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ApsTRACT: The Al-Khabt test-area of 225 km* within the Nabitah Mobile Belt, southern Arabian Shield, was selected
for application of Landsat T™ data to geological studies. The major lithologies are granites, metavolcanics, metasedi-
ments, and mafic dyke rocks. Most of these rocks are of late Proterozoic age. The outcrop pattern in the area is complex

due to multiple episodes of folding and faulting.

The geology of a structurally complex area which has been subjected to at least three phases of deformation, has
been extended by applying various image processing techniques. Visual interpretations were made and several different
types of geological maps were constructed. Image processing techniques included principal components analysis,
decorrelation stretching, and edge enhancement. Lineament analysis revealed directions which can be related to regional
tectonics of the Arabian Shield. The resulting interpretations were checked by geological fieldwork in the test-area.

Geological understanding of the complex evolution of the Arabian Shield will be much improved by employing
remote sensing techniques and will allow much faster and accurate geological assessment of this vast region.

STUDY AREA

HE STUDY AREA (Figure 1) of 225 km? is located to the east

of Abha city in the southern Arabian Shield. It was selected
to test the utility of the Landsat Thematic Mapper (1Mm) sensor
digital imagery to lithological and structural studies. The area
has excellent exposure of a diverse suite of igneous and meta-
morphic rocks.

GEOLOGICAL SETTING

The exposed outcrop pattern of the area is complex due to
folding, intense faulting, and intrusions. The major lithologies
are Tertiary volcanic rocks, and Precambrian metamorphic and
plutonic rocks. The area was mapped by Stoeser (1984) and an
extract from this map, covering the study area, is shown in
Figure 2.
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FiG. 1. Location map of the study area.

*Presently with the Faculty of Earth Sciences, King Abdulaziz Uni-
versity, P'. O. Box 1744, Jeddah 21441, Saudi Arabia.
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The volcanic rocks are situated in the west of the area over-
lying the Suwaydah tonalite gneiss. They are Tertiary alkali-
olivine basalt flows of the As-Sarat mountains. The base of the
basalt sequence is marked by a well-developed sub-lateritic pa-
leosol. The metamorphic rocks occupy a small area and are well-
foliated Upper Proterozoic metasedimentary rocks assigned to
the Halaban Group. The plutonic rocks include granite, tonalite,
gneiss, and gabbro.

A major group of east-west striking faults is shown on this
map, and individual faults extend in some cases for distances
of over 20 km. These are mostly right-lateral strike-slip faults
and commonly have mafic dykes emplaced along portions of
their length. The dykes are fine grained hornblende dolerites
(Stoeser, 1984).

LANDSAT DIGITAL DATA ANALYSIS AND RESULTS

The T™ scanner records six band of reflected visible and in-
frared light (0.45 to 2.35 pm), each picture element (pixel) mea-
suring 30 m by 30 m on the ground, plus one thermal infrared
band (10.4 to 12.5 pm), 120 m by 120 m on the ground. A
Landsat ™ scanner image from the Arabian winter season (1
Mar 1984, Path 167, Row 047) was obtained for the purpose of
the present study, with a sun elevation angle of 57° and a sun
azimuth angle of 101°. The sub-scene (Plate 1A) for the selected
test-area is 512 by 512 pixels in size, which is approximately 15
by 15 kilometres.

The spectral distribution of reflected sunlight from an earth
material, when represented as a tone or color in image, is in-
valuable for geological interpretations. The sub-scene was ana-
lyzed using various image processing techniques which included
principal components analysis, decorrelation stretching, and edge
enhancement. Visual interpretations were made and several
different types of geological maps were constructed. Subse-
quently, two-days fieldwork was carried out in the test-area to
measure geological elements, and to characterize mapped con-
tacts and different lithologies.

PrinciPaL COMPONENTS ANALYSIS

Principal components analysis (PCA) is used in various
applications including remote sensing (e.g., Blodget ¢t al., 1978).
Typically, for any pixel in a multispectral original image, the
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Fia. 2. Geological map (after Stoeser, 1984).

brightness values or Digital Numbers (DNs) are highly correlated
from band to band, so that there is much redundancy in the
data set.

PCA is used to compress multichannel image data by
calculating a new coordinate system, so as to condense the
scene variance in the original data into a new set of variables
which are called principal components (Pcs). These data are
decorrelated and most of the image variance is confined within
the first few channels. In this study, after transformation, the
data were scaled or linearly contrast stretched. This procedure
increases the spectral discrimination capability among terrestrial
materials.

PCA of the Landsat T™ data for the Al-Khabt test-area was
applied on the six non-thermal bands (7,5,4,3,2, and 1), and a
set of three-band PC color composites was created. Visual
inspection of the PC color composites indicated that the composite

containing the first three PCs was the most informative. This is
shown with -PC1=red, -PC2=green, and -PC3=blue in Plate 1B.

The basaltic rocks in the southwestern corner of the test-area
display red hues, due to high albedo in the -PC1 image (section
A8, Plate 1B). Because these rocks are the extension of the basaltic
flows of the As-Sarat volcanic field (located to the west outside
the test-area, and is high in elevation), the material transported
to most of the wadis in the test-area is of basaltic composition
and is displayed as a red color filling these wadis (e.g., sections
Ad, B7, and G7, Plate 1B). Where the alluvium in the wadis is
not of basaltic composition, the color is not red (e.g., sections
E2, G6, and 12, Plate 1B). Obvious contacts were detected on
the -PC color composite image between most of the lithologies,
such as the Hadabah dome granodioritic gneiss, the layered
metamorphic rocks, and the northern granitic unit. The layered
metamorphic rocks (LMR) were identified in the -PC color




ed-ybiy (Q) 'susoduwion 1o odwod 10102 2d- (g) > LU {q S1) {pnis qns G F L3y

0]

ICAL STUDIES

]

10O GEQLOC

g
n

"ATION OF

APPLIC

H0.E215Q WIS
- A t




424 PHOTOGRAMMETRIC ENGINEERING & REMOTE SENSING, 1991

composite as yellow hues, particularly in the eastern flank of
the Al-Khabt synformal phacolith (e.g, sections G8 and HS,
Plate 1B). These LMR also appear in the eastern part of the
Hadabah dome and in the southwestern corner of the area next
to the basaltic rocks (section C8, Plate 1B). Small patches of
these LMR are easily distinguished within the northern granitic
unit as yellow patches in pinkish color (granite). The granitoid
rocks in the test-area, which include granites, tonalites, and
granodiorite- and tonalite-gneisses can be distinguished as two
groups. The granodioritic composition (Hadabah dome and Al-
Khabt synformal phacolith) display a blue color, while the other
group which displays pink hues includes the northern granite,
Suwaydah tonalite gneiss, and mafic tonalites. The mafic dyke
rocks filling the east-west faults are also identifiable as red colors
cutting through the blue and pink colors of assorted lithologies,
particularly in the Al-Khabt phacolith (e.g., sections D4 and Fé6,
Plate 1B). Because the Al-Khabt synformal phacolith granodioritic
gneiss includes tonalite gneiss, it also can be distinguished on
the -PC color composite as a pink color (section F3, Plate 1B).

DECORRELATION STRETCHING

Another way of emphasizing spectral information in an image
is decorrelation stretching (DS). DS serves to exaggerate color
differences which may be very subtle in the raw or scaled color
composite. Generally, color saturation is increased without
significant distortion of the hue.

The DS transformation involves using the original eigen vector
matrix of the PCA in order to create a DS image by transformation
of the PCs back to the domain of the original variables. Displaying
the manipulated variables in red, green, and blue color space
retains the color appearance of the original three-channel false
color image and the useful topographic information (e.g.,
Gillespie et al., 1986; Rothery, 1987).

The T™ band 7,5,4 red, green and blue DS color composite
image of the Al-Khabt test-area is shown in Plate 1C. The basaltic
rocks in the southwestern corner of the test-area display blue
hues (section A8, Plate 1C), which should not be confused with
the blue color along some wadis which are material transported
from the As-Sarat volcanic flow to the west of the test-area. The
sub-lateritic paleosol is easily identifiable in the DS color composite
as light-blue color rims of the basaltic rocks (e.g., sections B8,
Plate 1C). The granitoid rocks are shown mostly in bright-white
hues mixed with a brown color, although one can distinguish
the Hadabah dome- and the Al-Khabt synformal phacolitic-
granodioritic gneisses from other granitoid lithologies. The
layered metamorphic rocks are not as easily identifiable as in
the -PC color composite, though brownish in color (e.g., section
G8, Plate 1C). The mafic dyke rocks which intrude the E-W
faults are also very distinctive (e.g., sections G6 and H4, Plate
10).

A detailed geological map of the Al-Khabt test-area was
constructed (Figure 3) from the DS color composite taking
advantage also of information from the principal components
analysis composite image. Field observations were used
extensively to supplement remote sensing interpretations,
particularly in the northern granitic unit. Comparing with the
geological information contained in the earlier map (Figure 2),
itis clear that, although there is a good correspondence between
the two maps, there is more detail in the T™M-based map. The
area which was mapped as Al Fayd tonalite in the previous
map can be resolved into two lithologies, which are the Al Fayd
tonalite and the northern granitic unit. In addition, the schistose
rocks were mapped easily within the granitic unit in the northeast
quarter of the map (Figure 3).

The Al Fayd tonalite and the northern granitic unit are showing
as greenish and pinkish hues in the -PC composite image,
respectively. In the field, the tonalite is gneissose uniform body
rich in hornblende and light- to medium-grey in color, whereas

granite is rich in biotite and pinkish in color. The tonalite is
locally migmatized near the contact with the granite.

EDGE ENHANCEMENT

Edge enhancement was achieved by high-pass filtering,
emphasizing higher spatial frequencies, using a convolution
operation to increase lineament contrast. TM band 5 (1.55 to 1.75
pm) was selected, and a simple unsymmetrical weighted kernel
of size 3 by 3 pixels was applied. The resultant filtered image
is shown in Plate 1D, which allowed the drawing of the
lineaments or fractures. However, an even better image was
obtained by adding this scaled image to the original T™ band 5
image which is shown in Plate 2.

The lineaments were identified by visual inspection and
recorded on a transparent overlay as ruled lines. A remotely
sensed lineament map was constructed (Figure 4) based on the
total knowledge compiled from edge enhancement, principal
components, and decorrelation stretech images together with
the ground study. In identifying lineaments, what remains
relatively constant represents the azimuth and the length of a
line rather than its precise location. The fracture map shows
that lineament frequency is generally constant within the test-
area. The significance of the interpreted lineaments was analyzed
using histograms (Figure 5). Figure 5A shows strike-frequency
distribution and length of lineaments in the test-area. There is
a single dominant preferred orientation of lineaments in the
west direction; however, there are general concentrations at
NW-SE and ENE-WSW directions. There is a good correspondence
between the length of these lineaments and their distribution,
but when both distribution and length were plotted to percentage
(Figure 5B), one can compare the distribution of lineaments
with their length, except in the west direction where length of
lineaments is much higher, which represents the long faults
which were filled with mafic dyke rocks in the test-area.
Frequency and length of these lineaments were plotted against
each other; the scatter of points is confined to the lower diagonal
half of the diagram (Figure 6), though a positive good correlation
is obtainable.

The lineaments shown on Figure 4 were counted on a 2.5- by
2.5-km grid and the total density contoured (Figure 7) to examine
the pattern of concentration. The number of lineaments/6.25
km? varies from 3 to 21. Several concentrations of lineaments
are quite apparent throughout the test-area, particularly in the
Al-Khabt synformal phacolith area.

Comparison of observed lineaments with previously mapped
features showed that many of them coincide with mapped faults.
However, about 60 percent correspond to joint sets that have
not previously been mapped in ground surveys.

STRUCTURES

An attempt to construct a structural map (Figure 8) was based
on color composites, field studies, correlation with detailed
ground studies of comparable areas (Amlas, 1983; Qari, 1985),
and the available work of Stoeser (1984).

As in other regions nearby (Amlas, 1983; Qari, 1985, 1989),
all rock units and in particular the layered metamorphic rocks
exhibit well developed S, to S, foliation. This axial planar fol-
iation is a strongly developed fabric and easily distinguishable
as schistosity or fracture cleavage across minor F, fold hinges.
The foliation is broadly parallel to the contacts between the
lithologies throughout the test-area. This foliation is amlost par-
allel to S, foliation and thus difficult to distinguish from S, fol-
iation. The S, foliation generally strikes between north and
northeast and it is folded around the hinges of later fold gen-
erations.

The F, folds are present in the limbs of the F, major folds,
particularly in the layered metamorphic rocks in the southeast
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Fia. 3. Geological map constructed from the color composites. Numbers indicate 11 localities

visited.

quarter of the test-area. The F, phase is represented by tight,
upright asymmetrical folds where the axial planes are parallel
to the S, foliation.

F, folds are the most dominant and widespread structures
and defining the major structures of Al-Khabt test-area. This
phase is found as tight- to open-asymmetrical folds with vari-
able geometry. Three major antiforms and synforms with steep,
generally north-south axial planes, and plunging towards south
in the test-area, are assigned to F; folds (Figure 8). The Hadabah
dome is the result of two antiforms found plunging in opposite
directions. Linear structures associated with F; folding were
observed around the hinge of Al-Khabt synform as a strong
mineral lineation in the schistose rocks trending mostly towards
south with low to moderate plunges, which is in correspon-
dence with the plunge of the synform.

Faults are very prominent in the Al-Khabt test-area. They are
easily detectable on the color composites. Most of these east-
west faults are right-lateral strike-slip faults intruded by mafic
dyke rocks. Some of these faults can be traced into the Tertiary
As-Sarat volcanic field which suggests that they may have been
rejuvenated during the Tertiary (Stoeser, 1984).

CONCLUSIONS

The Al-Khabt test-area within the southern Arabian Shield
was selected for the evaluation of the Landsat T™ data for geo-
logical studies. Principal components analysis, decorrelation
stretching, and edge enhancement techniques were used for
mapping different lithologies and for the structural analysis of
this rugged terrain. Sharp lithological boundaries based on color
composites were easily detectable which was checked by field-
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Fia. 4, Remotely sensed lineament map.
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work, and hence utilized in preparing the geological map of the
test-area.

At least three phases of deformation (D,, D,, and D) have
affected the area; however, the dominant and major structures
in the test-area are the D, structures. This third phase of folding
is asymmetrical, tight-to-open, and plunging generally towards
south. L, lineation is developed, in general, parallel to the fold
axes of F;. Faulting is also very prominent.

Quantitative examination of the lineaments showed that the
test-area has several significant preferred directions; these are
E-W, NW-SE, and ENE-WSW. Length of these lineaments is com-
parable with their distribution, except in the west directin where
it is reflecting the obvious long E-w faults filled with mafic dyke
rocks.

The NW-SE direction is proposed to be part of the Najd fault
system which had affected the Arabian Shield at about 530 to
630 Ma (Moore, 1979), whereas the E-W direction is conformable
with the older east-trending tectonic fabric in the tectonically
more complex and possibly older parts of the shield which was
postulated by Moore (1983). The general NE-SW or ENE-WSW
direction is postulated to be the youngest, possibly the exten-
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sion of transform faults identified in the Red Sea by several
geophysical surveys (ARGAS, 1977), or the signature of a con-
jugale set of fractures developed at the same time with the Najd
system.

Results show that TM data can be used reliably for lithological
and structural studies in well exposed arid regions. The com-
bination of image processing techniques and fieldwork permits
the construction of better geological maps.
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