably greater than the
others.

This can be regarded as an indication of the amount of
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second principal
component axis
/vector
first principal compcnent axis
ctor 1

Figure F2: Generation of principal component axes. She eigenvectors
and eigenvalues define the slope and length, respectively, of the
principal component axes.

information in each component, thus PC1 contains significantly more
information than the others.

For Landsat four sets of data are

available from the four bands thus a 4 x I4.matrix can be constructed
and four principal components obtained.
For the Egyptian-^danese border scene a sanple 245,11^
:
2
were analysed from which thé variance
) - covariance
matrix was foimed( Table Fl) . The correlation matrix

(Table 21,

Appendix 2) was constructed according to the relationship .
_

(a

UL

7

24.16

6

60.3

1 5 6 .5 3

5
4

57.35

147.6

Ô5.5I

33.17

142.22

82.58

50.27

Table Ft: Variance - covariance matrix for Egyptian-Sudanese border
scene. The sample, variances occupy the main diagonal.
The percentage variation of information within each of the
principal components (Table 22, Appendix 2) is determined from the
eigenvalues computed for the scene^ Table F2^ and the relationship:
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Percentage variation = -^i x^10ü

PC1

PC2

PC3

PC4

X77
368.6515

X66
2.5728

X55
1.3139

X44
Ü.6486

Table P2: Eigenvalues for Egyptian-Sudanese border scene.
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APPENDIX

a

RADAR THEORT
1. INTRODUCTION
Radar, in contrast to Landsat is an active system, in that
coherent electromagnetic radiation of a single wavelength (e.g. (Ea)
0 .86 cm; (x) 3 .2cm; (l) 25cm) is produced and the resultant black

and white image is processed from the differential signals representing varying degrees of reflection and scattering - received
from the surface and collected at the source.

A radar system can either

be real - aperture' or synthetic - aperture (SAR), the difference being
in the method of resolving in the azimuth direction (i.e. ground track).
SIR-A is a synthetic-aperture radar which is designed to produce high
azimuth resolution at short and long wavelengths in the far range by
effectively synthetically increasing the antenna length by recording
the Doppler shift as a feature apparently moves •through the radar beam.
The image produced is dependent on the returned signal, which is
related to

the average backscattering cross-section of the surface.

is a function of the radar system's parameters, wavelength, incidence
angle and polarization and also the scattering characteristics of the
surface, surface roughness, dielectric constant and slope.

Many of

these parameters are complexly inter-related.

2. POLARIZATION
The transmitted energy pulse is polarized either within the
horizontal or vertical plane.

The returned pulse is mainly polarized

in the same direction, thou^ a proportion is depolarized due possibly
to multiple reflections at the surface (Sabins, 1978).

Most radar

systems are parallel-polarized i.e. HH; horizontal transmit/horizontal
return or W ; vertical transmit/vertical return rather than cross
polarized (HV).

HH and HV images of the same scene may yield different
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results, for example Dellwig and Moore (1975) reported that areas with
a high moisture content in the soil could be easily differentiated from
drier areas on an EH image but not on a HV image.

3.

SIR-A is a HH system.

COMPLEX DIELECTRIC CONSTANT
The electromagnetic radiation of the incident radar beam striking

the surface excites the electrons within it and this excitation produces
a disturbance in the returned pulse which influences to some extent the
resultant radar image.

This interaction is taken into account by the

dielectric constant of the surface which is itself dependent on the
wavelength, moisture content and to a lesser extent rock type.
MacDonald (1980 ) reported that significant changes in the value of the
dielectric constant are due mainly to variations in moisture content.

U.

SURFACE ROÏÏGHNESS
Surface roughness is one of the most important parameters in •

determining the radar returns and hence the image produced.

It is

not the topographic expression but is due to "microrelief•' i.e. very
small scale features such as silt, gravel, sand, twigs, rubble etc.,
which are measured in terms of centimetres.
considered as radar smooth or radar rou^.

Surfaces can be
Smooth surfaces are ones

for which the value of surface roughness is so low that the incident
energy is reflected away from the surface at the same angle as it
approached, thus no energy is collected back at the source, resulting
in a dark radar signature( Figure Gl).
A radar rou^ surface has a high enough value of surface
roughness that the incident energy is scattered in all directions.
This results in retransmitted energy being recorded back at the
source and thus a bright radar return is obtained.

Surfaces of

intermediate roughness where varying proportions of the incident
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s=
25 C0S 0

R=

(mazinnm surface roughness at which a surface can he regarded
as radar smooth).

X
U.l+COS 9

(minimum surface roughness at which a surface can he regarded
as radar rou#i).

^ source
reflected

- scattered -

dark

intermediate

Figure G1: Effects of surface roughness on radar signature. When surface
roughness is less than S, all the incident energy is reflected away from
the source, resulting in a dark signature. Scattering in all directions
when surface roughness is greater than R produces a bright response.
Intermediate values of surface roughness causes reflection and scattering.

depression angle

look
angle
incraence
angle ^
local
incidence angle

slope (aspect) .mgle

Figure G2: Nomenclature used for angles in radar imageiy.
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energy are reflected or scattered give a range of tones between black
and white.
The values at which a surface can be considered smooth or rough
can be empirically determined by the modified Rayleigh criterion
(Peake and Oliver, 1971)•
radar smooth if h <

Q = incidence angle
29 COS 0

ra d a r

rough

if h >

\ sf wavelength (cms)

h = h e ig h t o f surface
ir r e g u la r it ie s

A
k.k COS g

In thestudy area due to
is dependent

a lack of vegetation surface roughness

on sand, gravel, debris etc

of various lithologies.

i.e. the weathered products •

Thus surface roughness and therefore to a

large extent radar signatures depends on the response to weathering
of different rock types.

Granites generally weather easily to form

a gravel with a relatively low surface roughness, whereas volcanics
and basic masses produce a coarse rubble with a high surface roughness,
thus a bright signature.

3 . INCIDENCE MGLE. SLOPE. SHADOW AM) LAYOVER EFFECTS

Various terms are used for the angles involved in radar systens,
depression angle, look angle, incidence angle and local incidence
angle.

The author has employed the definitions used by NASA (198 ?),

Figure G2.

The look angle is the angle from the nadir to the radar

beam, the incidence angle is the angle the radar beam makes with the
surface when the vertical is measured from the centre of the earth.
The depression angle is the complement of the incidence angle.
The orientation of the surface to the direction of the incident
wave can greatly influence the radar signature.

The situation for a

normally radar smooth surface in which the incident beam is reflected
at the angle of incidence, producing a dark signature is shown in

-1 ^6 -

^ source

DAEK

Figure G3: Effect of slope on radar signature. A suitably orientated
slope can cause reflectance towards the source, producing a strong
radar return. River banks or slippage in sand dunes which produces
facets orientated to the incidence angle can elicit a bright response.

I

REAR
RARGE
(a)

SIR-A

feature not
detected by radar
because it is
in radar
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^
> T
PAT) SLAR
FAR
increasing length of radar shad^
RARGB
RADAR
SIGKATÜRE

small variation in
angle

\— large variation in
angle
image
swath

Figure Gl^.: (a) Rue to the increasing value of incidence angle from near
to far range the length of the radar shadow increases. "By changing the
flight path and with a westerly look direction the small feature - at
present within a radar shadow - would be detected, (b) Only a small
variation in incidence angle (+3 °) was needed to image a 50 km wide
swath due to the h i ^ altitude~at which the shuttle orbited. Using
SLAR, a considerably larger variation would be needed.
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Figure G3-

However, if the surface is sloped so that the incident wave

strikes the surface at a different local incidence angle, though the
same look angle, although still reflected a strong radar return is
obtained.
At low incidence angles, as in the Seasat system, the slope
angle is an important parameter, however at angles greater than 30 °
surface roughness is the most important parameter governing the radar
signature (Settle and Taranik, 1982 ).

Because SIR-A operated at an

incidence angle of approx. 50 °, variations in signature are mainly a
function of surface roughness, with "slope effects" being of less
importance.
In SLAR (side-looking airborne radar) imagery, to illuminate a
swath of terrain, the angle of incidence varies, increasing from near
range (nearest the aircraft) to far rangeFigure Gi+(a)) , Thus the
same feature would produce a longer shadow if it was in the far range..
Most faults and fractures are more clearly expressed by the longer
shadow .though a disadvantage is, a larger area is not being imaged
due to the longer shadows and features mi^t not be detected.

An

advantage of SIR-A imagery is that only a small variation in incidence
angle is needed to image a 50 km wide swath due to the high altitude
at which the Shuttle orbited, thus a large range was investigated
using an approx. uniform incidence angle.
A synthetic-aperture radar image is an image of time as well as
of surface backscatter.
A radar pulse, due to its

The time element measures the range distance.
curvature is scattered back from a

mountain peak quicker than from the base because the incident wave
reached the peak first( Figure G5} . Because the source receives the
scattered wave from the peak before that from the base of the
mountain, the peak is considered closer to the source and the
resultant radar image shows the mountain "leaning" towards the near
range.

This apparent shift is knovm a layover.
—158—

Source

Relative position as
measured by radar

CM

Relative position as
measured along the
ground

ABC

Figure
Layover effect. Radar return from the peak (c) is collected
back at the source before the radar returns from A and B, thus the
mountain "leans" towards the near range on a radar image.

6 . LOOK BIRECTIOIT

The strike of linear features (faults, dykes, ridges, fractures etc.)
with respect to look direction is an important factor in determining
whether they are enhanced or suppressed.

Features trending at a high

angle (> hS°) to look direction tend to be highli^ted while those
parallel to look direction are subdued.

In Figure G6 with look

direction to the east, the fracture produces a high return (due to
sloped face CD) and a radar shadow (BC) which makes it prominent.

There

is little contrast between the fracture and the background when the look
direction is to the south, thus the fracture is subdued.
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look direction
to east
—

look direction
to south

■RADAR
SIGNATURE
Figure G6 : Effects of look direction on radar signatures
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Figure G7: Surface penetration hy
signature is produced. As D^ and
occurs. Because Dg > D. there is
thus less energy is available for
tone.
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radar wave. When D > Ê a black
D_ are less than <S scattering
greater attenuation in the former,
backscatter, producing a darker

If however the fracture was sand-filled it would he enhanced
irrespective of its orientation with respect to look direction
because of the very h i ^ contrast between the radar smooth sand (black)
and the radar rough background (bright).

7.

SURFACE PENETRATION BÏ RADAR WAVE
Due to radar:being an active system, it is able under special

circumstances to penetrate the surface of sand or soil, the depth of
penetration being known as the radar skin depth (S)>

The radar skin

depth decreases with increased values of the dielectric constant,
which - because the latter is proportional to moisture content means the drier the conditions the greater the penetration.

It is

also dependent on granularity, a deeper penetration being attained for
fine sand than for gravel.

In normal conditions the amount of

moisture limits the penetration to a few centimetres, however due to
the hyperarid conditions prevailing in N.E. Sudan, penetration to
greater depths - possibly up to 6m. - can be achieved.
% e incident wave is partially reflected by the sand surface and
partially transmitted through it.

Nhere the thickness of overburden

(d ) is greater than the radar skin depth, all the transmitted energy
is attenuated and the response remains black i.e. radar smooth,
Figure G7.

However, if a rock surface is present at a depth less

than the radar skin depth, scattering occurs from this surface as it
does from an exposed rough surface.

The variations in tone seen on

the SIR-A imagery of sand-covered areas of N.E. Sudan are due to the
combined effects of sand depth and the scattering characteristics of
the underlying rock.

Taking into account the "darkening effect" of

a sand cover and with a knowledge of the radar signatures of exposed
lithologies, the radar signatures obtained can give an indication of
- 161-

the nature of the underlying rock types.

In areas of similar

underlying rock, tonal variations reflect the depth of overburden.

8.

PARAMETERS OF SHUTTLE IMGIHCt RADAR (SIR-A)

Wavelength

23 cm

Polarization

HH
4. 3 °

Look angle
Incidence angle

50 ° + 3°

Image swath width

50 km

Image resolution

approx. iiO X l+Om

Average orbital altitude

259km

Table G1 : Parameters of Shuttle Imaging Radar (SIR-A) modified after
Elachi
al. 0 982).
The SIR-A imagery used in the thesis was obtained on orbit 10,
data take 7, of the second Space Shuttle fli^t (ST2-2) between the
12th - lUth of November I98 I.
scientific payload.

The experiment was part of the OSTA-1

The signal scattered from the Earth's surface was

coherently recorded in holographic

form aboard the Shuttle and later

processed on Earth in an optical correlator in whichthesyntheticaperture image was formed (Ford et. al., I983 ).
From the modified Rayleigh criterion and parameters in Table G1
a surface is radar rough for SIR-A if vertical relief if greater
than 8 cm and radar smooth if less
Laboratory testing of samples

than1 .ij. cm.
from the Selima Sand Sheet (N.W.

Sudan) indicated a radar skin depth of between 1m and 6m, with the
greatest penetration being attained for aeolian sand (McCauley
et

al., 1982 )
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