GEOLOGICAL ANALYSIS OF PARTS OF THE SOUTHERN
ARABIAN SHIELD BASED ON LANDSAT TM IMAGERY

by

Mohammed Yousef Hedaytullah T. QARI

A thesis
submitted for the degree of
Doctor of Philosophy

Department of Geological Sciences
University College London
1990



""123 45-
+ ) %
49 %' %

1

"tHS% $

* *
+',

*( )

7 + *(,
, 8

lllll_

, O .0'(
<

<9 = <



ABSTRACT

This thesis examines the capability and applicability of Landsat multispectral
remote sensing data for geological analysis in the arid southern Arabian Shield, which
is the eastern segment of the Nubian-Arabian Shield surrounding the Red Sea. The
major lithologies in the study area are Proterozoic metavolcanics, metasediments,
gneisses and granites.

Three test-sites within the study area, located within two tectonic assemblages,
the Asir Terrane and the Nabitah Mobile Belt, were selected for detailed comparison
of remote sensing methods and ground geological studies. Selected digital image
processing techniques were applied to full-resolution Landsat TM imagery and the
results are interpreted and discussed. Methods included: image contrast improvement,
edge enhancement for detecting lineaments and spectral enhancement for geological
mapping. The last method was based on two principles, statistical analysis of the data
and the use of arithmetical operators. New and detailed lithological and structural maps
were constructed and compared with previous maps of these sites.

Examples of geological relations identified using TM imagery include:
recognition and mapping of migmatites for the first time in the Arabian Shield; location
of the contact between the Asir Terrane and the Nabitah Mobile Belt; and mapping of
lithologies, some of which were not identified on previous geological maps. These and
other geological features were confirmed by field checking.

Methods of lineament enhancement implemented in this study revealed structural
lineaments, mostly mapped for the first time, which can be related to regional tectonics.

Structural analysis showed that the southern Arabian Shield has been affected
by at least three successive phases of deformation. The third phase is the most
dominant and widespread. A crustal evolutionary model in the vicinity of the study
area is presented showing four stages, these are: arc stage, accretion stage, collision
stage and post-collision stage.

The results of this study demonstrate that Landsat TM data can be used reliably
for geological investigations in the Arabian Shield and comparable areas, particularly
to generate detailed geological maps over large areas by using quantitative remote
sensing methods, providing there is prior knowledge of part of the area.
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1.1 BACKGROUND

Remotely sensed data in the form of aerial photographs have been used for many years
as a major tool for field geologists. The photographic remote sensing spectral region
is the wavelength range from ultraviolet (UV) 0.3 pm to infrared (IR) 0.9 pm. The
aerial photographs record light reflected by a surface, which is determined by the
property called "albedo", which is the radiant reflectance of a surface, and is the ratio
of the reflected to the incident energy. So, light surfaces have a high albedo and dark
surfaces have a low albedo. The disadvantage of air photography is the radial optical

distortion.

Saudi Arabia is one of the few countries in the world with complete aerial photographic

coverage. Some areas have been rephotographed for different applications.

Since NASA'’s first Earth Resources Technology Satellite (ERTS-1), now changed to
LANDSAT, was launched into orbit in July 1972 and followed by Landsat series,
satellites have delivered high-resolution and multispectral images of the earth providing
new sources of geological information. Landsat 4 and 5 are now in operation with
improved spatial and spectral resolution. They carry a four-channel Multi-Spectral
Scanner (MSS) and a seven band multispectral scanner, which is known as Thematic
Mapper (TM).

Saudi Arabia is covered by Landsat MSS and TM imagery, though quality of imagery
varies from one location to another. In addition, a satellite receiving station has been
in operation since January 1987 in Riyadh, which is equipped to receive from different

satellites.

The result of integrating the spectral imagery capability and the digital image processing
was a significant turn away from the use of standard photo interpretation techniques on
aerial photographs to an expanded use of the spectral properties of surface materials for

mapping and discrimination (Goetz and Rowan, 1981).

Interpretation of Landsat images has been widely accepted by the geological
community. Excellent interpretations of regional structures can be made from the
satellite images (e.g. Blodget et al., 1978; Sultan et al., 1988). The results described in

this study are primarily concerned with the applications of remote sensing in the visible,
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near-, and mid-infrared wavelength regions (0.45 - 2.35 pum), mainly using multispectral

data recorded by the Landsat TM sensor.

An arid region such as the Precambrian Arabian-Nubian Shield, provides an excellent
area to test the capabilities of remote sensing data for geological studies. It includes a
wide variety of rock types and structures. Individual rock units are exposed in large and
fairly homogeneous bodies. Due to the arid climate there is little chemical weathering

and most of the area is nearly devoid of vegetation.
1.2 LOCATION

The study area, located within the southern part of the Arabian Shield, is a part of the
Asir quadrangle (Brown and Jackson, 1959). The area lies within latitudes 18°-20°N
and longitudes 42°-44°E (Fig. 1.1). However, Landsat satellite image boundaries are not
parallel to the latitudes and longitudes mentioned. A Landsat scene covering the study
area is shown in Figures 1.1 and 1.2, where the scene centre point is at 18°47°N and
43°00’E. The area is 185x185 km, which is the approximate coverage of one full

Landsat scene.

The aim of the study was to use full-resolution enhancement techniques to verify and
evaluate the applicability of Landsat Thematic Mapper (TM) sensor digital imagery for
geological investigations. The study area is very large, about 34,000 km?, and therefore
it was necessary to select test areas within the study area. Three test areas were
selected, these are called 1, 2, and 3 (Fig. 1.3).

The selection of these three test-sites was based on the excellent exposure of a diverse
suite of igneous and metamorphic rocks, interesting structural pattern, location of the
test-site within the tectonic assemblages of the southern Arabian Shield (Asir Terrane
and Nabitah Mobile Belt), and the availability of detailed geological studies conducted
on the ground, particularly for the test-site area No.l. The availability of detailed
ground study of the test-site No.1 provided a unique test-site for Landsat data and their

ability to detect variation in the geology.

The study area is easily accessible in most parts, especially in the southwestern quarter
and along the north-south asphalt roads in the middle of the area, where cities and

towns are located. Test-sites No.1 and 2 are easily accessible via asphalt roads and/or
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desert tracks, whereas test-site No.3 can be reached only via rough desert tracks.
1.3 PHYSIOGRAPHY

The Arabian Shield of western Saudi Arabia is on the eastern flank of the Arabian-

Nubian Shield which is split by the Red Sea depression and rift.

The study area is a part of Asir province which is geographically the southwestern
segment of the Kingdom of Saudi Arabia. Topographically, the area consists of, from
southwest to northeast, Tihamah or the Coastal Plain, the Asir Escarpment, and the
Hijaz Plateau. The Hijaz Plateau slopes gradually to the east (towards the Arabian Gulf)
merging with the Najd Pediplane in the centre of the Arabian Peninsula. The
escarpment, where elevations reach 3000 metres above mean sea level, has resulted
from uplift of the shield associated with the formation of the Red Sea rift which began
about 20 Ma ago, and is the watershed of the Arabian Peninsula between the Red Sea
and the Arabian Gulf (Plate 1).

The major drainage channels in the study area flow north into the interior of the shield.
In the northeastern corner a dendritic drainage pattern is developed on Phanerozoic
sandstones (Wajid Sandstones) overlying the crystalline rocks of the shield. In the
southwestern corner, the drainage pattern from the Asir Escarpment is completely
different, with steep, narrow, structurally controlled wadis running westward towards
the Red Sea Coastal Plain (Plate 1).

1.4 CLIMATE AND VEGETATION

The climate is cool during summer and cold in winter due to the high elevation in the
western half of the study area. The daily and seasonal temperature variations are
significant and average about 15°C. The eastern half of the area is also cold in winter
but it is generally hot in summer. The rainy season is normally between June and
October. During this season, short grass appears on the slopes of hills and small bushes
in low lands. Many fruit and vegetable plantations are established in the villages and

towns along the wadis.



1.5 ARABIAN SHIELD GEOLOGY

1.5.1 Introduction

This study area is part of the southern Arabian Shield, which has been the subject of
many geological studies since the 1950s. The Arabian Shield is a region of Precambrian
crystalline and metamorphic rocks forming the basement of the western part of the
Arabian Peninsula. It covers an area of about 670,000 km? (one-third of the Arabian
Peninsula), and is separated from the Nubian Shield in the west by the Red Sea graben
(Fig. 1.4). These rocks are overlain in the north and east by a Phanerozoic sedimentary
cover; these are thickest in the Arabian Gulf area (sedimentary rocks exceeding 6000

metres).

1.5.2 History and stratigraphy

Richter-Bernburg and Schott (1954), von-Gartner and Schurenberg (1954) made the
earliest geological reconnaissance exploration surveys in the shield. Karpoff (1957a and
1960) was the earliest to describe the region as a shield. In 1955, under an agreement
between Saudi Arabia and the United States Department of State, the Arabian American
Oil Company (ARAMCO) began a major geological mapping programme. This
programme of photogeological interpretation and field work resulted in the publication
of a series of 1:500,000-scale geological maps covering the whole Arabian Peninsula.
The first sheet, published in 1959, covered the Asir quadrangle (Brown and Jackson,
1959). By presenting their map and conclusions at the 21st International Geological
Congress in Copenhagen, Brown and Jackson (1960) provided the first significant
discussion of the geology of the Arabian Shield in English. They noted that the
structural trend in the southern part of the shield is north to northeast, parallel to the
faulting.

In the late 1960s, a half-degree 1:100,000-scale mapping programme was started by the
Saudi Arabian Directorate General of Mineral Resources (DGMR). This programme
aimed to unravel and understand the Precambrian geological history of Saudi Arabia
so that economic studies could be set in a regional framework (Schmidt et al., 1972).
About seventeen of the 1:100,000-scale map sheets cover the study area (Fig. 1.5)
[Anderson (1977; 1979); Coleman (1973a; 1973b); Cormwall (1973), Greenwood (1979a;
1979b; 1980); Overstreet (1978); Prinz (1975); Ratte and Andreasen (1974); Simmons
(1980); Stoeser (1984); Warden (1982)].
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Subsequently, a one and half-degree compilation-map series programme at 1:250,000-
scale by the DGMR began in 1970. About six of these maps (Fig. 1.6) cover the study
area [Fairer (1985); Greenwood (1985a; 1985b; 1985c¢c); Greenwood et al. (1986); Sable
(1985)].

Following the publication of the Arabian Peninsula geological map by Brown and
Jackson (1963), Brown studied the tectonic framework of the area and evaluated the
then current interpretations of tectonics in order to compile a tectonic map of the
Arabian Peninsula. His tectonic map was published in 1972. In addition to the map
(Brown, 1972), Brown and Coleman (1972) presented a paper about the tectonic
framework, in which the concept of tectonic cycles was applied to the Arabian Shield
for the first time. Their study of the plutonic rocks made an essential contribution to

the development of geotectonic models of the shield.

They recognised, from oldest to youngest, the Kibaran cycle, the Hijaz cycle, and the
Najd orogeny. The Kibaran cycle was named after the Kibaran Orogeny in Africa
because the radiometric data available indicated a correlation with a plutonic episode
in the Arabian Shield at about 1000 Ma. During this cycle, basement gneisses, believed
to represent the oldest rocks in the shield, and their overlying greenstones, were
deformed and metamorphosed. In some places the gneisses form diapiric intrusions
along northwest trending transverse faults, and in others they appear to have been

remobilized during later orogenies.

The Hijaz cycle is the most widely represented and longest-lasting orogenic event,
particularly in the southern part of the shield. It is characterized by metamorphism of
eugeosynclinal rocks to the greenschist and amphibolite facies, and also the
development of north- to north-northeast-trending folds and faults. The cycle includes
syn-tectonic and granodioritic gneisses of 800-500 Ma, and late-tectonic calc-alkalic
granites of 650-600 Ma.

The Najd orogeny, which affects the region outside the study area, is characterized by
strike-slip faulting with left-lateral displacement of about 240km, calculated from the
amount of offset of ophiolites along a north-trending suture, the "Nabitah Suture”. Late-
to post-tectonic granites, intruded during the climax of the Najd orogeny, are about
570 Ma old. At this time the tensional evaporite basin of the Hormuz Salt Formation

developed on the far eastern side of the shield.
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In June 1971, a field conference was held and led to a major publication by Schmidt
et al. (1973), entitled "Stratigraphy and tectonism of the southern part of the
Precambrian Shield of Saudi Arabia". The oldest rocks identified were the Khamis
Mushayt ortho- and para-gneisses (KMG). These were considered to be a possible
basement complex underlying the younger layered metamorphic rocks. Three new
orogenies, newly defined stratigraphical units, and several additional deformational and
plutonic episodes were recognized and named, based on lithology, degree of
metamorphism and structural complexity (Table 1.1). Among the newly defined units
were the Baish and Bahah Groups, believed to be older than 1000 Ma; the Jiddah
Group; and the Halaban Group. These units are intruded by mafic to felsic igneous
rocks and unconformably overlain by Cambro-Ordovician rocks. Seven tectonic episodes
were recognized by phases of deformation, metamorphism, and intrusion (Table 2,
Schmidt et al., 1973).

The 1:100,000-scale map sheets covering the study area were published between 1973
to 1984, and display the belief that the KMG is the basement complex of the shield
(Schmidt et al., 1973; Coleman, 1973a; 1973b). Coleman divided the Precambrian rocks
of the Asir mountains, which represent the deepest erosional level of the Arabian
Shield, into two units: the Basement Complex (infrastructure) which shows a complex
deformational history and forms a large plunging antiform with concordant contact with
the surrounding rocks, and the Younger Metamorphic Series (suprastructure) with steep,
isoclinal, north-south folds. According to Coleman, the dominant rock type of the KMG
is orthogneiss which has in part a migmatitic appearance. The composition is tonalitic
to granodioritic with quartz, oligoclase, microcline, biotite, hornblende, and epidote in
various proportions. Minor intercalations of paragneiss and amphibolites are frequent.
However, detailed structural studies (Amlas, 1983; Qari, 1985) revealed no structural
discordance or stratigraphic break between the ’infrastructure’ and the surrounding
’suprastructure’ rocks which would support the contention that the former is basement
to the latter. To the west of the study area, most contacts between the groups of rocks

are faults, whereas major unconformities are not apparent (Ratte and Andreasen, 1974).

Publication of the 1:250,000-scale compilation map series for the study area during the
years 1985 and 1986, resulted in renaming of some rock units shown on previous maps

in order to understand the geological history of the region.
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1.5.3 Evolution of ideas for the Arabian Shield

Around the middle of the 1970s, a number of geologists introduced plate-tectonic
models to interpret the evolution of the Arabian Shield. Greenwood et al. (1976),
presented their report entitled "Late Proterozoic cratonization in southwestern Saudi
Arabia". They: (1) abandoned the inferred basement unit of Schmidt et al. (1973)
viewing it as the metamorphic equivalent of other layered units, (2) defined one major
tectonic cycle for the whole area containing several orogenic events, and (3) they
clearly described the development of the southern shield in terms of plate tectonics and
the cratonization of volcanic arcs. They concluded that the geochemistry, strontium-
isotope initial ratios, and rock types indicated that the volcanic and associated plutonic
rocks of the southern shield developed during the Hijaz cycle, within intraoceanic island
arcs related to a north-dipping subduction zone. The cycle ended with the consumption
of the ocean plate between the island arcs and Gondwanaland, to the southwest, and

the collision and accretion of the arcs to the continent.

Greenwood et al. (1980) explicitly argued for a plate-tectonic model of the shield. By
revising the stratigraphy developed previously, they believed that the shield was formed
by basaltic to dacitic volcanism, associated sedimentation, and gabbroic to granitic
magmatism in one or more intra-oceanic island arcs between about 1170 and 550 Ma
ago. These events comprise what they called the Hijaz tectonic cycle. They regrouped
the units into three lithostratigraphic assemblages (Table 1.2): (1) a metabasalt-
greywacke-chert assemblage (Baish and Bahah Groups); (2) a meta-andesitic assemblage
(Jiddah, Ablah, Halaban, and Murdama Groups); (3) a nonmetamorphosed assemblage
of felsic volcanic rocks (Shammer Group) and taphrogeosynclinal volcanic rocks
(Jubaylah Group). In addition, the biotite schist-amphibolite-orthogneiss assemblage,
which is not shown on their table, includes rocks assigned to the Hali Group and KMG
previously and are now known to be metamorphosed equivalents of rocks of the Baish

Group and younger groups.

Among these rocks, there is no sign of a basement; instead the volcanic rocks resemble
those formed in intraoceanic island arcs, and the associated plutons display a temporal
progression from diorite to trondhjemite and granite, typical of island arcs, and are
inferred to reflect a progressive thickening of the crust. It is believed that the island
arcs developed over northcast—dipﬁing subduction zones and resulted in a series of
northwest-trending, overlapping belts. From southwest to northeast, across the southern

shield, an evolutionary geochemical pattern was discerned, comprising early tholeiitic



DEPOSITIONAL
UNITS

TECTONIC EPISODES

PLUTONIC ROCKS

RADIOMETRIC AGES
(millions of years)

Najd wrench faulting

Granite to granodiorite

domes

faulting during volcanism and
folding. Emplacement of gneiss

Jubaylsh Group Northwest-southeast, left- and subordinate syenite 520
lateral shear zones Iate- and postfauling
Shammar depression
Basins formed penecontem-
Shammar Group poraneously with Shammar Granite to granodiorite 560
volcanism
Bishah orogeny
Folding about north-south axes o
Murdama Group and slight metamorphism of Granite to granodiorite 570
rocks of the Murdama Group. and subordinate syenite
Continued north-south wrench
faulting
Hijez orogeny
Folding and lower-greenschist- Diorite and quartz diorite
Halaban Group facies metamorphism of Jiddah to granite plutonism related 665
and Halaban rocks. Extensive to Jiddah-Halaban volcanism.
Jiddah Group north-south left-lateral wiench Subordi gabbro. | 1,000

perhaps related to north-
south wrench faulting

Bahsh Group

Tihama orogeny

Folding and generally green-
schist-facies mstamorphism

Plutonism not recognized

amphibolite facies

Baish Group of Baish and Bahah rocks
Asir tectonism
Folding and metamorphism Tonalite; ultimately
Hali Group of Hali rocks, chiefly to orthogneiss

Khamis Mushayt
Gneiss

Basement tectonism (inferred)

Migmatites and quartzo-

older than the Heli rocks.

feldspathic gneisses possibly

Basement tectonism not dis-
tinguished from Asir tectonism

Table 1.1

Precambrian tectonic history for the Arabian

Shield (after Schmidt et al.,

1973) .
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ASSEMBLAGES UNITS MAJOR ROCK TYPES TECTONISM EPISODES PLUTONISM “:gg‘(i'm;
Y.
Nonmetamorphosed Jubaylah | Clastic rocks, minor volcanic rocks, Najd faulting: Granite to granodiorite ~530
rocks (included Group and marine limestone Northwest-trending left-laterat
with meta-andesitic wrench faulting
asemblage on
plate 1) Shammar | Rhyolite, Trachyte, and minor clastic —7— Granite to granodiorite 570(7)
Group
Murdama | Conglomerate and graywacke, Bishah orogeny: Quartz monzonite, subordinate 550~
Group minior andesite and rhyolite, Folds and faults, north trends; diorite, gabbro, granite 570
locally thick marble gl i phism
Halaban Andesite to rhyolite Yafikh orogeny: Quartz monzonite, subordinate 600~
Group volcanic and pyroclastic rocks w Folds and faults, north trends; diorite, gabbro, granite 650
and volcaniclastic rocks ‘;,’ greenschist metamorphism
[&]
Meta-andesitic Ablah Basalt to rhyodacite, volcanic and Ranyah orogeny: Granodiorite gneiss ~750
Group pyrociastic rocks and volcani- Folds and faults, north and Second diorite series; gabbro ~835
clastic rocks, locally thick o northeast trends; greenschist gabbro to trondjhemite, mainly
marble z metamorphism; late gneiss diorite and quartz diorite
9 doming and amphibolite to
8 granulite facies metamorphism
[=
Jiddah Basalt to dacite Agig orogeny: First dioritic series; 890
Group volcanic, pyroclastic, and Folds and faults, north and gabbro to trondjhemite, mainly
volcaniclastic rocks, minor northeast trends; greenschist diorite and quartz diorite
rhyodacite % metamorphism
a2
Metabasalt- Bahah Graywacke, chent, minor marble, T
graywacke-chert Group and tuff, all locally graphitic,
and minor basait
Baish Matic volcanic rocks, mafic tuff, * Quartz porphyry 1165
Group graywacke, and minor chert and orthoschist, diabase
marble

Table 1.2 Summary of Precambrian rock units,

plutonism,

1980) .

tectonism,
and volcanism in the Arabian Shield
(after Greenwood et al.,
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basalt, through rocks of tholeiitic and calc-alkalic composition, to young sequences,
predominantly of rhyolite. Towards the end of the Hijaz tectonic cycle the ocean crust
west of the island arcs was consumed by the northeast-dipping subduction, and the arcs

collided with the continental margin of the African craton (Greenwood et al., 1980).

The publications of Greenwood et al. (1976; 1980) created a great deal of interest in
Saudi Arabian Shield geology, both in scientific communities in universities in England,
Germany and elsewhere, and in the growing geological community in the Saudi Arabian
universities, particularly in Jeddah. The divergent basement-tectonic and plate-tectonic
viewpoints furthered the development of ideas and concepts about the shield. The plate-
tectonic approaches recognised the significance of ophiolites, postulated various east-,
west-, or northeast-dipping subduction zones, hypothesized traces of suture zones, and
attempted to determine the number and original location of island arcs [Bakor et al.
(1976), Greenwood et al. (1976; 1980; 1982), Frish and Al-Shanti (1977), Gass (1977,
1979), Delfour (1979), Shackleton (1979), Kroner et al. (1979), Schmidt et al. (1979),
Fleck et al. (1980), Nasseef and Gass (1980), Engel et al. (1980), Bokhari and Kramers
(1981), Duyverman et al. (1982), Schmidt and Brown (1982), Darbyshire et al. (1983),
Roobol et al. (1983), Al-Shanti and Gass (1983), Johnson (1983), Stacey and Stoeser
(1983), Camp (1984), Claesson et al. (1984), Stacey and Hedge (1984), Stoeser et al.
(1984), Stoeser and Camp (1985), Vail (1985), Stacey and Agar (1985), Kroner (1985),
Scheibner (1986), Almond (1986), Bohannon (1986), Pallister et al. (1987), and Stoeser
and Stacey (1988)].

Frish and Al-Shanti (1977) described five ophiolitic belts, particularly the northern half
of the Hulayfah-Hamdah belt (known to be as "Nabitah Suture”). This belt trends north-
south in the centre of the shield, offset by Najd faulting, and the subduction zone is
interpreted to have dipped eastward, the trace of which is the Nabitah Fault Zone (Plate
2). They concluded that the shield was formed as several island arcs were swept

together and amalgamated.

Utilizing a field traverse as a basis, Nasseef and Gass (1980) proposed an evolutionary
model which hypothesized three episodes of sea-floor spreading, and the development
of marginal basins adjacent to intraoceanic island arcs. They also indicated the presence
of two, or possibly four, east-dipping Proterozoic subduction zones, and they concluded
again that the island arcs had been swept together and the process of cratonization

completed by the end of the Pan-African event. The Pan-African tectono-thermal event
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was originally proposed by Kennedy (1964) to explain the dominance of 450-650 Ma
K-Ar ages for the non-cratonic Upper Precambrian. Since then, the term "Pan-African”
has been used to describe the time span of 1200-450 Ma, although some restrict the
term to rocks of 450-650 Ma.

Greenwood et al. (1982) presented one of the most detailed plate-tectonic models for
the southern part of the Arabian Shield. The age and facies relations of the rocks were
discussed, and it was proposed that arcs trending southeast-northwest developed above
subduction zones that possibly dipped southwest most of the time. Reviewing the
geochronological data, they concluded that two arc complexes are present in the region:
an older ensimatic arc, 1100 to 800 Ma old, and a younger marginal-arc, which formed
800 to 690 Ma ago. The older arc is composed of tholeiitic basic to intermediate
volcanic rocks and volcaniclastic sedimentary rocks. The composition of the volcanic
rocks and Rb-Sr isotope studies indicate that the complex was formed on oceanic crust.
Dioritic rocks, intruded the complex between 900-810 Ma. The activity of the younger
arc began about 800 Ma ago, with calc-alkalic volcanics and clastic sediments, which
locally rest on rocks of the older arc, possibly in fault-controlled troughs which
represent a marginal-arc complex. The rocks of this early phase of the younger arc
development were deformed and metamorphosed by intrusions of tonalite to granite
gneiss between 800-760 Ma. The arc continued to develop with tholeiitic and calc-
alkalic volcanism to the east of the shield in an ensimatic environment. Later, the shield
was involved in the Pan-African episode when post-tectonic granites were emplaced in
the southern shield (Greenwood et al., 1982).

Camp (1984) described two sutures and volcanic-arc complexes in the western part of
the Arabian Shield: the older Asir complex (900-700 Ma), and the Hijaz arc (800-700
Ma). He suggested that 700 Ma ago these arcs collided and accreted along a suture
through "Bir Umgq". This suture represents the traces of the Asir subduction zone
(Camp, 1984).

A recent microplate accretion model for the Pan-African evolution of the Arabian
Shield was proposed by Stoeser and Camp (1985). They divided the late Proterozoic
Arabian Shield into five geologically distinct terranes (microplates), separated by four

ophiolite-bearing suture zones (Fig. 1.7).

In the west of the shield there are three ensimatic island-arc terranes (Midyan, Hijaz
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and Asir), separated by two suture zones (Bir Umq and Yanbu), whereas the two
terranes in the eastern shield (Afif and Ar-Rayn) have ensialic affinities. These two
terranes are separated by the Al-Amar suture zone. The Nabitah Mobile/Orogenic Belt
(NMB) defines a 100 to 200 km wide zone of crustal deformation, remobilization, and
plutonism along the margins of the Asir, Hijaz, and Afif terranes. The southern part of
the NMB contains ophiolitic complexes along a suture zone (Nabitah Suture Zone)
which was interpreted (Stoeser and Camp, 1985) as the site of collision between the
eastern and the western terranes of the shield. Accretion of the five terranes to form

an Arabian neocraton occurred between 715 and 630 Ma, during the Pan-African event.

1.5.4 Summary of Arabian Shield evolution
The formation of the Arabian Shield can be divided into five phases (Stoeser and
Camp, 1985), these are:
-Rifting of the African craton (1200-950 Ma).
-Ensimatic island-arc development (=950-715 Ma).
-Formation of the Arabian-Nubian neocraton by microplate accretion and
continental collision (715-640 Ma).
-Collision-related intracratonic magmatism, tectonism, and the development of
the Najd fault zone (640-550 Ma).
-Epicontinental subsidence (<550 Ma), regional peneplaning, and onlap of Wajid
Sandstones on to the neocraton.

An evolutionary model for the shield is shown in Figure 1.8.

The Phanerozoic stratigraphic record shows that the Arabian neocraton remained
stationary relative to the African craton until Red Sea rifting began during Tertiary time
(Powers et al., 1966).

1.6 PURPOSE OF PRESENT STUDY

The study area is situated within the Asir Terrane and the Nabitah Mobile Belt (Fig.
1.7). Detailed geological and/or structural information is not available for the general
region, except for a few small parts. Such detailed regional information is essential in
understanding the evolution of this part of the Arabian Shield, and hence, the entire
shield.

Remote sensing is a new tool used nowadays in many disciplines including geology.
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Unfortunately, there were very few remote sensing applications using Landsat TM
sensor data in the Arabian Shield and in the Arabian Peninsula [e.g. Bayer and
Kaufmann (1986); Rothery (1987a); Al-Hinai (1988); Kaufmann and Pfeiffer (1988);
Sultan et al. (1988); Al-Sari (1989); Pontual (1990)]. Al-Hinai (1988) studied the
Quaternary aeolian sand mapping in Saudi Arabia using different remote sensing data,
including Landsat TM, whereas Al-Sari (1989) investigated geologically the
multispectral remote sensing data, including Landsat TM, for two mining districts in
western Saudi Arabia. Utilizing remote sensing technology in such regional geological
study will save power and time and will reflect the suitability of this kind of study for

geological investigations, particularly in arid desert type of lands.

The Arabian Shield with its vast area composed of different lithologies and structures,

is a unique area for testing and evaluating the Landsat data, particularly the study area

which is situated in the southern part of the shield. The aims and objectives of this

study were to test the capability and ability of Landsat multispectral remote sensing

data for geological mapping. Specifically the objectives were as follows:

1-To test and evaluate the ability of Landsat multispectral remote sensing techniques
covering the visible, near- and mid-infrared portion of electromagnetic spectrum
to map different lithologies in the three test-sites selected for detailed full-
resolution study and in the study area as a whole.

2-To compare and interpret the results obtainable by different remote sensing techniques
applied throughout the study.

3-To prepare different geological maps, utilizing remotely sensed- and field-data.

4-To determine and evaluate the utility of remotely sensed data and image analysis for
delineation of geological elements.

5-To interpret structural features in terms of the tectonic evolution of the area.

1.7 STRUCTURE OF THE THESIS

The thesis is structured for readers interested in remote sensing and geological studies

of the Precambrian southern Arabian Shield. The thesis contains nine chapters.

Chapter 1 introduces the study area and the evolution of the Arabian Shield. Chapter
2 briefly describes the Landsat digital imagery and also presents spectral characteristics

of rock types in the study area.
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Chapters 3, 4 and 5, the main body of the thesis, are concerned with three test-sites
within the study area which were selected for detailed comparison of remote sensing
methods and ground geological studies. Selected digital image processing techniques
were applied and results are interpreted and discussed. Full-resolution images of each

of the test-site have been used.

Chapter 6 presents geological conclusions obtained as a result of this study. Chapter 7
contains a regional geological view discussion and interpretation for the entire study
area. Based on selected techniques of image processing applied on the entire study area
using Landsat MSS data, results are discussed in Chapter 8. The thesis ends with a

summary and recommendations (Chapter 9). Figure 1.9 illustrates the thesis structure.

1.8 METHODS OF INVESTIGATION

Literature review commenced in 1987. The preparation of the compiled geological map
(Plate 2) was started in late 1987. Initial field work was carried out during February
and March 1988, when a reconnaissance study was conducted throughout the area,
followed by systematic traverses across the lithological/structural domains identified.
’Ground truth’ of the structures recognized by preliminary image enhancement session

of the satellite data was also evaluated.

Three test areas were selected within the study area and image enhancement session
was conducted prior to the final field work. These test-sites are full-resolution sub-
scenes; i.e. 512x512 pixels in size, which is the size available in the image processing

video monitor.

During the final field work, the preliminary geological interpretations were very helpful.
Mapping was carried out on aerial photo-mosaics and satellite images. More than 170
observation points were visited during both periods of field work (Plate 3) in order to
study the geology, measure the available structural data, and evaluate the remote
sensing techniques applied previously. Samples were also collected for petrological

verification if needed.

Interactive satellite image processing in this study was performed using two systems.
The International Imaging Systems (IIS) at the Geography Department, University
College London (UCL) and at the Faculty of Earth Sciences, King Abdulaziz University
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(KAU), Jeddah, Saudi Arabia. These two systems are similar in configuration, having
a tape drive to load images from CCT tapes, a computer to store and process the
image, a terminal at which one controls the processing, and a colour monitor on which

the processed image displayed.

However, the two systems use two different computers. The IIS at UCL is connected
to VAX 11/750 computer, whereas at KAU is connected to MASSCOMP H6800
computer. The image processing facility at KAU was found to be more practical and
faster. One more advantage of the IIS at KAU is that it is linked to a film recorder
(MATRIX 4007 COLOUR CAMERA) capable of reading an image from the IIS system
to produce a hard copy of the processed images. This process is very important if a

good interpretation of an image free of photographic distortions is required.
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CHAPTER TWO REMOTE SENSING STUDIES: PROLOGUE

2.1 LANDSAT DIGITAL IMAGERY

2.2 GENERAL SPECTRAL FEATURES

2.3 SPECTRAL CHARACTERISTICS OF ROCK
TYPES EXPOSED IN THE STUDY AREA

2.4 DIGITAL IMAGE PROCESSING

2.5 SUMMARY
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The area of the Arabian Shield is covered by different types of remotely sensed
imagery, which includes Landsat Thematic Mapper (TM) and Multi-Spectral Scanner

(MSS) line scanned images.

This chapter presents a simple introduction to the:
-digital imagery used throughout study,
-spectral reflectance characteristics of rocks exposed in the study area based on

published laboratory- and field-work.

2.1 LANDSAT DIGITAL IMAGERY

A digital image is recorded by an array of discrete values, known as Digital Numbers
(DN), at discrete spatial coordinates. Each element of this array is called a picture
element or pixel. Each pixel value records the amount of energy reflected from an area
whose size defines the spatial resolution of the scanner system, in this case, the
Thematic Mapper (TM) of the Landsat system. Each pixel is described by one byte
(eight bits) with grey levels ranging from O to 255. A multiband digital image consists
of several overlapping arrays of pixels, with each pixel representing the same scene in
a different spectral band.

The TM scanner records six bands of the reflected visible and infrared spectrum, with
image element dimensions of 30 by 30 metres on the ground, and one thermal infrared
band with image element dimensions of 120 by 120 metres on the ground (Fig. 2.1).
The thermal band, which is named band 6, is not dealt with in any part of this study.
The other six bands, i.e. 1-5 and 7 are the ones which will be treated during the course
of the study because they are spectrally and spatially significant for geological
applications. Landsat MSS description is deferred to Chapter 8.

Digital Landsat-4 TM scanner imagery from the Arabian winter season (1 Mar 1984)
was obtained for the purpose of the present quantitative remote sensing study. The sub-
scenes for the selected test-sites No.1 and No.3 are 512x512 picture elements (pixels)
in size (Fig. 1.3), which is approximately 15 by 15 kilometres, i.e. 225 square
kilometres in area. The test-site No.2 is composed of two 512x512 sub-scenes with an
overlap area. This larger area was used because of the interesting structural geometry
which could not be confined as a single full-resolution 512x512 pixels image. Hence
the test-site No.2 is composed of 2A and 2B (Fig. 1.3).
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infrared band 6 is not shown (10.4-12.5 um).
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2.2 GENERAL SPECTRAL FEATURES

The spectral distribution of reflectance from an earth material is often the most useful
property measured by remote sensing methods for geological studies. Spectral
reflectance is a measure, within specific wavelength intervals, of the amount of sun-
light reflected by a material. In our case the material concerned is rock or regolith, and
the spectral reflectance is expressed as the tone or colour of photographic images. The
reflectance is a consequence of the chemical and mineral composition of the material

and also its structure. All these may be modified by environmental factors.

Several studies, especially in hydrothermal alteration zones, have demonstrated that
spectral properties can be used to recognize and map the occurrence of particular
minerals in different geological settings. Understanding of the spectral reflectance of
certain minerals in the visible, near- and mid-infrared portion of the electromagnetic

spectrum (0.4 - 2.5 pum) has significant application to terrestrial remote sensing.

Rocks are assemblages of minerals, and so the reflectance spectrum of a rock is a
composite of the individual spectra of its constituent minerals. The features which
characterise the spectral signatures of minerals and rocks in the visible, near-, and mid-
infrared spectrum are produced as a result of either electronic transitions or vibrational
processes (Hunt and Salisbury, 1970). These two types of process require different
amounts of energy, and thus evidence for their occurrence appears in different regions

of the spectrum.

Electronic transitions require more energy than vibrational processes, and evidence for
their occurrence appears in the form of band and slope changes primarily in the visible
range. Electronic transitions are associated particularly with the transition elements, of
which iron is the most abundant. It is present as a principal constituent in many
minerals; Fe** and Fe** substitute with some facility into octahedral AI** and Mg** sites,
and occasionally into tetrahedral Si** sites. The ready solubility of the ions in water

accounts for their widespread distribution in terrestrial materials.

Fundamental vibrational processes are evident in the mid- and far-infrared region,
particularly the region between 2.0-2.5 um (=Landsat TM band 7), which provides more

diagnostic spectral information about the composition of minerals and rocks than the
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visible and near-infrared region. Here, sharp, highly diagnostic spectral absorptions are
caused by vibrational processes, especially in hydroxyl-bearing minerals. Al-OH
absorption bands occur near 2.2 um in minerals such as muscovite, 2.208 pm and
montmorillonite, 2.205 um. A similar band, related to the Mg-OH association occurs
near 2.3 um, e.g. in phlogopite at 2.33 pum and chlorite at 2.32 pm. Fe-OH minerals,

such as jarosite, have a spectral band centred at 2.264 um.

2.3 SPECTRAL CHARACTERISTICS OF ROCK TYPES EXPOSED IN THE
STUDY AREA

As part of a laboratory study of spectroscopic remote sensing techniques, the visible
and near-infrared spectral behaviour of rocks and minerals has been evaluated by Hunt
and Salisbury (1970; 1976b) and Hunt et al. (1973a; 1973b; 1974). Spectra of mineral
and rock samples were recorded using a spectrometer fitted with equivalent specially
constructed bi-directional reflectance attachments in both sample and reference beams.
The attachments allow bi-directional measurements to be made of particulate samples
by allowing the beam to impinge from above on horizontal sample (Hunt and Salisbury,
1970).

The results of their laboratory evaluation of visible and near-infrared reflectance spectra
behaviour of minerals and rocks is presented in Figs. 2.2 to 2.7. Figure 2.2 shows
reflectance spectra for selected silicate minerals and indicates the positions where
significant absorption features may occur in relation to the spectral bands detected by
the Landsat TM scanner. Figures 2.3 and 2.4 present the reflectance spectra of gabbro
(basic igneous rock) and granite (acidic igneous rock), respectively. Figures 2.5 and 2.6
exhibit the reflectance spectra of slates, phyllites, and schistose rocks (metamorphic
rocks). Finally, Figure 2.7 shows the laboratory reflectance spectra of different gneissic

rocks.

Rocks are assemblages of minerals, and so the spectrum of a rock is a composite of
the individual spectra of its constituent minerals. Minerals that have low, flat spectral
reflectances are defined as "opaque phases” by Hunt et al. (1971). The abundance of
opaque phases in a rock has been shown by Hunt et al. (1974) to be a useful rock type
discriminator. They found that mafic rocks generally have lower spectral reflectances
than other igneous rock types, due to the relatively high abundance of the opaque

phases. In addition, whether we consider fresh or weathered surfaces of igneous or
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metamorphic rocks, the only metallic element causing strong absorption in the visible
and near-infrared region is iron (Hunt et al.,, 1971 and 1974; Hunt and Ashley, 1979;
Hunt and Salisbury, 1976b; Blom et al., 1980).

A study relevant to this has been carried out recently by Sultan et al. (1987), using
digital TM images of the Eastern Desert of Egypt on part of the Nubian Shield to
evaluate the capabilities of TM imagery in lithological mapping of the Meatiq dome
area, latitude 26°00’N and longitude 33°45’E. They found that:
(a) Mafic rocks (massive amphibolite and mafic mylonite) could be distinguished
from other rock types largely on the basis of the high content of Fe-bearing
aluminosilicates revealed in the reflectance spectra. '
(b) Coarse- and fine-grained granites, granite gneiss, and tonalite could only be
mapped as a group together because variations in opaque, hydroxyl-bearing, and
Fe-bearing aluminosilicate phases were too small to permit separation. Finer
subdivisions were possible where detailed field traverses provided local
verification.
(¢) Quartzofeldspathic mylonite, quartz phyllonite, and biotite schist, could be
mapped on the basis of their relatively high content of hydroxyl-bearing phases
and/or opaque phases.
They also determined bi-directional spectral reflectance curves both for the outcrops and
rock powders acquired from their test-site (Figs. 2.8 and 2.9). In addition, they
demonstrated the effect of the desert varnish on the spectral reflectances of the
underlying rocks in arid regions by suggesting that the ubiquitous varnish modulates,

but does not obscure, the spectral reflectance of the underlying rocks.

The crustal rocks of the Arabian Shield and the Nubian Shield are grossly similar in
petrology, chemistry, structure, and age. Across both shields, the crustal rocks were
made and cratonized in about 450 m.y., from about 1,000 m.y. to about 550 m.y.
(Brown et al., 1989). The area studied by Sultan et al. (1987) is similar to the present
study area: both areas are structurally complex and consist of conformable sequences
of low to high amphibolite facies rocks which are intruded by various igneous bodies,
and the age of these units is late Proterozoic. Both are parts of the Arabian-Nubian
Shield, and have been subjected to the same sequence of orogenic events, and display
intrusive and extrusive igneous rock units of the same age. The rock types in the
present study area are almost exactly like the rock types appearing in the Eastern

Desert of Egypt, and hence their spectral characteristics are identical.
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2.4 DIGITAL IMAGE PROCESSING

Numerous authors reviewed the theory and practice of digital image processing (e.g.
Condit and Chavez, 1979; Gillespie, 1980; Schowengerdt, 1983; Sabins, 1978; 1987;
Drury, 1987). The processing of a digital image serves two main purposes, these are:
enhancement, which improves the quality and appearance of the image for visual
interpretation, and the extraction of information from the image. The essential
advantages of digital processing methods are their versatility, repeatability and the

preservation of the original data precision (Sabins, 1978).

Image processing methods which are normally performed on image data prior to visual
interpretation are grouped into three main categories in this study. These are:

(1) contrast manipulation for improving image contrast,

(2) edge enhancement for detecting lineaments,

(3) spectral enhancement for geological mapping.

The spectral enhancement techniques are based on two principles, statistical analysis of
the data and the use of arithmetical operators. The next three chapters are mainly

devoted to the application of these methods in parts of the southern Arabian Shield.
2.5 SUMMARY

In this chapter a review of Landsat TM digital imagery, general spectral features of
earth materials, spectral characteristics of rock types exposed in the study area and the
methods applicable to the study area were presented. Detailed description of methods

and interpretation of the results are deferred to later chapters.
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3.1 INTRODUCTION

This chapter and the following two chapters are mainly devoted to an evaluation of the
applicability of the Landsat Thematic Mapper (TM) sensor digital imagery to geological
investigations in arid regions, particularly for lithological discrimination and structural
analysis. The Arabian Shield, and in particular the three test-sites (Fig. 1.3) includes
a wide variety of rock types. The test-sites are located within or on the border of two
tectonic assemblages of the southern Arabian Shield (Stoeser and Camp, 1985); these
are the Asir Terrane (AT) and the Nabitah Mobile Belt (NMB) (Fig. 1.7).

These sites were chosen because of the excellent exposure of a diverse suite of igneous

and metamorphic rocks, and because there were previous geological studies of them.

Three main categories of technique  were applied during image processing
(enhancement) of the digital imagery from/of the three test-sites. The categories are:
contrast manipulation, edge detection (filtering) and spectral enhancement. The last
category is based on two principles: statistical analysis of the data (imagery), and the
use of arithmetical operators. The results of the image processing are displayed in this
thesis as photographic prints of Cathode-Ray-Tube (CRT) monitors at the remote
sensing laboratories, and these were used for visual interpretation. Interpretation utilizing
photographic colour composites were performed on the original photographs produced
by the laboratories. All colour references in the text refer to the original colour
composites. Much care was taken in reproducing the original photographs for the thesis
as colour photocopies, but there may be some differences in colour reproduced on the

photocopies in regard to the originals.

The first test-site was selected because of the excellent exposure of different lithological
units, interesting structural pattern, availability of detailed geological studies and the
approximate location on the border between the Asir Terrane and the Nabitah Mobile
Belt.

The only detailed geological studies conducted on the ground during the past few years
for this test-site, two M.Sc. theses describing adjacent areas approximately covering the
test-site (Amlas, 1983 and Qari, 1985). Apart from these two detailed studies, the only
source of geological information for the test-site is the 1:100,000 map of Coleman

(1973b), which makes broad lithological discriminations, based on photo-interpretation
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and field checking of some localities (Fig. 3.1).
3.2 GEOLOGY OF THE TEST-SITE

The geology of the test-site is complex because of a history of polyphase deformation
and igneous activity. The major lithologies are granites, gneisses, metasediments,

amphibolites and gabbroic rocks.

Granite intrusions are distributed randomly in the area of the test-site. Gneisses and
other layered metamorphic rocks occupy a large portion. Gabbro is present in two
places only. One is to the southwestern corner and the other is in the core of the
synform between the dome and the mushroom structures in the southeastern quarter of
the site (Fig. 3.1).

The area has been affected by four phases of deformation. The southeastern quarter of
the area is composed of dome-, synform-, and mushroom-like structures (Amlas, 1983),
and the outcrop pattern in the western half also displays fold interference patterns
structures (Qari, 1985).

3.3 REMOTE SENSING TECHNIQUES

3.3.1 Introduction

As mentioned before, three main types of image processing have been performed on
this test-site. These are: contrast-, edge-, and spectral-enhancements. The last category
is most suitable for lithological mapping and was performed on the basis of either
statistical analysis of the data (imagery) or using arithmetic operations in the available
Image Analysis System. The prime target was to produce high quality hardcopy images
suitable for geological interpretations. Afterwards, important decisions such as locating
lithological boundaries and structural elements could be performed. The contrast
enhancement method will be presented first, followed by spectral enhancement
techniques and finally the edge enhancement techniques. It is logical to start with the

simplest technique used for interpretation purposes.

3.3.2 Contrast enhancement
Enhancement processes for improving image contrast are widely used among digital

image users.
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The basis of these contrast enhancement processes is that the CRT monitor expresses
brightness value or Digital Number (DN) in a stepped range of intensities from 0
(black) to 255 (white). The image processing system can change or transform any DN
in an image to any of these 256 intensity levels. So, contrast enhancement is a pixel-
by-pixel transformation or stretching that is designed to enhance visual discrimination
of low contrast image features. Only two types of contrast stretching were applied to

test-site No.1. These are linear- and nonlinear-contrast stretching.

Linear contrast stretching

Simple linear contrast stretching enhancement (scaling) was routinely used throughout
this study to increase the contrast of a displayed image by expanding the original grey
level to fill the dynamic range of the display device. This means that a DN value in
the low end of the original histogram is assigned to extreme black, and a value at the
high end is assigned to extreme white. The remaining pixel values are distributed
linearly between these two extremes. Figure 3.2A shows the raw Landsat TM band 5
data, while Figure 3.2B shows the linearly contrast stretched Landsat TM band 5 data
for the test-site No.l. It is obvious that linear contrast stretching enhancement shows

more details.

Nonlinear contrast stretching

To avoid the loss of contrast in the tails of the original histogram inherent in linear
contrast stretch enhancement, nonlinear contrast stretching is used. Here, the raw data
(Fig. 3.2A) is taken to resemble a normal distribution (Gaussian), producing a bell-
shaped histogram, and this process is known as a Gaussian stretch. Improvement of
contrast in the very light and dark ranges of the image is obtainable. Figure 3.2C shows

Gaussian contrast stretching of Landsat TM band 5 data for test-site No.1.

3.3.3 Spectral enhancement techniques

(a) Arithmetic operation techniques

Two techniques have been applied in this study; the method of Sultan et al. (1987),
herein called SE1, and the method of Loughlin and Tawfiq (1985), herein called SE2.

SE1 Technique

The rugged nature of the test-site and the fluctuation in the topographic relief require
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an enhancement technique that suppresses these variations. Reflectance ratios have been
found to suppress variations due to topography and overall reflectance, while
emphasizing differences in shapes of spectral reflectance curves (Abrams et al., 1977,
Blodget and Brown, 1982). Therefore, ratioing (dividing) of TM bands was chosen in

order to create a Colour Ratio Composite (CRC) image for later interpretations.

Method:

The TM bands selected were 1,3,4,5 and 7, whilst the ratio combinations (arithmetic
operations) which were applied were:

- TM BAND 5/1, to portray rocks rich in opaque phases which have low band-5 and
band-1 values. Figure 3.3A shows the TM band 5/1 image. Bright areas correspond to
regions deficient in opaque phases.

- TM BAND 5/7, as a measure of the intensity of the hydroxyl absorptions in the 2.2-
2.4 pm region, i.e. band 7. Figure 3.3B shows the TM band 5/7 image. The slightly
brighter areas correspond to regions with high OH contents.

- TM BAND (5/4 x 3/4), was used to emphasize and discriminate the iron-bearing
aluminosilicates. Figure 3.3C shows the TM band (5/4 x 3/4), where bright areas
correspond to regions rich in Fe-bearing aluminosilicates, whereas the dark areas

correspond to the granitic, gneissic, layered metamorphic and gabbroic rocks.

Rock units defined on enhanced imagery:

Gabbroic rock outcrops and amphibole-rich metamorphic rocks were identified in the
TM band 5/1 ratio image because these rocks’ constituent minerals have low reflectance
values, i.e. low DN values. The greater the DN value, the brighter the pixel is. Again,
gabbro and amphibolites were distinguished from other rock units observed in the test-
site area on the TM band 5/7 ratio image. Amphibolites could be separated effectively
from other lithological units on the TM band (5/4 x 3/4) imagery, where they show as

bright areas.

The rock types mentioned have unique brightness patterns on the ratio images and
should have unique colours on a CRC image. The granitic and the gneissic rock types
have similar brightnesses on the three ratio images which will result in a similar
colours on the CRC. The separation between the granitic and the gneissic rock types

is difficult, but field knowledge helped in distinction of these types.
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The lithological information contained in the three TM band ratio images is integrated
into one image. The resultant contrast-stretched CRC constructed is shown in Figure
3.4. The TM band 5/7 image was assigned the red component; the TM band 5/1 image,
the green component; and the TM band (5/4 x 3/4) image, the blue component. Table
3.1 indicates the way of predicting the colours on the CRC, based on the mineralogical
controls for each of the ratio images discussed previously. For example, the gabbroic
rocks or the gabbroic regolith (sections H9 and C9, Fig. 3.4), have a high abundance
of opaque phases, and a relatively high abundance of hydroxyl-bearing phases, and are
deficient in Fe-bearing aluminosilicates (e.g. hornblende and biotite). Thus, gabbroic
rock types will be red on the CRC. Similarly, granitic rocks (section F6, Fig. 3.4) and
gneisses (sections G8, F9, E2, F5, J5, and J3, Fig. 3.4) are deficient in opaque,
hydroxyl-bearing phases and Fe-bearing aluminosilicates and will appear as green colour
on the CRC. Because the gneiss is mixed with other rock type; e.g. amphibolites, this
is reflected in the colour of the granitic gneiss on the CRC (blue patches and/or bands

in a green colour).

The sediments in the wadis consist primarily of mechanically weathered rock fragments
that have been transported a short distance. Where the sediments are compositionally
similar to the adjacent mountains, the wadis become spectrally indistinguishable on the
CRC, e.g. the small wadis in the granite (section F6, Fig. 3.4). On the other hand,
where the source rock of the sediments in the wadis is compositionally different from
the adjacent mountains, the wadis preserve the spectral characteristics of their source
rock and are thus spectrally distinguishable on the CRC (e.g. Wadi Bishah, sections F4-
G2, Fig. 3.4).

A detailed geological map of the test-site area was constructed (Fig. 3.5) based on the
CRC image. Field observations were used to supplement remote sensing interpretations
in making decisions during the construction of the geological map. Comparing the
geological map constructed from the TM image with the geological information
contained in the earlier map of Coleman (1973b), it is clear that although there is a
good correspondence between the two maps, there is more detail in the TM-based map.
For example, the area which is mapped by Coleman as ’young metamorphic rocks’ can
be resolved into three distinct lithological units: amphibolites, schistose amphibolites and

intercalated metasediments, amphibolites and granitic rocks.

There were four successive phases of tectonic deformation which affected the rock
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ROCK TYPE B 5/7 image B5/1image |B5/4X3/4image] COLOURIN
bright =RED bright = GREEN | bright = BLUE CRC IMAGE
Graniticrocks | dark—moderate bright dark Green
Granitic gneiss dark bright dark—moderate Bluish-green
Amphibolit moderate—dark derate—dark bright Bright
phibolites moderate—dar rig Reddish-blue
Schistose amphibolites dark dark moderate—dark Dark Blue
Gabbroicrocks bright dark dark Red
Intercalated layered moderate—bright | moderate—bright | moderate—bright Bluish-white
metamorphic rocks & ‘ 8 &
Table 3.1 Explanation of relative colour values in Fig. 3.4.
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types exposed in the test-site area during Proterozoic time. These four phases produced
folds, foliations and lineations. The four generations have been distinguished from each
other in ground-based studies on the basis of their style, orientation and geometrical

relationships to one another on various scales (Amlas, 1983; Qari, 1985).

The third phase of deformation was the dominant one, and the resultant geological
structures are the most prominent and widespread in the test-site area. Numerous F3

folds are observed throughout the area, and also some F2 folds.

The strike directions of foliation can be delineated on the CRC imagery, particularly

in the gneissic and the layered metamorphic lithologies.

Several structures could be easily detected on the CRC imagery. Second-, third-, and
fourth-phase folds (F2, F3, and F4), were clearly detectable in interference folding
patterns (Qari, 1989). Several F2 antiformal fold axial traces (Fig. 3.4, sections D5, D6,
E7, and A4), and several F3 antiformal and synformal fold axial traces were mapped
throughout the area. The F3 axial traces strike approximately N-S. Major F4 folds were
not easily located although many minor F4 structures were observed on the ground (c.f.
Amlas, 1983 and Qari, 1985). The structural map revealed an F4 regional doming
pattern (Fig. 3.6). The axial trace of the F4 dome strikes E-W. Micro- and meso-scale
folds were not detectable or extendable on the CRC imagery because their wavelengths
are less than the resolution of the imagery. The criterion on which these folds and their

axial traces were identified is the change of the geometry of the foliation planes.

Faults were also easily detectable and extendable on the CRC imagery. For example,
the gabbroic synformal structure (sections H8 and H9, Fig. 3.4), has been faulted by
a left-lateral strike-slip fault (Fig. 3.6).

SE2 Technique

Loughlin and Tawfiq (1985), found that for general geological interpretation in arid
terrains, a False Colour Composite (FCC) using TM bands 7, 4 and 2 in red, green and
blue respectively is the best choice, whereas one using bands 7, 5 and 2 is excellent
for discriminating clay and ferruginous alteration products. They also suggested the
CRC (7/5,5/4,4/2) in red, green, blue respectively as a useful combination for general

lithological discrimination which suits the varied topographic conditions.
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Method:

The TM bands selected were 2,4,5 and 7, whereas the ratio combinations which were
obtained after applying a contrast stretching were:

- TM BAND 7/5. Although TM band 5/7 is widely used for the detection of clay
alteration and as a measure of the intensity of hydroxyl absorptions, Loughlin and
Tawfiq suggested its inverse, the ratio 7/5. They do not explain why. This produces a
negative image compared with the 5/7 ratio image, with moderately dark areas
corresponding to regions rich in OH content (Fig. 3.7A).

- TM BAND 5/4. This emphasizes and discriminates Fe-bearing aluminosilicates. Figure
3.7B shows that the bright areas correspond to regions rich in these minerals, whereas
the darker areas correspond to the other rock units presented in the area.

- TM BAND 4/2 (NIR/Visible green). This is used for the detection of iron-staining.

Such areas are shown as dark in Figure 3.7C.

Rock units defined on enhanced imagery:

Granites were identified easily as the brightest areas on the TM band 4/2 ratio image
(Fig. 3.7C), because their opaque-phases content is very low compared to the other
units, i.e. gabbro and metavolcanics. The gneissic unit could also be identified as
relatively brighter areas. On the TM band 5/4 ratio image (Fig. 3.7B), rock units rich
in Fe-bearing aluminosilicates, i.e. amphibolites, could be discriminated reliably. They
show a particularly strong contrast with the darker background which facilitates
lithological contact verification. The schistose amphibolites were less easy to identify

than the massive amphibolites in this ratio image.

The rock types mentioned have unique brightness patterns on the ratio images, which
are reflected in the CRC image as well. Here, the separation between the granitic and
gneissic rock types is much easier than that obtained by the SE1 technique both on the

4/2 ratio image and the CRC image.

The lithological information contained in the three TM band ratio images has been
integrated into one image. The resultant FCC is shown in Figure 3.7D, where the TM
band 7/5 image was assigned the red component; the TM band 5/4 image, the green
component; and the TM band 4/2 image, the blue component. This FCC image was not
acceptable for interpretation purposes. Therefore, one further linear contrast stretch was

applied in order to enhance the FCC. The resultant CRC imagery is shown in Figure
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3.8, and this was then suitable for the later interpretations.

After comparing the results obtained by this technique and those by the SE1 technique,
it was found that the results of both techniques were mostly identical. However,
gabbroic rocks are much easier to identify by the SE1 technique, and granitic rocks are

also easier to identify in this technique.

The geological map constructed using the SE1 technique (Fig. 3.5), could alternatively
be constructed using information from the CRC obtained by the SE2 technique. For
structural mapping, the SE2 technique and the SE1 technique yield identical results.

(b) Statistical analysis based technique
Principal-components analysis (PCA), originally known as the Karhunen - Loeve
transformation, has been used for many years in various applications including remote

sensing.

Typically, for any pixel in a multispectral original image, the DN values are highly
correlated from band to band. This correlation means that there is much redundancy in

the data set.

PCA is used to compress multichannel image data by calculating a new coordinate
system, i.e. by determining a linear transformation that can condense the scene variance
in the original data into a new set of variables, which are called principal components.
Its aim is to produce decorrelated images in which most of the image variance is
confined in the first few PC’s. Normally, the first, second, and third principal
component (PC) images will contain appreciably more information than any of the raw
channels. If a FCC is generated from the first three PCs by assigning each PC image
to red, green and blue respectively, it is not possible to make much fuller use of colour
space. This problem can be overcome by producing a decorrelation stretched image
(Soha and Schwartz, 1978).

Decorrelation stretching is becoming widely used in geological remote sensing, and is
proving very effective in supplying geological information (Abrams et al., 1985; Drury,
1987; Gillespie et al., 1986; Rothery, 1987a; 1987b; 1988). The technique is called SE3,
following the procedures described by Rothery (1988).
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SE3 Technique

Method:

Rothery (1987a) has demonstrated that it is better to enhance the colour information in
a three-band colour composite, because this enables the geologist to appreciate and
interpret the significance of each colour. The three spectral bands used should be those
which, in combination, perform the best discrimination between surface types. Thus TM
bands 7, 5 and 4 were selected. The technique is described in Rothery (1988), with one
emphasis, i.e. the final decorrelation stretched image must be scaled to render it

displayable and interpretable.

Rock units defined on enhanced imagery:

A T™ band 7,5,4 red, green, blue decorrelation stretched FCC image of the test-site
area is shown in Figure 3.9. The gabbroic rocks display blue colour hues (sections B9,
B10, C9, and C10), which must not be confused with the blue patches along wadis,
which are areas of vegetation. Granite is the best discriminated lithological unit. The
granitic outcrops are shown in bright white hues (e.g. sections ES5, F7, and 12), while
the amphibolitic rocks display a mixture of colours (greenish, brownish and reddish
brown). The schistose amphibolite differs from the amphibolitic unit in that the colour
is mostly pure reddish brown (sections D5 and D6). The granitic gneiss tends to be
white in colour, but because it is mixed with amphibolites, it often also includes
brownish reddish hues on a white background (e.g. sections E1, E3, F8, and 18). Where
it is intercalated with units rich in metasediments, it displays yellow hues (e.g. sections
A10, B1, B6, and C5). The main wadis are well distinguished on the FCC, because
they are different in composition from the surroundings and hence differ in spectral

characteristics (e.g. Wadi Bishah, sections F4 and G2).

The geological map (Fig. 3.5) constructed for the test-site area based on the FCC image

is identical to that produced using the techniques described earlier.

Similarly, the geological structures recognized using this technique are similar to those

recognized with the SE1 technique.

3.3.4 Edge enhancement techniques
(a) Introduction

Landsat images are especially suited for lineament analysis in relatively high relief areas
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where fractures are highlighted by shadowing and appear on the images as linear
boundaries. The boundaries mark changes from one range of DN to another, and this
is represented by a steep or even vertical gradient, giving rise to edges. These may be
shadow effects giving information on topographic features, or may be tectonic features,
such as faults or joints. Some edges are boundaries between rocks with different
properties, but they have been explicitly excluded from this analysis. Lineaments can
be defined as "mappable, simple or composite linear features of a surface, whose parts
are aligned in a rectilinear or slightly curvilinear relationship and which differ distinctly
from the patterns of adjacent features and presumably reflect a subsurface phenomenon"
(O’Leary et al., 1976).

Edge enhancement, edge detection or filtering (high-pass) is a valuable image
enhancement technique for detecting lineaments. By suppressing very low frequencies
in an image, a harsher contrast stretch may be applied to the image data, because the
linear features are often very subtle on Landsat images. This allows increased
discrimination of fine detail, and also may reveal some structures that were obscured
by albedo changes in the unfiltered image. A certain amount of subjectivity is inevitable
in defining and drawing the lineaments. Filtered images should be used and examined
carefully to avoid misinterpreting other artifacts similar to lineaments, such as scene
detail. Also, images produced in this way must not be used for any processing other

than visual interpretation, and even then with some care.

(b) Image enhancement

Edge enhancement is often used to bring out geological structure, especially lineaments
or fractures, but other structural features which may appear on imagery, such as
foliations, bedding planes and compositional layering, may also benefit from this
enhancement. A variety of edge enhancement algorithms in the literature have been
tested on the test-site area image. These include: Laplacian, Prewitt, Roberts, Sobel and

other box filters with different kernel sizes.

Edge enhancement was achieved by high-pass filtering in order to emphasize higher
spatial frequencies. This was done using a convolution operation which is useful for
increasing contrast differences for the enhancement of lineaments. Convolution is the
movement (pixel by pixel and line by line) of a filter window through an image.
Successive elements of the original image are multiplied by values within the window,

and the products are summed to form the resulting filtered (enhanced) image. Contrast
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stretching (scaling) is very important after each convolution to render it displayable.

Any TM band of digital data can be directionally enhanced, but TM band 5 (1.55 -
1.75 pm) is generally selected for this purpose, because bare rock has a relatively
uniform grey tone on band 5 images and because atmospheric haze penetration is better
in this part of electromagnetic spectrum. Winter season (low sun-elevation) images are
best for the detection of lineaments because of the shadow caused by the topographic
steps or tones along the lineaments. A sun elevation of 35 to 45 degrees, for example,

is near optimum for slightly rolling terrain (Moore and Waltz, 1983).

The method used here has been developed from the technique described by Moore and
Waltz (1983). The Landsat TM digital image of the test-site area has been processed
using three high-pass directional digital filters to enhance linear features oriented along
the north, northeast and northwest directions. These directions are found to be the most
informative in this part of the Arabian Shield, where most rocks are well exposed and

there are no human alterations over most of the ground.

A three-step procedure was performed for lineament enhancement. The first step in the
procedure was to increase the contrast of edges that have trends in approximately the
selected directions by making the dark side of an edge segment darker and the light
side lighter relative to the background. The resulting filtered images are shown in
Figures 3.10A, B and C.

In the second step, all three filtered images were added together and one more contrast
stretching (scaling) was applied (Fig. 3.10D). The product of this step was regarded as
appropriate for visual drawing of the lineaments or fractures. However, a better image
was obtained by adding this scaled filtered image to the original image, and this was
the last step of the procedure. The product is shown in Figure 3.11, which is the
directionally enhanced image for the test-site area, which was used for the identification
and tracing of lineaments. The steps followed are summarised in Table 3.2. Similar

results could be obtained following the procedure described in Appendix B.

The lineaments were identified by visual inspection, recorded on transparent overlay as
ruled straight lines. A conventionally compiled fracture map (Fig. 3.12), has been

constructed, which was used as the data-set for further geological interpretation.
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STEP 1: Derive directional components from original TM band 5.
Each pixel in the window is multiplied by the digital value, the

final value for the central pixel being the sum of these products.
Apply linear stretching (scaling) to each individually.

NORTH-WEST NORTH NORTH-EAST
1111 1111 11111
1]-2]-1 1| -2{1 -11-2]1
11-1]-1 -1 -1] -1 -1 -1 1

STEP 2: Add the previous directionally derived components (filtered
images) and apply scaling.
Scaling is a procedure where the lowest digital value is set at 0,

and the highest at 255, all intermediate values being distributed
through this range.

STEP 3: Superimpose (add) directional components of Step 2 to the orig-
inal TM band 5 image for display and interpretation.

Table 3.2 A three-step procedure for producing directionally
enhanced images.
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The lineaments, particularly the longer ones, are composite, i.e. defined by more than
one type of feature such as linear tonal contrast, straight segments of valleys, ridges

and topographic escarpments.

Lineaments running parallel or subparallel to the sun azimuth of the Landsat on the
acquired date will hardly be detectable. With a 57 degrees sun elevation, shadow
enhancement will be at a minimum for lineaments running parallel or subparallel to the
sun azimuth direction, which is in the 101° direction. Consequently, the 280 - 290°
direction will be under-represented on the Landsat imagery. Directions perpendicular to
the sun azimuth direction, the 10 - 20° direction, will be additionally enhanced. To
overcome this, the three directional filters previously mentioned were found to solve
the problem. Structural geological knowledge, based upon work in the field, has been
applied to arrive at a fracture map with a different emphasis. This map (Fig. 3.13), was
produced by using the resulted image from the edge enhancement procedures as an
input together with the resultant images of the previously described techniques, i.e. ratio
and decorrelation stretching techniques. This map is used as the basis for discussion of
lineaments and fractures. Ground inspection and geological significance of lineaments
were considered before preparing the map. When extracting the lineaments, what
remains relatively constant and reproducible is the azimuth of the line drawn rather than
its precise location. Thus, the present analysis emphasizes lineament trends rather than
the absolute locations of lineaments. Figure 3.14 shows the successive logical course

followed for obtaining the remotely sensed geological fracture map.

(c) Lineament trend interpretation of Landsat images

The synoptic, equal-illumination images provided by Landsat present an ideal
opportunity for examining the structural fabric of an area. Unfortunately, not many
workers have mapped lineaments from Landsat data in the Arabian Shield, and
particularly the southern part where the test-site area is situated. A few regional studies
are available, mainly covering central Saudi Arabia (Moore, 1976; Norman, 1980a; Al-
Khatieb, 1981; Al-Khatieb and Norman, 1982). Norman (1980a) discussed the tectonic
structure of the cover rocks in Saudi Arabia and studied the statistics of the orientations
of straight lineaments in the Arabian Shield based on a Landsat Multi-Spectral Scanner
(MSS) 1:2,000,000 mosaic. Figure 3.15 is his rose diagram for lineaments in the
basement areas of Saudi Arabia (Arabian Shield). It can be seen that there are several
preferred directions. The implication is that a stress field caused the activation or a

reactivation of old lines of failure, in the basement rocks (Al-Khatieb and Norman,
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Landsat
TM scene

Landsat TM
band 5
sub-scene

three directional
high pass filtering

recombination
and scaling

superimposing on
TM band 5 sub-scene

visual inspection and
geological interpretations
of lineaments

remote sensed geological

fracture map

Fig. 3.14 Successive logical procedures of obtaining
a remotely sensed geological fracture map.
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1982).

Computer processing of lineament data provides an objective method of interpretation.
Often, visual inspection fails to reveal significant trends on a lineament map. The
significance of the lineaments interpreted from images was analyzed by using

directional frequency rose diagrams with a 10 degree azimuth class interval.

Initially, the conventionally constructed fracture map (Fig. 3.12), includes weak and
dominant lineaments, where the dominant ones are the wider and more easily detected
lineaments. Separate rose diagrams for each category (Figs. 3.16A and 3.16B) were
plotted as well as a combined diagram for both categories (Fig. 3.16C). Two trends
stand out above the background: N 55° W and N 65° E; neither could be correlated
with the earlier study of Norman (Fig. 3.15).

Study of the detailed fracture map (Fig. 3.13), shows that lineament frequency is greater
in areas of exposure of granitic gneisses and granites (granitoid rocks) (Fig. 3.5).
Therefore, the test-site area was divided roughly into two domains: a domain of
granitoid rocks and a domain of non-granitoid rocks, based on the rock units exposed.
Two rose diagrams were plotted separately for these two domains (Figs. 3.17A and
3.17B). In the granitoid domain there is no obvious preferred orientation of lineaments,
whereas in the non-granitoid domain there are broad concentrations orientation. A
broadly NE-SW, E-W, a weaker WNW-ESE and N 25° W directions are visible in the
combined domain rose diagram (Fig. 3.17C). Although E-W lineaments were not
recorded by Norman (c.f. this analysis), some directions were observed in both studies,
e.g. N 65° W. This is because Norman was dealing with the entire shield area, mostly
concentrating in the central part, whereas the test-site area is very small compared to
that of Norman. In addition, the study area lies in the southern Arabian Shield where
the structural grain may well be different from the central part of the shield.

The lineaments shown on Figure 3.13 were counted on a 2.5- by 2.5-km grid, and the
total density was contoured (Fig. 3.18) to examine the pattern of concentration and to
assess how it might relate to the other studies. The number of lineaments/6.25km?
varies from 2 to 21. Several locations of high concentrations of lineament density are
quite apparent. There is a high lineament frequency in the granitoid domain, particularly

the two concentrations (>15) to the upper right of the map (Fig. 3.18).



N
@\ |
W , E

5

N
/\
W &% 5

N
/\
N55"W
N 65°E
wl__ &% £
10 5

Fig. 3.16 Rose diagrams summarising strike-frequency
distribution of the lineaments in Fig. 3.12.

A:weak lineaments; B:dominant lineaments; C:84
lineaments of A and B.

(This, and the following diagrams, plot number of
lineaments but do not consider lineament length)



68

C N

W L

Fig. 3.17 Rose diagrams summarising strike-frequency
distribution of the lineaments in Fig. 3.13.
A:granitoid rocks domain; B:non-granitoid rocks
domain; C:336 lineaments of the two domains.
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An attempt was also made to correlate the observed lineaments (Fig. 3.13) and mapped
faults, using the detailed available geological maps of Amlas (1983) and Qari (1985).
Many lineaments were found to accord with mapped faults, and field work indicates
that other lineaments correspond to joint sets which have not previously been mapped

in the ground surveys.

An important conclusion is that image analysis is a very objective and effective method
of mapping lineaments and that lineament interpretation should not be based solely on
ground studies. Ground studies can complement space-borne imagery in order to obtain

fruitful results.

(d) Conclusion

Landsat TM imagery proved particularly useful for revealing lineaments which can be
correlated with fractures within the test-site area. Some of these structures were known
or suspected from ground studies, but the majority were revealed for the first time
during the Landsat TM investigations. The edge enhancement technique was found to
be more useful in detecting edges in dark coloured areas on unprocessed images (low
DN values).

Quantitative examination of the lineaments showed that the test-site area has several
preferential directions, these are E-W, NE-SW, WNW-ESE and N 25° W. The
application of the procedures followed in this technique to the entire research area,
should reveal significant trends in relation to the regional tectonics. It would be a good

idea to include the interpretation of aeromagnetic maps in such regional analysis.

Although the images produced by edge enhancement techniques were very useful for
the study of lineaments, one can detect most of the lincaments (about 80%) from

images prepared by previously mentioned enhancement techniques.
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CHAPTER FOUR APPLICATION OF METHODS:
II. TEST-SITE No.2
(AL-KHABT AND AL-FAYD AREA)

4.1 INTRODUCTION
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4.1 INTRODUCTION

The second test-site was selected because of the interesting structural character, diverse
lithology and the location within the Nabitah Mobile Belt in contrast to test-sites No.1
and No.3, which are located approximately on the border between the Asir Terrane and
the Nabitah Mobile Belt. Again, there is excellent exposure of lithological units as in

test-site area No.1.

Because of the interesting structural geometry of the test-site which could not be
displayed and processed in one 512x512 pixels sub-scene, it was necessary to handle
this test-site as two separate 512x512 pixels sub-scenes in order to utilize the full-
resolution criterion, so that no data element from the Landsat TM imagery is ignored.
Hence, these test-sites are called 2A and 2B respectively (Fig. 1.3), with an area of
overlap to help in the preparation of the geological analysis.

The only detailed geological studies available for this test-site are four 1:100,000
quadrangle maps (Anderson, 1979; Greenwood, 1980; Stoeser, 1984), where broad
lithological discriminations were based on photo-interpretation and field checking of
some localities (Fig. 4.1). Apart from these maps, Blodget (1977) used early Landsat
MSS digital imagery for lithological mapping of crystalline shield test-sites in western
Saudi Arabia. He used the False Colour Composite (FCC) images and contrast-stretched
ratio images in his study. The difference between the two studies are:

-the resolution of the images used, i.e. 80m for the MSS and 30m for the TM.
-Blodget used only one technique for lithological mapping, i.e. standard MSS ratio
technique, whereas this study deals with three techniques for lithological discrimination.
-Blodget’s test-sites covered a large area, hence there was loss of data due to sub-
sampling of the scene, whereas this study deals with full-resolution analysis with no

omission of any data element of the TM digital imagery.

4.2 GEOLOGY OF THE TEST-SITE

The geology of the test-site is complex due to folding, intense faulting and intrusions.
The major lithologies are: Tertiary volcanic rocks, Precambrian metamorphic and
plutonic rocks. Reconnaissance geological mapping at 1:100,000 scale was carried out
by the Directorate General of Mineral Resources (DGMR) personnel (Anderson, 1979;
Greenwood, 1980; Stoeser, 1984). This was followed by a regional 1:250,000 scale
































































































































































































































































































































































































































































































