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ABSTRACT. The Landsat Thematic Mapper (TM) scanner records six bands of reflected visible 
and infrared spectrum and one thermal infrared band. the data from which are available in 
photographic and digital form. A study area of 225 km' in the southern Arabian Shield, was 
selected to demonstrate the utility of the Landsat TM sensor digital imagery for lithological 
mapping and structural analysis. Thc selected area is complex due to polyphase deformation, 
which had resulted in interference fold patterns and faulting. The major lithologies are: gra
nites, gneisses, metasediments. metavolcanics, and gabhroic rocks. 

Several image processing techniques were applied to the TM data, following which visual in
terpretations and map constructions were performed employing the resulting images. these 
processing techniques induded: band ratioing, decorrelation stretching, and edge enhance
ment. The results demonstrate that TM data can be used for lithological mapping and struc
tural analysis in well exposed arid regions. and to generate detailed geological maps over large 
areas by using quantitative remote sensing methods, where prior knowledge is available for 
part of the area. 

Introduction 

Remote sensing means the collection and interpreta
tion of information about an object and/or area from a 
distance utilizing its spectral reflecting or emitting 
properties, 
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+ The study area (Fig. 1), is a part of Asir province, lo
cated to the north of Khamis Mushayt City in the 
southern Arabian Shield (intersection of lat. 18°25'N 
and long, 42°40'E), and was selected in order to de
monstrate the capabilities of the Landsat Thematic 
Mapper (TM) sensor digital imagery for geological ap
plications. The selection of this area was based on the 
excellent exposure of a diverse suite of igneous and 
metamorphic rocks, and on the availability of detailed 
geological studies on ground (Amlas 1983, Oari 1985) 
which provided ground cross-checking, i.e, ground 
truth, during this study, 

FIG. J. Location map of the study area. 

Geological Setting 

The geology of the outcrops exposed in the study 

area is complex because of the repeated folding and in
trusions which have affected the area. The major 
lithological units are: granites, gneisses, metasedi
ments, amphibolites, and gabbroic rocks, 

Granite intrusions are distributed randomly in the 
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area. Gneisses and layered metamorphic rocks 
(metasediments and amphibolites) occupy a large por
tion as well. Gabbro is observed in two places, one is 
to the southwestern corner and the other filling the 
synform between the dome and the mushroom struc
tures in the southeastern quarter of the study area 
(Amlas 1983). 

Structurally, the area has been affected by four ph
ases of deformation, 01, 02, 03, and 04. The south
eastern quarter of the area is composed of a dome-, 
synform-, and a mushroom-like structures (Amlas 
1983), while in the western half the outcrop pattern is 
the result of similar interference structures in the poly
deformed terrain (Qari 1985, 1989). 

Apart from the two detailed studies mentioned 
above, the only other source of geological information 
is the 1:100,000 map of Coleman (1973), where 
broadly defined lithological units were mapped based 
on aerial photo-interpretation and field checking of 
some localities (Fig. 2). 
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FIG. 2. Published geological map for the study area (after Coleman 
1973). 

Landsat Digital Data-Analysis and Results 

TMData 

A seven band Landsat-4 TM digital image covering 
185 by 170 km, acquired on 1 March 1984 (path 167, 
row 47), was obtained for conducting the quantitative 
remote sensing studies. The study area sub-scene is 
512 x 512 picture-elements (pixels) in size, which is 
approximately 15 by 15 km, i.e. 225 km2 in area. 

The TM scanner records six bands of the reflected 
visible and infrared spectrum (0.45-2.35 !Lm) which 
have image element dimensions of 30 by 30 m on the 
ground, and one thermal infrared band (10.4-12.5 
!Lm) which has image element dimensions of 120 by 
120 m onthe ground. Six of the seven bands, 1-5 and 7, 
are utilized in this study because they are spectrally 
and spatially significant for geological applications, 
particularly for lithological mapping and structural 
analysis (e.g. Abrams et al. 1985, Rothery 1987, Sultan 
et al. 1987). 

Analysis 

The spectral reflectance of earth materials is often 
the most useful criterion for studies in geological re
mote sensing. Spectral reflectance is a measure, within 
specific wavelength intervals, of the amount of sun
light reflected by a material, in our case a particular 
rock-type, and is expressed in images as a photo
graphic tone or colour., 

Several techniques for Landsat digital image 
analysis were applied, which included: band ratioing, 
decorrelation stretching, and edge enhancement. The 
prime target was to produce a high quality image 
hardcopy suitable for geological interpretations, and 
hence performing map constructions to demonstrate 
useful applications of TM data for geological studies. 

A. Band Ratioing 

The rugged nature of the study area and the fluctua
tion in the topographic relief require an enhancement 
technique that suppresses these variations. Reflec
tance ratios have been found to be suitable in this re
spect (Abrams et al. 1977, Blodget and Brown 1982). 
Therefore, ratioing (dividing) of TM bands was cho
sen in order to create a Colour Ratio Composite 
(CRC) image. The technique applied was adopted 
fromSultanetal. (1987). 

The TM bands selected are 1,3,4,5, and 7, and the 
ratio combinations which were applied are: TM band 
5/1, TM band 517, and TM band (5/4 x 314). 

The 511 band ratio is used to emphasize rocks rich in 
opaque phases (Hunt et af. 1971), the 517 band ratio is 
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used as a measure of the concentration of hydroxyl
bearing minerals, and the (5/4 x 314) band combina
tion ratio is used to discriminate regions rich in iron
bearing aluminosilicates (Fig. 3). 

(A) 

(8) 

Gabbroic rock outcrops and amphibole rich 
metamorphic rocks were identified and discriminated 
from other rock units observed in the area in the TM 
band 511 and 5/7 ratio images. AmphiboIites could be 
separated effectively from other lithological units in 
the TM band (5/4 x 314) imagery. These distinctions 
were possible. because these rock types have unique 
brightness patterns on the ratio images and therefore 
should have unique colours on a eRe image. The 
granitic and the gneissic rock types have similar bright
ness on the three ratio images which will result in simi-

(C) 

FIG. 3. Band ratioing technique used in the study area. A: TM band 
5/1. slightly bright areas correspond to regions with high 
hydroxyl content; B: TM band 5n. bright areas correspond 
to regions deficient in opaque phases; C: TM band (5/4 x 
3/4), bright areas correspond to regions rich in iron-bearing 
aluminosilicates. 

lar colours on the eRe. The separation between the 
granitic and the gneissic rock types is difficult, but the 
field knowledge helped. 

The lithological information contained in the three 
TM band ratio images is integrated into one image. A 
contrast-stretched eRe is shown in Figure 4. For 
generating the eRC image, the TM band 5/7 image 
was assigned to the red component; the TM band 51} 
image to the green component; and the TM band (5/4 
x 3/4) image to the blue component. Table 1 indicates 
the way of expecting the colours on the eRe, based on 
the mineralogical controls for each of the ratio images 
discussed previously. For example, the granitic rocks 
(section F6, Fig. 4), and the gneisses (sections E2, F5, 
F9, G8, 13, and 15, Fig. 4) are deficient in opaque-, 
hydroxyl-bearing phases and Fe-bearing aluminosilj
cates and will result in a green colour in the eRe. Be
cause the gneiss is mixed with other rock types (e.g., 
amphibolites), these are reflected in the colour of the 
granitic gneiss on the eRe (blue patches and/or bands 
of a green colour). 

The sediments in the wadis consist primarily of 
mechanically weathered rock fragments that were 
transposed from the immediate surroundings. Where 
the wadi sediments are compositionally similar to the 
adjacent mountains, the wadis become spectrally in
distinguishable on the CRe, such as the case in the 
small wadis in the granite terrain (section F6, Fig. 4). 
On the other hand, where the source rock of the sedi-
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FIG. 4. A contrast-stretched Colour Ratio Composite (CRC) for 
the study area, See text for details, 

TABLE 1. Explanation of relative colour values in Fig, 4, 

B 517 image B5it image B 5/4 x 314 image Colour In 
Rock type bright = red bright = green bright = blue CRCimage 

Granitierocks dark-moderate bright dark Green 

Granitic gneiss cark bright dark-moderate Blulsh·green 

Amphibolite; modeme-<lark mmlerate-<lark bright 
Bright 

Reddish-blue 

Sdlistose amphibolite; dark dark moderale-;:iark Dark Blue 

Gabbroinocks hrighl dark dark Red 

Intercalated lajered 
moderate-bright i moderate-bright moderate-bright i Bluish·white metamorphic rocks 

ments in the wadis is compositionally different from 
the adjacent mountains. the wadis preserve the spect
ral characteristics of their source rock and are, thus. 
spectrally distinguishable in the CRC (e.g., Wadi 
Bishah, sections F4-G2, Fig. 4). 

A detailed geological map of the study area was con
structed. based on the CRC image (Fig. 5). The field 
observations were very helpful in making decisions 
during the construction of the geological map. Com
paring the TM-based geological map and the geologi
cal information contained in the earlier map by Col
eman (1973), it is clear that although there is generally 
a good agreement between the two maps, there is 
more detail feature on the TM-based map. For exam
ple, the area which is mapped by Coleman as 'young 
metamorphic rocks' can be resolved into three distinct 
lithological units on the TM-based map: I) amphibo-

lites, 2) schistose amphibolites, and 3) intercalated 
metasediments, amphibolites, and granitic rocks. 

Regarding the geological deformations, there were 
four successive phases which affected the rock types 
exposed in the study area during Proterozoic time. 
These four phases produced folds, foliations, and line
ations. On the basis of field studies, the four genera
tions were distinguished from each other by their 
character, orientation, and relationship to one 
another on various scales (Amlas 1983, Qari 1985). 

Because the third phase of deformation was the 
most dominant, the geological structures resulted are 
the most prominent and widespread in the study area. 
Numerous F3 folds were observed, as well as F2 folds 
throughout the area. The directions of strike of folia
tions could be delineated on the CRC imagery, par
ticularly in the gneissic and the layered metamorphic 
lithologies. 

Several structures could easily be detected on the 
CRC imagery. The second-, third-, and fourth-phases 
of folding (F2, F3, and F4) were clearly detectable in 
the interference folding patterns visible in the CRC 
imagery. Several F2 antiformal fold axial traces (Fig. 
4, sections D5, D6, and E7), and several F3 antiformal 
and synformal fold axial traces were extended 
throughout the area. The F3 traces strike approxi
mately N-S. F4 phase of folding was not easily located 
although many minor F4 structures were observed 
(Amlas 1983, Qari 1985). F4 regional doming was pre
dicted when the structural map was constructed (Fig. 
6). The F4 axial trace strikes E-W. Micro and meso 
scale folds were not detectable or extendable on the 
CRC imagery because their wave lengths are less than 
the resolution of the imagery. The criterion on which 
these folds and their axial traces were studied is the 
changes of the geometry of the banding (foliation 
planes) of rock units. ' 

Faults were also easily detectable and extendable in 
the CRC imagery. For example, the gabbroic synfor
mal structure (sections H8 and H9, Fig. 4) has been 
faulted by a left-lateral strike-slip fault (Fig. 6). 

B. Decorrelation Stretching 

This technique is based on the statistical analysis of 
the data (imagery) utilizing Principal Components 
Analysis (PCA). The 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 brightness values or Digital Numbers 
(DNs) are highly correlated from band to band. The 



Utilization of Remote Sensing Technology in Geological Mapping: A Case Study in Part of 'Asir', Southern Arabian Shield 381 

\ 

A .. ~, . '---, 

CI':OI.OCICAI. MAl' 

0L' ___ ----=c2;5km 

IJ.:,'CI·:N)J 
~ Cr";)rlit,i(: r"()(:ks 

+ 
Cr"anillC gneiss mixed with amphibolitn 

AmphibollLes 

~,('h i s los(~rl amph i bo I i t<~ 

~ Cilbbr-oic rocks 

InLt~rcalaLj()n of metasediments. 
amphib()lilCS. and l:raniLi(: r()(:ks 

/,.,/w,adi wi lh nlluvium 

,-/ Lithological contact 

\ Fault. (lrTOWS show s(~nsc of movement 

i Str"ikp and dip dir'CCli()n ()f f()liilLie}n 

t Slr'ik(~ of v(~r·ticill fol ialion 

FIG. 5. Geological map constructed from the eRe for the study area. 

~\ 

'" 
" 
'... 

,,111..-
/ 
-" 
~ 

....... 
*' F' 

STRUCTURAL MAP 
0,-, ____ 2:.;5km 

LEGEND 

1'01 iation/I i lhological layerinp, 

FoJd axial trace 

Oireclion of plunge of fold axes 
1'2 I\nliror. 
F3 Anlifor • 
FJ Synror. 

F'l,.--- F~ Dom inn 

~ Strike and dip direction of fc)lialion 
~ Fall 1 l. a rrows: show sense of lIove.en t 

n Oval/circular igneous body 

FIG. 6, Structural map constructed from the eRe for the study area. 

high correlation implies 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 deter-

mining a linear transformation that can condense the' 
scene variance in the original data into a new set of 
variables (axes or principal components). Its aim is to 
produce decorrelated images and to contain most of 
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the image information in the first fe.w channels. If we 
generate a False-Colour Composite (FCC) from any 
of the three principal components images, by assign
ing each image to red, green, and blue, respectively, 
we can not make a full use of colour space. We can 
achieve this by producing a decorrelation stretched 
image (Soha and Schwartz 1978). Decorrelation 
stretching is becoming widely used in geological re
mote sensing and yielding good results (Abrams et al. 
1985, Gillespie et al. 1986 and Rothery 1987 and 1988). 
The technique applied in the present study follows the 
procedure of Rothery (1988), using TM bands 7, 5, 
and4. 

The TM band 7,5 ,4-red, green, blue decorrelation 
stretched FCC image of the study area is shown in Fig. 
7. The gabbroic rocks are shown in blue hues (sections 
B9, BlO, C9, and ClO), which must not be confused 
with the blue patches along wadis which are vegetation 
areas. Granite is the best discriminated lithological 
unit. The granitic outcrops are shown in bright white 
hues (e.g. sections E5, F7, and 12), while the am
phibolitic rocks display a mixture of colours (greenish, 
brownish, and reddish brown). The schistose am
phibolite differs from the amphibolitic unit in that the 
colour is mostly reddish brown (section D5). The 
granitic gneiss tends to be white, but because it is 
mixed with amphibolites, the colour shows brownish 
red hues on a white background (e.g. sections E1, E3, 
F8, and 18). It takes on a yellow hue where it is rich in 
metasediments in the intercalated unit (e.g. sections 
AlO, Bl, and C5). 

FIG. 7. Decorrelation stretched False Colour Composite (FCC) for 
the study area. See text for details. 

The main wadis are well distinguished in the FCC, 
because they are different in composition from the 
surroundings and, hence, differ in spectral charac
teristics (e.g. Wadi Bishah, sections F4 and G2, Fig. 
7). 

The FCC image produced by this technique permits 
a geological map similar to Fig. 5, and also a pattern of 
structures similar to that from the band ratioing 
technique. 

C. Edge Enhancement 

Landsat images are especially suited for lineament 
analysis in relatively high relief are&s, where fractures 
are highlighted by shadowing and appear on the im
ages 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 in
formation on topographic features, or may be tectonic 
features, such as faults or joints. Some edges are boun
daries 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 relation
ship and which differ distinctly from the patterns of ad
jacent features and presumably reflect a subsurface 
phenomenon" (O'Leary et al. 1976). 

A certain amount of subjectivity is inevitable in de
fining and drawing the lineaments. When applying this 
technique to bring out geological structure, especially 
lineaments or fractures, other linear features may ap
pear on the imagery, such as foliations, bedding 
planes, and compositional layering which may also be
nefit from this enhancement. 

In the present study, edge enhancement was 
achieved by high-pass filtering in order to emphasize 
higher spatial frequencies. This was done using a con
volution operation which is useful in increasing con
trast differences for the enhancement of lineaments. 
Contrast stretching (scaling) is very important after 
each convolution to render it displayable. TM band 5 
(1.55-1.75 jl.m) was selected for this enhancement, be
cause bare rock exposures have a relatively uniform 
grey tone on band 5 images and because atmospheric 
haze penetration is better in this part of the elec
tromagnetic spectrum. 

The method used here has been developed from the 
techniques by Moore and Waltz (1983) and Masuoka 
et al. (1988). The Landsat TM digital image of the 
study area has been processed using three high-pass 
directional digital filters to enhance linear features 
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oriented along the north, northeast, and northwest di
rections only. These directions are found to be the 
most informative in this part of the Arabian Shield 
where most outcrops are well exposed and there ar~ 
no human alterations over most of the ground. 

A three-step procedure was performed for linea
ment enhancement. The first step was to increase the 
contrast of edges that have trends in approximately 
the desired directions, i.e. northwest, north, and 
northeast, 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 Figure 8A, Band C. 

(8) 

In the second step, all three filtered images were 
added together and one more scaling was applied (Fig. 
8D). The product of this step was regarded as approp-

(0) 

FIG. 8. Edge enhancement techniques used in the study area, See 
text for detail, 

riate tor visual drawing of the lineaments or fractures. 
However, a better image was obtained by adding this 
scaled and filtered image to the original image, and. 
this was the last step of the procedure. The product is 
shown in Figure 9, which was used for the identifica
tion and tracing of lineaments. The steps followed are 
summarized in Table 2. 

The lineaments were identified by visual inspection, 
and recorded on transparent overlay as ruled straight 
lines. A remotely sensed geological fracture map was 
constructed (Fig. 10) based on the knowledge from the 
field studies, edge enhancement technique image, 
band ratioing technique image, and decorrelation 
stretching technique image. When identifying linea
ments, what remains relatively constant and reproduc-
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FIG. 9. Directionally enhanced image superimposing TM band 5 
for the study area. 

TABLE 2. A three-step procedure for producing directionally en
hanced images. 

Step I. 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 pro
ducts. Apply linear stretching (scaling) to each individually. 

North-West North North-East 

\ 1 1 \ 1 1 

-2 -\ \ -2 1 -I -2 I 

-\ -\ -\ -\ -I -\ -\ J 

Step 2. Add the previous directionally derived components (fil
tered 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 dis
tributed through this range. 

Step 3. Superimpose (add) directional components of Step 2 to the 
original TM band 5 image for display and interpretation. 

ible is the azimuth of the line drawn rather than its pre
cise location. Thus, the present analysis emphasizes 
lineament trends rather than the absolute locations of 
lineaments. Computer processing of lineament data 
provides an objective method of interpretation. The 
significance of the lineaments interpreted from images 
was analyzed by using directional frequency rose diag
ram. A 10 degree azimuth class interval was used (Fig. 
11 ). 

Study of the fracture map (Fig. 10) shows that the 
lineament frequency is greater in the areas of granitic 
gneisses and granites (called "granitoid rocks"). The 

conclusions to be drawn from this diagram are: 
• there are many preferred directions for fractures 

that appear in the study area, 
• strong dominance of lineaments in the E-Wand 

N25°W-S25°E directions. 
• a general prevailing direction over a wide azimut

hal range between N45"-65°E and NS5°-6SoW. 

The lineaments shown on Fig. 10 were counted on a 
2.5-km by 2.5-km grid, and the total density was con
toured (Fig. 12) to examine the pattern of concentra
tion. Several locations of high concentrations of linea
ment density are quite apparent. This brings out the 
high lineament frequency in the area of granitoid 
rocks where they show as concentrations, particular as 
two concentrations (> 15 and> 18) to the upper right 
of the map (Fig. 12). 

An attempt was also made to correlate the observed 
lineaments (Fig. 10) and mapped faults, using the av
ailable detailed geological maps of Amlas (1983) and 
Qari (1985). Many lineaments were found to accord 
with faults, while most of the joints were not mapped 
in the ground surveys. Lineaments or fracture detec
tion, and their subsequence iaterpretation should not 
be based on ground studies only. Ground studies can 
complement space borne imagery in order to obtain 
fruitful results. 

Conclusion 

Landsat digital TM data covering the visible and re
flected infrared spectrum were used to demonstrate 
the capabilities for geological applications in a well ex
posed arid region, of the Precambrian southern Ara
bian Shield. Detailed geological maps were prepared 
during this study. 

Band ratlomg and' decorrelation stretching 
techniques were used to demonstrate that TM data 
can be used for lithological discrimination or mapping 
and for structural analysis of the poly-phase deformed 
terrain. 

Edge enhancement techniques were used to de
monstrate that TM data is useful for revealing linea
ments which can be correlated with fractures within 
the study area. Some of these fractures were known or 
suspected from ground studies, but the majority were 
revealed for the first time. Quantitative examinations 
of the lineaments showed that the study area has sev
eral preferential directions; these are E-W, ENE
WSW, WNW-ESE, and N25°W-S2soE. 

The results of this study demonstrate that TM data 
is highly appropriate for geological applications in 
well-exposed arid regions, and for generating detailed 
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FIG, 10, Remotely sensed geological fracture map for the study area, 
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FIG, II, Rose diagram summarizing strike-frequency distribution 
of 336 lineaments in Fig, HI, 

geological maps over large areas by using quantitative 
remote sensing methods, where prior knowledge is av
ailable for part of the area. 
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