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ABSTRACT

This thesis examines the effect of spatial
resolution on lithological and alteration mapping using
remotely sensed multispectral data.

The remotely sensed data were obtained by the
Thematic Mapper (TM) and Airborne Thematic Mapper (ATM)
over two areas in the Arabian Shield. These were the
Mahd Adh Dhahab and Jabal Said areas. The ATM data had
a nominal spatial resolution of 7.5m, 5m, and 2.5m. In
order to compare these data sets it was necessary to
correct for sensor- and scene-related distortions. This
was achieved by calibrating each data set and converting
them to reflectance units using ground spectra with a
similar spectral resolution obtained with the Barringer
Hand Held Ratioing Radiometer (HHRR). The ATM data were
also corrected for X-track shading by normalising the
brightness of each column to that of the centre column.

The result of X-ray and laboratory spectral
analysis of samples collected from the study areas,
support the’presence of characteristic minerals
associated with the alteration zones.

The corrected data were analysed by a variety of
techniques in order to enhance the geological
information presént in the data. These included false
colour compositing, decorrelating stretching and band
ratioing. The latter two techniques proved most
effective for discrimination and several additional
geological units and areas were identified which had not
been mapped previously.

Results further indicate that the increased spatial
resolution of the ATM data did not permit greater
discrimination than the TM data. This suggests TM data
should prove to be a cost-effective way of mapping and

detection of alteration zones in the Arabian Shield.
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INTRODUCTION

1.1 Background

Remotely sensed data, particularly in the form of
aerial photographs, have been used as a major tool of
field geologists for about 50 years. Aerial photographs
consistently provide a means for area-wide extrapolation
of outcrop information and permit the integration of these
data into the broader geological fabric. At the same time
they provide excellent base maps, especially in the
poorly-mapped areas, where adequate conventional maps are
either poor, or completely non-existent.

Since NASA’s first Earth Resources Technology
Satellite (ERTS-1), now known as LANDSAT, was launched
into orbit in July 1972, and followed by LANDSAT Series,
they have delivered high-resolution, multispectral images
of the earth, providing new sources of geological
information and helping the geologist with new concepts
and capabilities. The result of combining the spectral
imaging capability as well as digital image processing was
a significant turn away from the use of standard photo
interpretation techniques on aerial photography to an
expanded use of the spectral properties of surface
materials for mapping, and discrimination (Goetz et al.,

1981; Goetz, 1983). The Landsat carried a four-channel




Multispectral Scanner (MSS) and three Camera Return Beam
Videcon (RBV), a data collection system, and two tape
recorders for data storage. The four MSS channels had the
following spectral intervals: Band 4 (0.5-0.6um); band 5
(0.6-0.7um); band 6 (0.7-0.8um); and band 7 (0.8-1.1lum),
and it recorded data at a nominal spatial resolution of 79
metres (NASA, 1972; see Appendix Al0). MSS was designed
primarily for agricultural applications, although much
valuable geologic information has been derived from it.

Interpretation of Landsat images has been widely
accepted by the geological community (e.g. Rowan et al.,
1977). Excellent interpretations of regional structures
can be made from the satellite images, based on surface
texture, tone and geometric form (e.g. Boldget et al.,
1978). In addition, a limited number of rock classes can
be discriminated using the multispectral scanner (e.g.
Lawrence et al., 1977; Price et al., 1985).

Much of the research in the late 1970’s and early
1980’s concentrated on determining spectral features in
the visible and near infrared for most of the minerals and
rocks on the earth’s surface, and the work published by
Hunt and his group was considered to be very important in
identifying minerals and rocks using these spectral
features (Hunt et al., 1970, 1974).

Further studies used spectral reflectance and
spectral emittance characteristics of rocks and minerals

in different wavelength regions. These were conducted



over various areas using either the Skylab S-192 scanner
which had 12 bands in the 0.4-2.5um wavelength region, and
a single broad-band thermal infrared band (Vincent, 1974),
or field and laboratory spectra which covered 0.45-2.5um,
or a Bendix 24-channel (MSDS) scanner (Abrams et al.,
1977). Areas of hydrothermal alteration were mapped in
the Cuprite Mining District of Nevada using MSDS data.
This studey provided the basis for the selection of the
seventh band (2.08-2.35um) to be incorporated in the
Landsat 4 Thematic Mapper.

The Thematic Mapper (TM) (Landsat 4) was launched on
July 16th 1982, comprising a seven band multispectral
scanner system with six channels covering a wavelength
range from visible to near infrared (0.45-2.35um), and one
channel in the thermal infrared band region 10.4-12.5um.
The spatial resolution of Landsat 4 and later Landsat 5,
was 30m for the six reflective visible/ s.w. infrared
bands and 120m for the thermal infrared band (Appendix
A2).

The development of airborne multispectral scanners
has moved in parallel to the satellite development, with
an airborne scanner normally preceding a satellite scanner
in order to test the design specifications. However,
aircraft scanners have developed a role in their own
right. An aircraft is more directly under the control of
the operator in terms of where and when it will carry out

the surveys. The aircraft’s altitude is variable, within



limits, and this allows the spatial resolution of the data
to be varied. Also the airborne scanners commonly have a
wider spectral coverage than satellite systems and this
can be modified if necessary.

Recently, more sensors have been designed by many
companies according to their customers’ needs. The
AADS-1268 Airborne Thematic Mapper (ATM) is one of the
most advanced scanner systems currently available,
designed by the Daedalus Company (Daedalus, 1982). Data
from this scanner will be used in this study.

In addition to existing earth resource satellite
systems such as Landsat TM, there is a growing trend
towards the use of high spectral resolution data which
allows surface materials to be identified from detailed
spectral signatures. For example, Collins (1978) made the
first step by acquiring spectro-radiometer data in 512
channels in the 0.4-1.0um region and 64 channels in the
1.0-2.5um or in the 2.0-2.5um region (Collins et al.,
1983). Goetz et al. (1982) acquired data from shuttle
orbits with a radiometer covering the 0.5-2.35um region in
10 channels; the 2.1-2.35um region contained 5 channels, 3
were 0.02um wide and centred at 2.17, 2.20 and 2.22un.

The Space Shuttle Synthetic Aperture Radar Systems
SIR-A and SIR-B which were flown on NASA’s space shuttle,
were an imaging radar. Radar has proved useful for
mapping regional structural features in areas of moderate

relief (Crane, 1987) and the arid regions, such as Egypt



and Saudi Arabia are considered to be excellent terrains
for the use of radar imagery (Crane, 1987; Dixon et al.,
1988).

The results of the research described in this study
are primarily concerned with the applications of remote
sensing in the visible and near infrared wavelength
regions (0.4-2.5um), mainly using multispectral data
recorded by the Landsat TM and Daedalus 1268 (ATM)

sensors.

1.1.1 The application of remote sensing data in
geological studies of arid regions.

The arid land such as the Precambrian Arabian-Nubian
Shield, provides an excellent area to test the
capabilities of remote sensing data from either satellite
or airborne sensors for geological mapping. It includes a
wide variety of rock types and structures. Individual
rock units are frequently exposed in large and fairly
homogeneous bodies. Due to the arid climate there is
little chemical weathering and soil development, and most
of the area is nearly devoid of vegetation (Smith, 1977).

The application of remote sensing techniques to map
the different lithologies and mineralized zones requires
complete knowledge about the spectral reflectance and
spectral emittance characteristics of rocks and minerals
in different wavelengths (Goetz et al., 1983). Previous

researchers succeeded in identifying spectral features for



most of the common minerals and rocks using laboratory
samples (Hunt et al., 1970, 1979). For example, a
spectral absorption feature at 0.4um is indicative of the
presence of iron (Hunt & Salisbury, 1973). An absorption
feature between 0.85 and 0.92um, as well as the slope of
the reflectance curve in the visible region is used to
identify the presence of limonite in Landsat MSS images
(Rowan et al., 1974; Rowan et al., 1977).

In-situ reflectance spectra have been used to bridge
the gaps between laboratory data and those supplied by
remote sensing aircraft and satellite scanners (e.g. Kahle
et al., 1981; Podwysocki et al., 1983; Whitney et al.,
1983; Gladwell et al., 1983). The application of remote
sensing to map areas of mineralization requires such areas
to exhibit distinctive spectral reflectance curves which
may be recorded by satellite or aircraft sensors.

Usually the ore minerals themselves are not exposed
on the earth’s surface (Gustafson et al., 1975) and so
cannot be located by remote sensing. Epithermal deposits,
however, are sources of many minerals which occur as
sulphides. Here, the surrounding host rock is
mineralogically changed during the injection of the ore
bearing fluids. The mineralogical changes, termed
hydrothermal alteration, produce a series of mineralogical
assemblage zones which surround the ore deposits (Lowell &
Guilbert, 1970; Gustafson et al., 1975). The surface

exposure of an altered/mineralogical rock unit is often



expressed as a series of alteration zones with the most
intensely altered rocks located closest to the intrusion.
An intense iron staining associated with each zone is
produced by the oxidation of pyrite. Clay minerals are
the major alteration minerals which are often exposed on
the surface overlying ore zones (Hunt & Ashley, 1979).

Altered rocks produce spectra which contain an
intense absorption feature near 2.2m due to the strong
fundamental OH vibration which generally reflects the
behaviour of hydroxyl-bearing minerals (Chapter 3). Clays
in particular, exhibit decreasing spectral reflectance
beyond 1.6um, and this broad band has been used to
identify clay-rich areas associated with hydrothermal
alteration zones. The presence of alunite, pyrophyllite
and muscovite also reduce the reflectance in the region in
the 2.1-2.4um (Podwysocki et al., 1983; Prost, 1980; Goetz
et al., 1983).

The hydrothermal alteration of the Cuprite, Nevada
district, was studied by several researchers (Abrams et
al., 1977; Rowan et al., 1977; Ashley & Abrams, 1980).
Abrams et al. (1977) utilized an aircraft-borne multi-
spectral scanner, equipped to measure reflectance
intensities in hydroxyl and Al-OH vibrational overtone
region (2.2um) as well as in the ferric absorption band.
Using the ratios 1.6/2.2um, 1.6/0.48um and 0.6/1.0um,
hydrothermal alteration could be delineated with or

without ferric oxide coating. This technique will be less



effective if unaltered rocks in the area also contained
hydroxyl-bearing minerals, they would also be classified
as altered.

In another study, Rowan et al. (1977) used a portable
field spectrometer in the Goldfield Mining District. The
field spectrometer was equipped to record reflectance
spectra between 0.4 and 2.4um, thereby including ferric
and hydroxyl absorption features. They found altered
rocks to have an overall higher reflectance due to the
high clay and alunite content. They also showed altered
rock spectra to contain a reflectance minimum centred near
2.2um due to clay minerals and alunite. Using a ratio of
reflectance intensities recorded at 1.6um and 2.2um, the
clay content could be examined and altered areas could be
defined whether they occurred with or without a ferric
coating.

The 1.6um region was used because it is a reflectance
maximum on most spectra. The major problem in this method
was the inability to discriminate between altered rocks
and iron-stained rocks, such as unaltered hematitic
metasediments. The metasediments have a strong clay
absorption due to the clay minerals originally contained
in the rock before metamorphism.

Subsequent studies have used different statistical
and computational treatment of Landsat and aircraft data
to enhance the difference between altered and unaltered

rocks and to discriminate between different lithologies



(Podwysocki, 1979; Conel et al. 1980; Abrams et al. 1984).
As a result of this, different techniques have been
developed to manipulate the remote sensing data. These
new techniques have been widely used for geological
mapping and for identifying areas of alteration related to
the mineralized ore bodies (e.g. Rothery & Milton 1981,
1984, 1987; Rowan, 1982; Bird et al., 1985; Loughlin et
al. 1985; Legg 1985; Sultan et al., 1986, 1987; and
Greenbaum, 1987).

Study by Longshaw (1974) revealed differences between
laboratory spectra and field spectra (acquired in situ).
Comparison of the two kinds of spectra revealed that major
spectral features are observed in both, but that the
environmental effects can modify the field spectra to the
extent that they no longer resemble the spectra of pure
laboratory materials. This is due to surficial weathering
and natural diagenetic processes (Abrams and Siegal,
1981). The presence of surface vegetation and lichens
also affect the spectral signature. However, much of the
research into the use of multispectral measurements for
geological applications has been undertaken in arid and
semi-arid land, to minimize the effect of vegetation.
Despite the wealth of information collected on the
potential applications of multispectral remote sensing for
lithological and mineral mapping (Munday, 1985),
surprisingly little research has been reported on the
effects of wéathering and desert varnish on the spectral

signatures of rocks and minerals. Marsh &
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McKeon (1983) showed that the characteristic spectra for
the units reflect their mineralogical assemblages. Their
results indicate that in situ measurements can be used to
separate and characterise visibly similar, altered rocks.
Buckingham & Summer (1983) studied penetration depths of
electromagnetic radiation on rock surfaces. The
penetration depth varies with absorbed concentration and
the wavelength being measured, but generally it is only
the upper 50um of a rock surface which contributes to the
rock’s reflectance spectrum. The results of this study
indicate a need to know the composition of the minerals
which form the weathered products on the surface of the
rocks. These may change from one environment to another.
According to Mosser (1979) the content of trace
elements in clays formed by alteration of various rocks
including granites, is very similar to that observed for
the parent rocks (Minarik et al. 1983). Previous research
on lithological mapping of arid areas has avoided the
consideration of spatial variability of the spectral
response within a particular lithology. Since Landsat MSS
Was launched, many people believed, wrongly, that
improving the spatial resolution of the satellite-derived
data, would increase the amount of discriminatory
information. In fact an improved spatial resolution has
not necessarily resulted in improved classification
accuracy. The Landsat MSS with its 79m2 resolution

(considered to be coarse spatial resolution), combined
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with its relatively coarse spectral resolution, may
classify certain cover types as being spectrally
homogeneous. Using any other system with high resolutions
of 30m2 TM, for example, may indicate these to be
spectrally heterogeneous, because of the latter’s ability
to resolve a great inter-class variation, considering the
IVOF only and not the spectral resolution (Townshend,
1980).

Most of the previous researchers who studied the
effects of spatial resolution on lithological mapping,
used data acquired at fixed resolutions, which was then
degraded via computer processing to a coarser resolution
(Abrams & Brown, 1984). This procedure produced images of
the same ground deminsions for each pixel which could be
registered to each other, thereby enabling easy selection
of the same test area at each resolution (Markham, 1981).

There have been very few studies attempting to fully
evaluate the information of the Landsat MSS or TM for
geological mapping purposes. Landsat MSS with 79m
resolution has been used to produce maps equivalent to
1:500,000 and 1;250,000 geological maps. Abrams (1982)
(e.g. USGS 1984) using Landsat TM (30m resolution)
expected to achieve mapping at 1:100,000 scale. 1In
general he stated that the effects of resolution on
spectral signals should be systematically studied.

However, relatively little is known about the incremental
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advantages of increasing pixel resolutions beyond 30m for

lithological mapping purposes.

1.1.2 Geological application of remote sensing data in
the Arabian Shield.

1.1.2.1 Aerial photography

Remote sensing data of several types have been used
for mapping the Arabian Shield and the Arabian Peninsula.
Aerial photography was one of the fifst remote sensing
tools used, starting in 1949. By 1951, 640,000 square km
of eastern parts of the country had been photographed.
The remaining 4 million square km were covered between
1954-1959 to provide controlled vertical photography at
1:60,000 scale. In addition, the necessary overlap was
obtained to give complete stereoscopic coverage. This
controlled photography was used to produce highly accurate
geographic maps at several scales, and served as a base
for all subsequent surface mapping and regional
compilations.

Geological activity in the Arabian Peninsula did not
start until the early 1930’s and was largely as an
indirect response to the large petroleum exploration
concession granted by the government. Comprehensive
geological mapping of large areas, mainly where there has
been sedimentary deposition, started in the East.
Reconnaissance mapping for the entire sedimentary section

was completed in 1946, and by 1954 the entire Arabian
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American 0il Company (ARAMCO) concession had been mapped
at scales of 1;500,000 or larger (Power et al., 1966).
Official mapping of the Arabian Peninsula started later
when a nationwide air survey was initiated in 1949, and by
1959 controlled aerial photography at a scale of 1:60,000
was available for most of the sedimentary section of
Arabian Peninsula.

Mapping the Arabian Shield was not stimulated by the
same strong economic factors that provided the finance and
personnel for the earlier work. A preliminary mapping
programme was initiated during the second world war by the
United States Geological Survey (USGS) in cooperation with
the Kingdom of Saudi Arabia. This started with localized
geological and hydrological studies by G.F. Brown between
1944 and 1946. 1In 1960 the USGS, under the direction of
G.F. Brown, initiated a more comprehensive mapping
programme for the Shield area of Saudi Arabia. The broad
objectives of this were to investigate mineral and water
potential in the western part of the Kingdom of Saudi
Arabia. By 1955 the entire Arabian Shield had been mapped
at the reconnaissance level and many areas of specific
economic or hydrological interest had been studied in
detail (Blodget, 1978). The earliest geological maps of
the Shield were at the scale of 1:500,000 and were
published between 1956 and 1963 jointly by the Ministry of
Petroleum and Mineral Resources and the United States

Geological Survey. These were the result of cooperation
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between ARAMCO, who supplied data on the Phanerozoic rocks
from their exploration records, and the USGS who had
undertaken a photo-geological interpretation of the
Arabian Shield supported by observations from ground
traverses. This series is seen today as an exceptionally
fine set of reconnaissance maps of a huge area, prepared
by a small team of geologists in a short time. One of the
first priorities in the early 1960’s, was to produce more
detailed maps for mineral exploration using a 30-minute
quadrangle format and the scale of 1;100,000. By 1974 a
new series of maps was planned at 1:250,000 using a module
of one degree by one degree thirty minutes; more detailed
maps were produced around the old mining areas and any
other promising deposits.

1.1.2.2 Satellite data:

Satellite imagery of the Arabian Peninsula has been
available since the launch of the earliest weather
satellite, Nimbus-1, in 1964. Several photographs of the
Arabian Peninsula were also taken during Gemini and Apollo
space trips. Landsat MSS data first became available
after the launch of Landsat-1 on 23 July 1972. This was
followed by Landsat-2 in January 1975. Cloud-free MSS
images, obtained for the entire Arabian Peninsula, were
used by USGS to prepare base maps and compile geological
maps (Killsgard, 1978). Landsat imagery proved very
useful in studies of geological features, such as fault

and fracture systems. Hardy (1973, 1974) and Blodget
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(1977) compared Landsat images with published geological
maps (1:100,000) for Sahl Al-Mutran and as a result of
activity between the USGS and the Deputy Ministry for
Mineral Resources (DMMR) an index map of Landsat imagery
of the Arabian Peninsula has been published which covers
paths 169 through 198 and rows 38 through 51
(Miscellaneous map 102. SA(IR)-402 (1980). Blodget et al.
(1978), used computer-enhanced Landsat data (MSS) to
discriminate between the rock classes and the alteration
products in southwestern Saudi Arabia. A Landsat image
map at 1:4,000,000 was produced for the Arabian Peninsula
from an uncontrolled mosaic of computer-enhanced Landsat
MSS band 7 imagery. By the end of 1980, similar Landsat
image maps had been published at 1:500,000 for the 21
quadrangles covering most of the Arabian Peninsula. In
1984 the first colour-composite imager