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Summary 

Local sources of industrial minerals, including building materials, are important for industry, 
community development and housing programmes in many developing countries. This need 
has focused attention on the use of satellite remote sensing for the rapid reconnaissance of 
large, poorly-known areas. This report summarises the results of BGS project 91/6 (R5543) 
‘Remote sensing for industrial minerals in arid regions’ carried out under the ODA/BGS 
Technology Development and Research Programme as part of the British Government’s 
provision of aid to developing countries. The report provides a full and detailed description 
of work carried out and the results obtained; it is a technical account primarily intended for 
remote sensing geologists in developing countries wishing to implement the techniques for 
themselves. For the non-specialist, a synopsis is provided at the start of each chapter of the 
report to outline its content. 

The overall objective of the project was to develop an operational methodology for 
reconnoitring large areas quickly and cheaply using widely available satellite data (Landsat 
TM). Such information can then be used to plan and target follow-up fieldwork in a more 
directed manner during the main exploration phase. In order to assess the general 
applicability and limitations of the approach, study areas were chosen in contrasting arid and 
semi-arid environments, Egypt and Namibia respectively. The studies attempted to apply the 
techniques to a limited range of industrial minerals (clays, carbonates and sulphates). 
Detailed field investigations were undertaken in both countries. In addition, a desk study was 
carried out to examine the theoretical potential for extending the method to cover a range of 
other materials of industrial importance. 

The techniques depend on the spectral reflectance characteristics of minerals in the visible 
and near infrared. In arid areas lacking vegetation, the ‘log residuals’ method, which 
essentially recalculates raw satellite radiance to values approaching true reflectance, produces 
images that are interpretable in direct mineralogical terms. Such images may be interactively 
‘interrogated’ on a simple personal computer using spectral analysis software, and provisional 
mineral identifications made. In semi-arid areas vegetation forms a complicating and limiting 
factor, and the successful application of the technique here depends very much on local 
geological knowledge to support the interpretation. 

Despite certain limitations, the project has demonstrated for the first time that widely 
available, broadband multispectral satellite imagery can be analysed spectrally to 
provisionally identifu, rather than merely discriminate, ground materials. The method does 
not depend upon the visual interpretation of image colours and so is much more objective 
than conventional remote sensing approaches. It is capable of targeting a range of industrial 
mineral occurrences as part of a reconnaissance exploration strategy. It also has significant 
potential for general lithological mapping. The methods work best in arid environments but 
can be adapted for more vegetated terrain provided the mineral occurrences sought, or their 
erosional products, are reasonably exposed at the surface. 



1. INTRODUCTION 

Svnoxlsig: This chapter outlines the background, undedying mtionale and 
scope of the project, sets out the main development objectives, and provides 
a g e n e d  overview of the work carried out. 

1.1 Background 

Countries in the developing world are often dependent on the local availability of industrial 
minerals and building materials to support industry, community development, and housing 
programmes. Supply and demand vary geographically but the low unit-value of many 
materials (e.g. clays for local brick-making) makes their transport highly expensive or 
impractical. There is thus a need to develop sources of supply closer to centres where they 
are needed. Unlike base and precious metals, which are a focus of interest for mining 
companies, industrial minerals do not tend to attract attention unless clear exploration targets 
are apparent from geological mapping or reconnaissance surveys. It may therefore fall to the 
national agencies to instigate the search for what can be regarded as strategic resources. The 
development of reconnaissance methods to assist in locating these lower value deposits is 
therefore needed. This project examines the use of satellite remote sensing as a rapid low- 
cost aid to exploration. 

Desert areas commonly lack significant deposits of clays which tend to develop preferentially 
under more humid climatic conditions. In Egypt for example, as a consequence of over- 
extraction, the Government in 1986 banned the use of Nile floodplain silts for brick making, 
and commenced the search for alternative raw materials outside the Nile Valley. Much of the 
present usage comes from imports. Namibia faces a somewhat similar problem of limited 
sources of materials for brick making, lime and cement in areas close to centres of 
population. These two countries thus present the opportunity to test the approach on a limited 
range of industrial minerals in contrasting arid and semi-arid settings where the anticipated 
results can be expected to have an important benefit for the local population and industry. 

1.2 Scope of this report 

This report describes the results of BGS project 91/6 (R5543) ‘Remote sensing for industrial 
minerals in arid regions’ carried out under the ODA/BGS Technology Development and 
Research Programme as part of the British Government’s provision of aid to developing 
countries. Some of the results have already appeared in print (Marsh et al., 1992a and b; 
Greenbaum et al., 1994a and b). This is a technical report in which the scientific basis of the 
method is described in detail in the context of case studies from Egypt and Namibia. The 
report provides a detailed account of the techniques, and is primarily written for those 
intending to implement such a system for themselves. Readers interested only in the general 
principles and utility of the techniques should confine their attention mainly to Chapters 1 and 
5. Additionally, a synopsis is provided at the beginning of each chapter describing its 
contents. 
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1.3 Aims and objectives 

Satellite imagery has been used extensively in the past for geological mapping and 
exploration for metallic mineral deposits. Attempts to use the data more quantitatively 
(spectrally) have been directed mainly towards the detection of hydrothermal alteration haloes 
associated with base and precious metals deposits (e.g. Goetz et aZ., 1983; Amos & 
Greenbaum, 1989). The work by Amos and Greenbaum was carried out under a previous 
ODA/BGS TDR project (89/6 ‘Application of high resolution satellite data to mineral and 
geothermal resource exploration’). The present work seeks to adapt and develop these 
techniques to the search for lower unit-value, bulk industrial minerals. 

The immediate aim of the study was to examine whether such techniques could be applied 
to the search for a limited range of minerals (clays, sulphates & carbonates) in Egypt and 
Namibia, as examples of arid and semi-arid countries. The wider objective was to develop 
a practical, low-cost, operational methodology for exploring large areas of poorly known 
terrain, quickly and efficiently, using widely available satellite data. Such information could 
then be used by developing countries either to develop new resources for themselves or to 
stimulate private sector interest. 

The original focus of the work was the detection of clays, sulphates and carbonates, and the 
main part of this report concentrates on these minerals. Such materials are spectrally distinct 
as a class on Landsat imagery and can thus be discriminated in arid and semi-arid regions 
where masking by vegetation is not a problem. The intention here was to develop specific 
image processing and interpretation techniques that could discriminate, and provide a 
provisional identification of, the individual minerals or mineral groupings. It is not suggested 
that the current generation of satellite data could be used to remotely identify economic 
deposits, but rather that such data can help to target anomalies for field follow-up. By testing 
the method in an arid and a semi-arid area both the applicability and the limitations of the 
technique could be assessed. The techniques have, of course, much wider application beyond 
the two study areas, e.g. elsewhere in Africa, in parts of Asia, and Latin America. 

More generally, the techniques have potential for the discrimination and identification of a 
range of other geological and non-geological materials. In a second phase of the work, a desk 
study was carried out to determine from a theoretical viewpoint the extent to which the 
methods could be more widely applied to other industrial minerals. The results of this 
exercise are also described. 

1.4 Outline of methodology 

All materials show reflectance properties which vary according to wavelength across the 
electromagnetic (EM) spectrum. In the visible to reflected infrared regions, rocks and 
minerals exhibit subtle features which can be measured in the laboratory using sensitive 
instruments called spectroradiometers. Of particular interest are low-reflectance (absorption) 
features that occur in the shortwave infrared (SWIR) region since these can be diagnostic of 
mineral groups or individual mineral species. Although current satellite sensors do not 
possess the spectral resolution to make precise mineral identifications possible, under the 
right conditions imagery, such as Landsat Thematic Mapper (TM), can be used to recognize 
the presence of higher-than-average surface concentrations of particular mineral groups (such 
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as clay minerals). This is the approach previously used to detect rock alteration haloes. The 
intention here was to determine the extent to which this concept could be extended beyond 
mere discrimination towards the (provisional) identijication of surface minerals. 

The Landsat TM sensor records reflected radiation in six spectral bands (band 1-5 and 7). 
Band 7 (hereafter referred to as TM7) covers the SWIR region where important absorptions 
occur. Although the broad spectral width of this band (2.08-2.35 pm) is not sufficient to 
determine uniquely the individual minerals causing absorption, the very existence of low 
TM7 reflectance can indicate a geological anomaly and, in the appropriate geological 
environment, this can be a strong indicator of mineralisation. Because satellite images are 
composed of digital numbers, the data can be manipulated mathematically to enhance features 
of interest. The simplest approach is to calculate the ratio of TM7 against another band in 
which reflectance tends to be uniformly high, such as TM5. In a 5/7 ratio image, low 
reflectance values in TM7 result in high ratio values which appear as bright areas on the 
image. By combining the 5/7 ratio with two other ratios, a ratio false-colour composite 
(FCC) image can be produced which can further aid discrimination. 

Unfortunately, it is not only minerals and rocks that exhibit TM7 absorption. Much of the 
Earth’s surface is covered by soils and vegetation, and green vegetation can produce similar 
spectral responses to certain key minerals (at the coarse resolution of the TM sensor); thus, 
it is easy to confuse clay with vegetation on a simple ratio image. For this reason, more 
sophisticated approaches are needed often involving complex transformations of the data. In 
this project, various techniques were used to enhance the responses of interest. The most 
useful of these involved converting the satellite signal to values approaching laboratory 
reflectance. Having done this, the data could then be assessed spectrally. Despite their coarse 
spectral resolution, these ‘pseudospectra’ hold the potential for provisional mineral 
identification . 
1.5 Applicability, limitations and economic benefits 

Despite the complexities of the underlying processing, sophisticated software is now available 
on low-cost image analysis computer systems. Hardwarehoftware have become much cheaper 
in recent years, and many developing countries are establishing small image processing 
facilities of their own, often based on powerful workstations. Another development 
emphasized in this project is the use of image ‘interrogation’ software which allows the 
geologist to interactively extract ‘spectral’ information from the image. This makes image 
interpretation less subjective by reducing the reliance on visual differences. The technique 
does not purport to be a truly quantitative approach but the examination of images in spectral 
terms allows a much more consistent and objective approach to interpretation. 

The value of implementing the techniques described here would be an efficient, cost-effective 
means of providing preliminary regional industrial minerals information. Economic benefits 
are likely to be seen mainly in the provision of cheap local materials for housing and small 
industry. 

The method is mainly applicable in arid and semi-arid regions where remote sensing works 
well and where certain minerals are in short supply (Figure 1.1).  The techniques are not 
suited to heavily vegetated areas. Besides minerals, the methods could be applied to general 
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geological mapping. The potential exists to extend the technique to other sectors of relevance 
to development such as land-use planning or pollution studies. 

1.6 Selection of test sites 

In order to assess the general applicability and limitations of the technique, study areas were 
chosen in two contrasting environments (arid and semi-arid). The main test site for the arid 
study was the Sinai region of Egypt where exposure is good and vegetation is virtually absent 
(Marsh et al . ,  1992a). Additional sites nearer to centres of population around Cairo, Suez 
and El Fayum were also examined (Figure 1.2A). For the semi-arid study, two test sites in 
Namibia were chosen (Figure 1.2B), the first along the Okavango River flood plain in north 
eastern Namibia and the second in central Namibia east of the capital Windhoek. Both Egypt 
and Namibia are countries where clays are needed for local housing and industrial uses, but 
where resources are scarce. Whereas Egypt represents a nearly ideal situation for remote 
sensing in terms of rock exposure and lack of vegetation, Namibia is representative of areas 
with moderate amounts of vegetation cover. 

1.7 Collaboration and dissemination 

Each of the studies was carried out with the help and collaboration of the national geological 
survey; in Egypt, the Egyptian Geological Survey and Mining Authority (EGSMA), and in 
Namibia the Geological Survey. These organisations collaborated at various levels in the 
work, as well as providing logistical support, technical facilities, and analyses of samples. 

Some training was provided during the course of fieldwork and through local seminars. In 
addition, early results were presented at several international scientific meetings in New 
Zealand, the USA and Britain, and published as follows: 

1. Marsh, S.H., O’Connor, E.A.O. and Greenbaum, D. 1992. Industrial minerals 
exploration in Egypt using Landsat TM. Proceedings of the Sixth Australasian Remote 
Sensing Conference, 3 ,  Wellington, New Zealand, 3 14-323. 

2. Greenbaum, D., Marsh, S.H., Tragheim, D.G. and O’Connor, E.A. 1994. 
Reconnaissance for industrial minerals using satellite remote sensing. In: (Eds 
Mathers, S.J. and Notholt, A.) Industrial Minerals in Developing Countries, Report 
18, BGS/AGID, 55-66. 

3. Greenbaum, D., Marsh, S.H., O’Connor, E.A.0, McDonald, A.J.W. andTragheim, 
D.G. 1994. Advances in industrial minerals mapping in arid and semi-arid 
environments. Proceedings of Tenth Thematic Conference on Geologic Remote 
Sensing, San Antonio, Texas, 9-12 May 1994, 1115-126. 
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2. DESCRIPTIONS OF TECHNIQUES 

Synopsis: This chapter describes the chamctenstics of satellite data, and 
provides a technical account of the underlying remote sensing theory as 
applied to m i n e d  identification. Various image processing techniques are 
described in detail from both a theoretical and pmctical viewpoint, and a 
geneml assessment made of their comparohve usefulness. Lubomtory 
analysis techniques, used to provide minemlogical explanations for  the 
variations detected in the images, are described. Finally, an examination is 
presented of the theoretical potential of the methods to identifv a mnge of 
other industrial minemls and rocks. This chapter is intended mainly for  the 
specialist remote sensing geologist or image analyst proposing to implement 
the techniques. 

2.1 Remote sensing and image analysis 

2.1.1 Physical basis of the remote sensing approach 

Remotely sensed data, though commonly presented as an image, can be considered 
quantitative in the same way as other geophysical measurements. This is because, whilst the 
data are affected by the topography of the ground surface, they also record a fundamental 
physical property of the surface - its reflectance. The reflectance properties of rocks and 
minerals can be used to identify them and so are of potential use to geologists. 

2.1.1.1 The use of reflectance measurements in geology 

Spectroradiometers can be used to measure the reflectance of incident EM energy from a 
rock or mineral between 0.4 and 2.5 pm at high resolution, either in the laboratory or in the 
field. Reflectance values plotted against wavelength commonly show the presence of 
absorption features, representing wavelengths at which less incident energy is reflected due 
to interactions with the chemical constituents of the surface. The shape of the reflectance 
spectrum in general, and of the absorption features in particular, depend on the chemical 
composition of the sample and can be used to uniquely identify the mineral or mineral group. 

Between 0.4 and 2.5 pm, energy incident on a surface is absorbed to varying degrees by the 
electrons within atoms and molecules and undergoes either electronic or vibrational 
transitions. The most important electronic transitions are crystal field effects and charge 
transfer transitions. In the former, electrons absorb energy as they change to a new energy 
level; examples occur in minerals containing Fe2' and Fe3', which have diagnostic 
absorption features in the near infrared wavelength region. The latter are due to the transfer 
of electrons from one ion to its neighbour, a good example being the Fe-0 charge transfer 
which produces absorption in the visible blue-green wavelengths and hence causes the red 
colour of iron oxides. The minerals displaying Fe-related absorptions include weathering 
products like hematite and goethite, and rock-forming minerals such as olivines, pyroxenes 
and the amphiboles; example spectra are shown in Figure 2.1. Vibrational transition 
overtones are responsible for features at slightly longer wavelengths in the shortwave infrared 
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(SWIR) region. The most important molecules responsible for such interactions are OH, 
present in rocks in mineral structures or as molecular water, and CO,. OH commonly 
combines with Al, Fe and Mg, so that the spectra of kaolinite, dickite, chlorite, talc, 
montmorillonite, muscovite and epidote all have absorptions related to vibrational transitions. 
CO, produces absorptions due to vibrational transitions in calcite, dolomite and other 
carbonates. Figure 2.2 shows some examples of spectra that exhibit absorptions due to 
vibrational transitions. 

In summary, the spectral reflectance properties of minerals in the 0.4 to 2.5 pm wavelength 
region are well known; they have been described in a series of papers by Hunt and co- 
workers, summarised in Hunt (1977). Table 2.1 shows the wavelength positions of the most 
important absorptions for geologists, the transitions and elements responsible for them, and 
the minerals and rocks of which these are important constituents. 

2.1.1.2 Remote measurement of reflectance spectra 

The identification of minerals using laboratory or field spectrometry is now an established 
technique. Data from airborne spectrometers, once they have been processed to reflectance 
and analysed as spectra, make possible remote mineral identification (e.g. Huntington 
et al., 1989). However, unlike laboratory spectra, remote measurements display almost 
complete absorption of EM energy by atmospheric water vapour at certain wavelengths. This 
masks important portions of the near infrared and SWIR wavelength region in remote sensing 
imagery; the unaffected region critical for the remote identification of many minerals lies 
between 2.0 and 2.5 pm. Further complications are caused by the presence of even small 
amounts of vegetation, which masks the signal from rocks and minerals and produces a 
similar spectral signal in the SWIR to some minerals. 

Unfortunately, remote mineral identification using satellite data is not possible because 
current satellite sensors measure too few spectral bands and have too coarse a spectral 
resolution. The crude spectra which can therefore be produced from satellite data such as 
Landsat TM, whilst indicating the presence of absorbing minerals, do not permit the precise 
position and shape of the mineral absorptions to be determined. For example, between 2.0 
and 2.5 pm the Landsat TM has a single band (TM7) covering the range 2.08-2.35 pm. 
Thus, whereas satellite data can be used to recognize higher than average ground 
concentrations of absorbing minerals, the data do not allow the identification of the actual 
minerals present. Consequently, few researchers have tried to analyse satellite data in a 
quantitative manner. However, despite the limited spectral resolution of the data, it is 
possible to identify broad mineral groupings: this approach offers a considerable advance 
over standard satellite interpretation techniques. 

2.1.1.3 The data measured by the TM sensor 

The TM is a scanning radiometer - a passive remote sensing instrument which records the 
Earth’s radiant EM energy, modified by the atmosphere, in seven bands, three in the visible 
(TM1-3), one in the near infrared (TM4), two in the short wave infrared (TM5 and TM7) 
and one in the thermal infrared wavelength region (TM6) (Figure 2.1). The response of the 
detectors is recorded as digital numbers (DN) in the range 0-255. Each measurement is made 
over an area on the ground 28.5 m by 28.5 m, referred to as a ‘pixel’. (In the thermal 
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Table 2.1 Some common absorption features, their causes and the minerals and lithologies 
with which they are associated (sources: Hunt (1977), CSIRO, Geoscan, Grove et al(1992)). 

Absorption (pm) 

0.4 - 0.55 

Cause Minerals Lit holog ies 

Charge Transfer, Fe Limonite Almost any 

I 11 Near 0.58 

- 
rock 

Near 0.48 Charge Transfer, Fe Goethite containing Fe 

II 

1' 
11 0.68 

particularly 
Near 0.84 Crystal Field Effect, Fe Hematite basic rocks 

Charge Transfer, Fe 

Gypsum, Quartz 
Montmorillonite 

Crystal Field Effect, Fe 

Acid rocks, 
sandstone, 
evaporites. 

which can be 
released in 

Hematite I 

Amphibole Talc 
Chlorite Epidote 

Calcite 

Goethite I solution, 

Metamorphic 
rocks, 
carbonates. 

11 0.90 - 0.92 

11 0.86 - 0.92 

Crystal Field Effect, Fe 

Crystal Field Effect, Fe 

Goethite such as 

Limonite basalt. 
dolerite and 

0.8 - 1.2 

Near 1.4 

Crystal Field Effect, Fe 

Vibrational Overtones: 

H*O 

0-H 

Olivine/P yroxene 

Quartz, Gypsum 
Montmorillonite 

Kaolinite 
Muscovite 

Basic rocks 

Acid rocks, 
sandstone, 
schist, 
evapori te, 
weathered 
rocks. 

~ ~~ 

Vibrational Overtones: 

HzO 

2.3 - 2.4 

Vibrational Overtones: 

AI-OH 

Vibrational Overtones: 

Mg-OH/Al-OH 

c - 0  

Kaolinite 
Muscovite 

Gypsum 
Montmorillonite 

Acid rocks, 
sandstone, 
schist, 
evaporites. 
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infrared the pixel size is 120 m by 120 m but this study makes no use of TM6). The sensor 
records the data as images each covering an area of 185 x 170 km, and each image is 
repeatedly acquired every 16 days. 

Before analysing the Landsat TM data in a quantitative manner, the physical nature of the 
data must be considered. In the wavelength range 0.4-2.5 pm covered by TM1-5 and TM7, 
almost all of the Earth’s radiant energy comprises solar irradiance reflected back toward the 
sensor by the Earth’s surface or by the atmosphere. The data acquired by the Landsat TM 
thus consist of two components; (i) the reflectance signal from the Earth’s surface modified 
twice by passage through the atmosphere, and (ii) the reflectance of the atmosphere itself, 
termed the additive path radiance. The sum of these two values is modified again during 
recording by gains and offsets which ensure the final measurement falls within the 
instrument’s radiometric sensitivity. This complicated verbal description of the measurement 
made at the satellite can be summarised by Figure 2.3 and the following equation: 

which rearranges to 

where 

Radiance measured at sensor at wavelength h 
Irradiance of source reaching surface at wavelength X 
Atmospheric transmittance (up) at wavelength X 
Slope and aspect based effects for the surface 
Reflectance of surface at wavelength X 
Atmospheric path radiance at wavelength X 
Gain applied at the sensor at wavelength X 
Offset applied at the sensor at wavelength X 

2.1.1.4 Approaches to image analysis 

Simple false-colour composites (FCCs) of TM data have been successfully used to analyse 
geological problems (e.g. Qari, 1989), but do not fully exploit the information contained in 
the data. Much of this information relates to albedo and is highly correlated between different 
wavelength bands. The albedo contains information on topography useful for structural 
mapping, but the discrimination and identification of different lithologies and minerals relies 
on emphasizing or retrieving the reflectance so that analysis of the mineral-specific 
absorption features can be carried out. Approaches to image analysis may be split into those 
aimed at increasing visual discrimination when the data are displayed as an image and those 
which seek to achieve identijication by retrieving the reflectance (p,,) from Equation 2.2. 

In Equation 2.2 the factor A is large and correlated between wavelengths. Discrimination is 
improved by data processing techniques which reduce this correlation. The simplest method 
is to contrast stretch the data, which in effect introduces a further gain and offset designed 
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Figure 2.3 Schematic representation of the measurement made by the TM sensor. 
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Figure 2.4 The principle behind the Regression Method for atmospheric corrections. 
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to improve on the values set at the sensor. This method can also be used to remove the 
atmospheric path radiance and the other additive components in Equation 2.2 (aAGA and Ox). 
Band ratioing reduces correlation between wavelengths by removing the factor A, which is 
constant at all wavelengths, by dividing values at one wavelength by those at another. 
Techniques such as principal components analysis aim to reduce correlation, and hence to 
increase visual discrimination, by transforming the data’s statistical distribution. They have 
proved successful at highlighting the uncorrelated information of value to geologists but the 
images are difficult to interpret in any quantitative manner. 

In the visible, near infrared and shortwave infrared regions of the spectrum, identification 
of lithologies or minerals can only be achieved if the parameter reflectance (px) is retrieved 
from the data and the spectrum of reflectance against wavelength plotted (Hunt, 1980). The 
geologically significant information often consists of subtle absorption features in the 
spectrum at particular wavelengths which may form as little as 4% of the signal (Green et 
al., 1985). The values of pA contained in the data are modified by several factors, many of 
little or no geological interest; logarithmic residuals (Green and Craig, 1985) is one technique 
which aims to retrieve pA by removing the non-geological factors (EA, tA, A and GA in 
Equation 2.2) after noise, offsets, gains, and additive path radiance have been removed. 

2.1.2 Image processing 

2.1.2.1 False colour composites 

FCCs are created by combining three spectral bands on a computer display monitor. One 
band is assigned to each of the red, green and blue colour guns of the monitor and the 
resultant colours are dictated by the relative brightness of each pixel in each of the three 
bands. This technique is helpful to the analyst since information recorded at wavelengths not 
normally perceived by the human eye (reflected infrared) can be viewed in colour 
combinations which assist the discrimination of different target materials. With some 
knowledge of spectral signatures it is possible to predict the likely identity of some of the 
materials from the resulting colours. 

From the six reflective bands of the Landsat TM sensor it is possible to form 20 different 
composites. In reality, however, there are 120 composites since the three bands can be 
assigned to the three display colours in six different ways. There are guidelines for defining 
the composite combination, and these can help reduce the number to be examined before 
selecting the most informative. For example, placing the ‘noisiest’ band on the blue channel 
can improve the appearance of the composite considerably. Also, a number of composites 
appear similar due spectral similarities between certain bands. For example, in vegetated 
terrains TM 4,5,7 and TM 4,5,3 composites look similar because of absorptions in TM7 and 
TM3 which are both characteristic of vegetation although caused by different mechanisms. 

To extract the maximum information from such a display, it is often necessary to carry out 
further processing to enhance the image. The two most common procedures are contrast 
stretching and spatial filtering. 

Many parts of the Earth have only a limited range of surface materials. This results in the 
recorded images exhibiting low contrast since the satellite sensors have to be capable of 
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recording information from all types of targets ranging from dark water bodies to bright, 
reflecting sands. The process of contrast stretching aims to increase the contrast of the data 
by distributing the recorded values across the monitor’s full display range. There are various 
ways to do this; the simplest uses a linear transformation to distribute the data so the 
minimum becomes 0 and the maximum 255. Contrast stretches can be tailored to each image 
or even specific parts of an image. 

Whereas contrast stretching is used to improve the radiometric quality of the image, spatial 
filtering is used to change the spatial characteristics. Filters can be used to remove noise 
from an image by smoothing, to detect edges (i.e. rapid changes in brightness) which may 
represent lines or boundaries of features, or to sharpen images. The latter process is 
geologically useful since linear features relating to faults and fractures are enhanced while 
the overall geological context is retained. 

2.1.2.2 Atmospheric correction 

The additive atmospheric path radiance, described in section 2.1.1.3, contains no information 
about the target and is an unwanted component in the received signal. For certain image 
processing procedures (e.g. colour compositing, filtering), its presence does not adversely 
affect the result. However, for quantitative procedures such as band ratioing or log residuals 
transformation, the atmospheric path radiance modifies the calculated values and must be 
removed. Because of its importance in these techniques, it is reviewed in some detail. 

To remove the additive atmospheric component from an image, a correction value is 
subtracted from each wavelength band of every pixel. The most rigorous procedure for 
calculating the correction values is to use meteorological data together with a model of the 
radiative transfer function of the atmosphere. To achieve this, however, meteorological 
information must be collected over the entire image at the same time as the image is 
acquired. Logistically this is usually impractical, so the values from the nearest weather 
station are used as parameters within the modelling program instead. From this information 
a single value for the atmospheric component at each wavelength can be calculated and 
removed from every pixel of that spectral band. The use of the same correction factor for 
a given wavelength across the whole image and the lack of representivity of the weather 
information limit the reliability of this technique. 

In the majority of cases, local meteorological information is not available and alternative 
methods exploiting the image data have to be used. All of these methods make various 
assumptions about the nature of the target reflectance and provide only a single correction 
factor for each wavelength. 

The simplest procedure assumes that at least one pixel within the image has zero radiance 
at the sensor in all bands, such as a pixel in a dark area over a deep, clear water body (water 
approximates to zero reflectance) or an area of dense shadow (no incident radiation to be 
reflected). In the presence of atmospheric scatter, however, the recorded value of this pixel 
at each wavelength is not zero, and the measured values are taken to be representative of the 
atmospheric scatter across the image in each band and are removed from every pixel by 
subtraction. In the Histogram Minimum Method (Chavez, 1975), the correction value at each 
wavelength is taken to be the minimum of that wavelength’s histogram, obviating the need 
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to search for the minimum value pixel explicitly. The disadvantages of this procedure are 
twofold; no account is taken of the spectral signature of the target (e.g. water does have very 
low reflectance in the infrared but reflects some energy in the visible implying that the 
minimum pixel value at shorter wavelengths is a combination of both atmospheric scattering 
and target signal); and a zero radiance pixel may not exist in the image (e.g. a scene taken 
over a flat desert). Either of these conditions will result in over-correction of the image. 

An alternative method, also proposed by Chavez (1975), uses observations from a spectrally 
homogeneous, but variably illuminated, target area such as a hill composed of a single rock 
type with shadowed and sunlit sides. When the radiance values of two spectral bands within 
this area are plotted as a scattergram (Figure 2.4), they lie on a straight line from bright to 
dark. In the absence of atmospheric path radiance, this line passes through the origin. 
Assuming that one of the bands has no atmospheric component (usually a SWIR band less 
affected by the atmosphere) any offset from the origin where the line intercepts the second 
band’s axis gives the correction factor for that band. Linear regression is used to calculate 
the offset for each spectral band against the same SWIR reference band. As with the HMM, 
this Regression Method (RM) has practical disadvantages. Firstly, it is often difficult to find 
an area in an image that is spectrally uniform but has enough illumination variation to give 
a statistically acceptable straight line fit. Secondly, all correction factors are relative to the 
reference band in which it is assumed that zero represents zero radiance. If this assumption 
is incorrect, correction factors calculated in this manner may well be under estimates. 

The Covariance Matrix Method (CMM) is a multi-dimensional extension of the RM proposed 
by Switzer, Kowalik & Lyon (1981). The basic assumptions of the CMM are similar to those 
of the RM, but instead of using individual pairs of spectral bands, the CMM calculates the 
covariance between all the bands. Again, the method is relative and requires the path 
radiance of one band to be known from other information or alternatively to be assumed. 

Crippen (1987) introduced the Regression Intersection Method (RIM) to provide absolute 
correction factors for all spectral bands without having to assume a value in one band, or 
find a non-illuminated (shadow) or non-reflective (water) pixel in the image. The method 
involves calculating regression lines for a number of areas of different, but locally uniform, 
spectral properties. The only point where these lines can intersect is at zero ground radiance 
since that is the only point at which the radiometric values of spectrally different materials 
can all be equal. The co-ordinates of this intersection represent the necessary correction 
factors. Statistical analysis can be performed on the results by choosing a number of different 
sites and calculating the intersection for pairs of sites. 

In the presence of atmospheric path radiance, a band ratio image will retain topographic 
shading. If corrections are made for the atmosphere, however, the band ratio will appear flat. 
This provides another mechanism by which correction factors can be determined. Either the 
spectral bands can be adjusted interactively until the calculated band ratio appears visually 
flat, or the variance of the ratio can be minimized. In the Minimum Ratio Variance (MRV) 
method (Wang & Nunez, 1992), an objective function, which depends on the correction 
factor in each band and is proportional to the variance of the ratio, is minimized. Again, data 
must be selected from a spectrally uniform, but topographically variable, area. Furthermore, 
the path radiance for one band must be estimated using, for example, the HMM. 
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In summary, there exist various methods of estimating atmospheric path radiance using only 
the recorded image data. All make assumptions or require specific conditions to be met by 
the image which at times are difficult to achieve. For example, in a semi-arid desert area 
there may neither be a water body nor enough topographic shadowing to satisfy the dark 
object assumption. Furthermore, it can be difficult to identify areas which are unequivocally 
spectrally uniform. The choice of method currently depends on the characteristics of the 
study area, and research aimed at finding a solution of the general case continues. 

Switzer et al. (1981) provide comparisons of the values calculated from some of the methods. 
The CMM and RM give similar results but those from the HMM, either on small local areas 
or the scene as a whole, are considerably different, suggesting that the data would be over- 
corrected if this method had to be used. The significance of small errors in the correction 
factor has not been reported but will be greater in areas of low signal. 

2.1.2.3 Band ratios 

As described in section 2.1.1.3, the signal received by the sensor comprises a number of 
different components, the largest of which is shadowing caused by topography. Although 
shadows help to emphasise structural features, they can confuse the discrimination of rock 
units. Assuming that the topographic component in Equation 2.2 is independent of 
wavelength and that the atmospheric path radiance has been corrected, shadowing can be 
removed by dividing the radiance in one band by that in another. If performed correctly, the 
resulting ratio image will appear visually flat with no perceivable topographic features. 

The computational procedure for band ratioing is one of simple arithmetic. The ratio is 
formed by dividing the value in one spectral band by the value in another, pixel by pixel 
across the entire image. In principle, the calculated ratios can range from zero to infinity but 
in practice the maximum is seldom above five due to the spectral characteristics of typical 
surface materials. To be displayed the ratio values have to be re-scaled to the range 0 to 255. 
Ratio images emphasize spectral differences between the selected bands, and so can be used 
to help locate specific materials. For example, a high ratio between TM5 and TM7 indicates 
strong absorption in the shortwave infrared which is commonly related to the presence of the 
hydroxyl ion in clay minerals and may be associated with hydrothermal alteration. Other 
useful ratios include TM3/TM1, which responds to absorption due to iron minerals, and 
TM4/TM3, which can be used to map vegetation health or density. 

There are some drawbacks to ratio images. Firstly, they can be difficult to relate to a map 
since topographic shadowing is removed. Secondly, any random noise within the original 
data is enhanced in the ratios and leads to anomalous values which may affect the re-scaling 
of the ratio for display or be misinterpreted as geologically significant. This is particularly 
apparent when brightness in the band used as the denominator drops to low levels. Various 
schemes have been proposed to limit this effect but in reality they are only cosmetic. Finally, 
ratio values are only determined by relative, not absolute, brightness values; albedo 
differences between different surface types are reduced or eliminated. Thus, rocks of quite 
different albedo can appear similar in a ratio image. For example, a basalt will appear dark 
in the individual spectral bands and easily distinguishable from a bright marl. However, the 
ratio value for the basalt and marl may be similar due to the degree of absorption. 
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Displays which allow very good discrimination of different surface materials can be created 
by forming colour composites using three separate ratio images. The difficulty is deciding 
which three ratios to combine. A total of 15 ratios can be formed from the six reflective TM 
bands, and from these 455 three-ratio composites are possible. Clearly, it is impractical to 
select the most informative composite by viewing all of the possible combinations. Some 
methods of statistically ranking the degree of discrimination in each possible ratio 
combination have been reported (e.g. Chavez, Berlin & Sowers, 1982), but generally ratios 
are chosen from a knowledge of spectral signatures. 

To overcome the loss of the topographic information used to relate the image to a map, a 
hybrid colour ratio composite can be created in which two ratio images are combined with 
a single spectral band. Although this appears to negate the reason for calculating ratios, 
careful selection and balancing of the spectral band can provide an image retaining much of 
the ratio information and enough topographic detail to provide a geographic reference. 

2.1.2.4 Principal components transformation 

Adjacent wavelength bands of multispectral image data are often highly correlated and will 
therefore appear visually similar. Consequently, using three highly correlated spectral bands 
to form a FCC will produce a display with little improvement over a single band image since 
most of the information is duplicated. Principal components (PC) analysis attempts to remove 
or reduce the correlation between multispectral data, and hence the redundancy in the 
information. 

PC transformation is most conveniently described in a two-band example, depicted in 
Figure 2.5. If the data in two bands are correlated to any degree they will lie close to a 
straight line in a scattergram of the two image bands. The amount of variation in any one 
band can be increased by establishing new axes, along and perpendicular to the correlation 
line. Note that almost all the variation in both the original bands is now described by the first 
of these new axes, a new band of data referred to as PC1. The rotation and shift required 
to position the new axes can be determined from the variance-covariance or correlation 
matrices (e.g. Davis 1973, Mather, 1976). It is not necessary to correct the data for 
atmospheric scattering so that the line of correlation passes through the origin of the 
scattergram, since the new axes are determined by the orientation of the line and not its 
position. This concept can be extended to n-dimensions, where n is the number of spectral 
bands, resulting in the computation of n principal components, none of which is correlated 
with any of the others, containing decreasing amounts of the variability of the original image. 

Image analysis can be helped by PC transformation in two ways. Firstly, it can be used as 
a data compression technique. Instead of having to choose three spectral bands from six, 
most of the data variation will be contained in the first four principal components thus 
making it easier to create a useful colour composite. As the first component is 
mathematically similar to an albedo image, i.e. one containing the major topographic 
component in the signal, PCs 2, 3, 4 often form an informative FCC image since they 
express the spectral part of the signal. Secondly, the PC transformation tends to increase the 
separation between clusters of data making the resulting colour composite highly 
discriminating. 
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The PC transformation also has disadvantages. Firstly, it can be difficult to relate the 
different colours to a physical absorption phenomenon since each component is a weighted 
sum of the input spectral bands. For the lower order components, examination of the 
weighting factors can suggest which physical material is responsible for variation in that 
component, but generally this is not the case. Secondly, the PC transformation is scene- 
dependent since the shift and rotations of the axes for a given image are determined from that 
image's statistics. The practical consequence of this is that a rock unit represented by a 
particular colour in a PC 2-3-4 FCC from one scene cannot necessarily be identified by 
locating the same colour in the same PC 2-3-4 FCC of the another scene, even one 
immediately adjacent to the first. Indeed, that colour may represent a totally different rock 
in the second scene. 

2.1.2.5 Logarithmic residuals 

The logarithmic residuals (or log residuals) technique converts radiance data to values 
approximating reflectance, and was originally designed to be used with high resolution 
imaging spectrometer data (sensor data comprising numerous, narrow spectral channels). 
Data of this type have sufficient spectral resolution to be used to remotely identify the 
composition of the ground surface. Where exposure is good, this allows mineral identification 
through comparisons with laboratory reflectance spectra of known minerals. 

Many other techniques which attempt to convert radiance data to reflectance rely on the 
remotely sensed data being normalised to ground-based reflectance measurements of known 
bright and dark target materials. The extensive field work required, ideally at the time of 
data acquisition, removes a major advantage of remote sensing: reduced reliance on fieldwork 
in remote places. It also precludes processing of the data before fieldwork begins, removing 
the advantage of being able to take reflectance-converted imagery into the field. By contrast, 
the logarithmic residuals technique relies solely on information contained in the data 
themselves. 

The logarithmic residual technique, set out in detail by Green and Craig (1985), is best 
explained by describing the measurement made at the sensor using an equation. Using the 
same notation as in Equation 2.2 and assuming that the atmospheric path radiance has been 
removed as previously described, the measurement at the sensor can be represented as: 

Assuming the irradiance of the source (Eh), the transmittance of the atmosphere (tJ and the 
instrument gain (Gh) are constant for all pixels in the scene, only the slope and aspect (A) 
and reflectance (ph) vary for each pixel. For a single pixel i Equation 2.3 becomes: 

(2.4) 

If the remaining multiplicative effects can be removed at each wavelength, the surface 
reflectance piA, can be derived from the measured radiance X,. For this to be possible, the 
factors EA, t A ,  Ai and GA must be found from the data themselves as they are unknowns. The 
log residuals technique attempts this by the calculation of two geometric means for the scene 
in question. These are a mean over all wavelengths for each pixel (spectral mean) and a 
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mean over all pixels at each wavelength (spatial mean). The spectral mean is calculated in 
order to remove the slope and aspect effects which vary spatially but are constant for each 
wavelength of the same pixel. The spatial mean is calculated in order to remove the spatially 
independent illumination, atmospheric transmittance and instrument gain effects which vary 
only with wavelength. The spectral mean for pixel i derived from Equation 2.4 is: 

where 

. = the geometric mean over all wavelengths (other symbols as previously explained). 

Division of Equation 2.4 by Equation 2.5 gives: 

The slope and aspect related factor Ai is the same in both Equations 2.4 and 2.5 and has been 
removed by division, resulting in a flat image just as in band ratioing. 

Using the same notation for the geometric mean over all pixels, the spatial mean of 
Equation 2.6 is: 

Division of Equation 2.6 by Equation 2.7 gives 

where 

LR,, = the logarithmic residual at wavelength h for pixel i 

In this second step, the gain, irradiance of the source and atmospheric transmittance factors 
are the same in both Equations 2.6 and 2.7 and can thus be removed by division. Only 
reflectance terms remain. LRs do not represent purely the reflectance of pixels at one 
wavelength (pi,), since they retain contributions from mean reflectances for the whole scene 
at all wavelengths (p..), sample i at all wavelengths (pi.), and wavelength X for all samples 
(p.,). If the term ‘p.J(pi.p.,)’ approximates to 1 , however, the logarithmic residual value will 
approximate to the reflectance pi, as desired. The further the mean spectra depart from this 
ideal, the further will LR,, deviate from the actual reflectance. If care is taken when 
collecting statistics for the LR calculation to avoid obvious anomalies such as clouds and to 
include a full range of scene components, then the residuals will closely approximate to 
reflectance. For computational ease the geometric means are computed from arithmetic means 
of logarithms, hence the term logarithmic residuals. 

Like PCs, LR data consist of real values; these can be analysed as pixel spectra, with the LR 
values plotted at the correct wavelength positions. Such LR spectra can be compared to the 
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spectra of pure minerals measured in the laboratory, and characteristic spectral signatures can 
be used to identify the dominant minerals in a pixel. For display purposes, selected log 
residual bands may be combined in a FCC (after scaling to byte values in the normal 
manner). Since correlated information such as topographic variation has been removed and 
only reflectance remains, such images commonly allow a similar level of discrimination to 
PC images. 

2.1.3 Image interrogation 

Section 2.1.2.5 described the conversion of remotely sensed data to values approximating 
reflectance using the logarithmic residuals technique. As noted, these converted data provide 
highly discriminating FCCs and can be interpreted in conventional ways by visual inspection. 
However, the real advantage of the log residuals data is that they closely approximate to 
reflectance, a physical property of rocks and minerals which varies in a predictable fashion 
with wavelength and which can be accurately measured in a laboratory. 

Although the log residuals technique was originally designed to be used with hyperspectral 
data, there is no reason why it cannot be used with broadband satellite data such as Landsat 
TM. In this case, however, the resulting reflectance curve will be a very crude 
approximation of a true spectrum, referred to here as a'pseudospectrum'. In the case of a TM 
pseudospectrum, this will consist of values for each of the six reflective bands. As an 
alternative to simple visual image interpretation, each pixel of an image may be analysed 
spectrally in terms of the six log residual values by comparing pseudospectra for pixels in 
the image with known mineral spectra sampled over the same wavelengths. Most 
conventional image analysis systems do not have the tools to carry out this type of spectral 
analysis, but specialist software is available. In the present study, a system called T-Spectra 
was purchased to undertake this analysis. 

2.1.3.1 Description of T-Spectra software 

T-Spectra is a spectral analysis software package which runs on IBM-compatible PCs under 
DOS. It allows any type of satellite or airborne radiance data to be read in and supports most 
data formats. The user has access to a limited number of standard image processing 
techniques; the display of a single band as a 16 grey-level black-and-white image; calculation 
and display of image statistics and scattergrams; contrast stretching; band ratioing; and edge- 
enhancement. The package can be used to analyse data already converted to reflectance, or 
to carry out the conversion of radiance data to reflectance values using logarithmic residuals 
or another similar technique. 

Using T-Spectra, it is also possible to read in field or laboratory reflectance spectra, display 
them, resample them to the resolution of a particular sensor, and perform mathematical 
operations on them. The real strength of the software, however, is the ability to analyse 
image data in spectral terms. The user displays a single band image of LR data for reference 
(usually one in which a key mineral displays strong absorption) and is then able to plot the 
LR spectrum for any selected pixel location (Figure 2.6). This image spectrum can be 
compared with spectra from other locations in the image and with library spectra measured 
in the laboratory or field. Each spectrum can be saved for future reference so that, as 
analysis proceeds, it is possible to build libraries of image spectra; when a new image is 
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analysed, its spectra can also be compared to those from previous images, which may even 
have been acquired by different sensors. 

Several spectral libraries were set up within T-Spectra for this project. In addition to libraries 
containing the spectra measured for all the field samples and for some typical rock samples 
from around the world (see section 2.2.2.2), two existing spectral libraries in the public 
domain were used. The first is a library containing the reflectance spectra of 160 common 
minerals, measured by Grove et al. (1992) and hereafter referred to as MINLIB. Subsequent 
work using these spectra resulted in two further libraries which are fully described in section 
2.3.3. The second imported library, VEGLIB, was provided by the NERC Equipment Pool 
for Field Spectroscopy and contains the reflectance spectra of 26 typical vegetation types. 
This library was mainly used to assess vegetation cover in the less arid test sites in Namibia. 
The Appendix lists all spectral libraries in full. 

2.1.3.2 The application of T-Spectra to TM analysis 

Laboratory and aircraft spectrometers enable a full reflectance spectrum to be recorded from 
which the composition of a sample can be determined. By contrast, the Landsat TM sensor 
measures the reflectance of the Earth’s surface in just 6 broad wavelength bands, from which 
only crude 6-band pseudospectra can be produced. Despite the limitations of these data, the 
simultaneous analysis of 6 bands is an advance over the visual interpretation of 3-band 
composite images. The approach has the potential to allow much better discrimination of 
minerals and lithologies exposed at the surface. Indeed, with some ground verification and 
experience gained from the interrogation of previous images, work in this project has shown 
that it is possible to begin to identify broad mineral groupings from the characteristic shapes 
of the TM pseudospectra associated with them. 

A logical approach to the spectral analysis of TM data is to extrapolate from the known to 
the unknown within the image under study. In this project, sites of known mineralogy, such 
as mines, were ‘inspected’ using T-Spectra to see if they had a consistent pseudospectrum. 
This was done by displaying the pseudospectrum of a single pixel, or the average of a group 
of pixels, positioned at the cursor. Once the characteristic pseudospectrum for a 
location/mineral within the image was identified, it was stored and other locations where 
known minerals occur analysed in a similar way. This process resulted in characteristic 
pseudospectra for different minerals/rocks of the image. Having done this, analysis was 
extended to unknown parts of the image. Areas of interest included regions previously 
identified as prospective by conventional image interpretation techniques. Pseudospectra 
typical of these new areas were collected as before and compared with the stored 
pseudospectra. Where they matched those from one of the known sites, the new area could 
be provisionally identified. 

If the conversion of the TM data to reflectance values is accurate, the image spectra may also 
be compared to laboratory or field spectra resampled to TM’s wavelength bands, so that 
information relating to the site’s mineralogy can be extracted. Even in situations where 
calibration of the TM data has been less successful, any error in the conversion to reflectance 
affects all pixels equally; although in this case comparisons to library spectra are difficult, 
the pseudospectra within one lithology remain internally consistent and the approach based 
on extrapolation from known to unknown image spectra can still be used. Using either of 
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these approaches, or both in combination, many parts of an image can be provisionally 
classified. 

Following this approach, subsequent field studies are more focused because they are targeted 
on the most prospective sites and performed with advance knowledge about the minerals and 
lithologies expected to be found. As more scenes are analysed and pseudospectra typical of 
particular lithologies and environments are stored in image spectra libraries, an increasing 
percentage of each new image will be amenable to analysis using T-Spectra. Ultimately, it 
may be possible to perform an automatic classification of a new image, either using standard 
classification techniques applied to the log residuals data or by the application of an expert 
system. 

2.2 Laboratory analysis 

2.2.1 Introduction 

The spectral analysis of TM data requires a knowledge of the spectral responses of ground 
materials. This understanding can be gained from studying samples in the laboratory or field 
using a high resolution spectroradiometer. The several publications of Hunt and co-workers 
cover in great detail the subject of laboratory spectral measurements for various groups and 
families of minerals. Building on this, researchers have accumulated comprehensive spectral 
reference libraries of naturally occurring minerals (e.g. Grove et al., 1992). This information 
has been used mainly for interpreting high spectral resolution imagery, in particular airborne 
imaging spectrometry data, but can equally be applied to the study of TM data. 

Although this spectral library data is helpful, the response from ground pixels corresponds 
only approximately with the pure mineral spectra recorded in the laboratory. This is because 
the ground composition within the area of one pixel (30 m x 30 m for Landsat TM) is a 
complex mixture of materials including green and dry vegetation, lichen, soil, weathered 
rocks and minerals, all modified by surface processes which create variations in texture and 
shadowing. Even where significant amounts of a pure mineral occur it represents only one 
component among several materials comprising the pixel. Thus, its remote sensing signal is 
likely to differ significantly from the pure laboratory spectrum. A second problem relates to 
the reflectance calibration of the remotely sensed data; as described above, the radiance value 
recorded by the sensor is significantly modified by atmospheric effects and by topographic 
shadowing. Where these are not entirely corrected for, residual errors occur in the pixel 
spectra that are not present in the laboratory measurements. In particular, there are a number 
of atmospheric absorption bands where the remotely sensed signal cannot be utilised at all. 

In order to obtain better laboratory correlation, samples of ground materials - many impure 
but to some extent representative of the actual surface - were collected during fieldwork for 
subsequent laboratory spectral measurement. Samples representing both the minerals sought 
and composites approximating to the average surface composition in the area were collected. 
Despite these efforts, such samples seldom represent the true average ground composition 
since they ignore the components which vary at a larger scale than the sampling, such as 
outcrop, vegetation and shadow. However, they are closer to the target response than pure 
mineral spectra and can be used as a first approximation to evaluate the imagery. 
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2.2.2 Laboratory spectral analysis 

For each of the study areas, lithologies were sampled so that the spectral variations seen in 
the imagery could be investigated. The sampling was biased toward those materials causing 
TM7 absorption, these being likely to contain the minerals of interest to this study. 

2.2.2.1 Sample measurement 

The aim of the laboratory spectral analysis was to produce absolute reflectance spectra for 
each sample over the wavelength range of the TM sensor. The samples were measured using 
a GER Mk IV IRIS spectroradiometer from the Natural Environment Research Council’s 
Equipment Pool for Field Spectroscopy. The use of this instrument is described in Milton and 
Rollin (1987). The procedure was as follows. Each sample was placed on a measuring tray 
directly below the IRIS sensor with the sample filling one half of the instrument’s field of 
view. The sample was illuminated using a loOOW Tungsten-Halogen lamp. The IRIS 
measures the energy reflected from the sample’s surface at 965 wavelength positions between 
0.4 and 2.5 pm, simultaneously measuring the reflectance of a spectrallon reference plate 
filling the other half of the field of view. The spectrallon plate’s reflectance is accurately 
known and is close to 100 % across the wavelength range under study. The digital data 
resulting from each measurement were stored on a PC running software provided with the 
instrument. 

For a given locality the sample taken and spectra measured depend on the nature and mix of 
the materials present. Where possible, the fresh rock surface, the weathered surface and the 
typical surface cover or soil were measured so that the fresh rock could be related to its 
weathering products. In naming the spectra, the following convention was used: 

letterhmber = locality number 
f = fresh surface 
W = weathered surface 
a, b, s, etc - soil - 

2.2.2.2 Data pre-processing, reduction and analysis 

Before analysis of the measured data could begin, several pre-processing steps were 
necessary. The sample and spectrallon plate measurements were each corrected for the 
instrument’s gain and dark current settings; the sample’s reflectance measurements were 
divided by those of the plate to produce reflectance relative to spectrallon; various instrument 
corrections were applied; and finally, the relative reflectance measurements were converted 
to absolute reflectance using the known reflectance of the spectrallon plate. Several 
measurements of each sample were made to ensure a representative result, and averaged. 

The resulting spectra can be analysed in a limited way using the software provided with the 
IRIS instrument. More sophisticated analysis, including the comparison of the measured 
spectra with existing mineral spectra and image data is best performed using T-Spectra or 
other similar software. The use of T-Spectra was described in section 2.1.3. For this project, 
spectral libraries containing the absolute reflectance spectra of the field samples were set up 
in T-Spectra called EGYPT and NAMIBIA. In addition, a library of typical rock spectra, 
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ROCKLIB, was created from measurements of rock samples from various BGS collections. 
The analysis of particular spectra is described in the relevant sections of Chapter 3 (Egypt) 
and Chapter 4 (Namibia). 

2.2.3 X-Ray diffraction analysis 

X-ray diffraction (Zussman 1967) is a determinative mineralogical technique carried out on 
a ground sample of a material usually smeared onto a glass slide from a slurry prepared in 
acetone. XRD had two main purposes in the present study: first, the identification of the 
minerals present to validate identifications made through laboratory spectral analyses, and 
second the semi-quantitative estimation of the proportions of different compounds. Mineral 
identification is achieved by comparing the positions and relative intensities of atomic 
diffraction peaks against reference data. It is a well-established and reliable analytical 
technique except where very small quantities of a mineral are concerned. The estimation of 
mixtures is more difficult and depends on comparing the relative intensities of diffraction of 
the constituent materials present. At best it is an approximate method. 

XRD analysis of clay minerals involves additional difficulties since clays are less perfectly 
crystallized, platy, extremely fine grained and have a variable content of inter-layer water 
molecules. Thus, diffraction peaks are broader, intensities are lower and there are fewer 
measurable diffractions. 

In this study, selected samples from several field areas were measured in various 
laboratories. Samples from Sinai and El Fayum in Egypt were measured at the BGS; XRD 
analyses were carried out on crushed and ground portions of 35 samples using a Phillips 
PW1700 series automatic diffractometer (Prior, 1992). In addition, 5 samples from Sinai and 
18 samples from the Cairo-Suez field area were measured in Egypt by colleagues in the 
Egyptian Geological Survey using the same type of diffractometer (Razek, 1993; El- 
Saiy et al.,  1993). Samples from Namibia were measured in Namibia by Dr G Schneider at 
the Geological Survey. In each case, the results were reported in the form of a table listing 
major, minor and trace minerals for each sample. They are discussed in the sections of the 
report dealing with the relevant field area. 

2.2.4 Discussion 

The two methods of laboratory analysis differ in several respects. XRD analyses are carried 
out on powders formed by crushing the field sample in a pestle and mortar and so relate to 
the bulk mineralogy of the whole rock. In contrast, laboratory spectral measurements are 
usually made over the surface of the undisturbed field sample and thus reveal the surface 
mineralogy. Moreover, samples are chosen to provide surface materials as close as possible 
to those seen by the TM sensor. Consequently, the IRIS reflectance measurements are 
normally of the weathered surface and are biased toward secondary minerals, whereas XRD 
analyses are of the primary mineralogy. 

Each technique provides useful information. Since the XRD analyses relate to the bulk 
mineralogy and are semi-quantitative, they are better suited to the assessment of the rocks’ 
industrial utility and economic value. On the other hand, the IRIS analyses are a closer 
analogy to the TM data, representing a similar type of measurement on the exposed surface; 
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they provide the link between the remote sensing observations and the actual mineralogy of 
a sample, without which the significance of the occurrences identified using the TM data 
could not be evaluated. 

2.3 Theoretical study of TM’s spectral capabilities 

2.3.1 Background 

In order to assess the degree to which other minerals might be expected to be differentiated, 
or identified, using TM data, a theoretical study was undertaken. This involved reducing the 
high resolution laboratory reflectance spectra for various minerals to TM’s 6 wavebands and 
assessing which minerals retained distinctive or distinguishable spectra. The data were also 
resampled to the resolution of a newer satellite sensor, the Japanese Earth Resource Satellite 
1 (JERS-1). This sensor has 8 bands comprising equivalents of TM2, TM3, TM4 (2 bands 
to give stereo), TM5, and 3 bands covering the wavelength range of Landsat’s single band 
TM7. Resampling therefore results in 7 band pseudospectra (omitting the stereo band) which 
offer the potential for increased discrimination amongst clay, sulphate and carbonate minerals 
mainly due to the increased resolution in the SWIR wavelength region. 

2.3.2 Resampling software 

The T-Spectra software can be used to resample laboratory or field reflectance spectra to the 
resolution of another sensor, but the calculation is not performed rigorously; the software 
merely takes the full-resolution reflectance value at the central position of each TM band, 
resulting in a 6 band pseudospectrum. The rigorous procedure is more complicated, and 
involves multiplying the values from the full-resolution spectrum by the sensor’s detector 
response function across the wavelength range of each TM band, resulting in a single value 
for that band. The six values calculated in this way are equivalent to those the TM sensor 
would measure on the sample if used in the laboratory. This is important for broad bands 
such as TM7, which covers a wavelength region containing several mineral absorption 
features at different wavelength positions; merely taking the value at the centre wavelength 
of TM7 (as T-Spectra does) is clearly inadequate. This effect is seen in Figure 2.7, which 
depicts laboratory reflectance spectra for two minerals and their equivalent pseudospectra 
created using the simplistic and the rigorous approaches to resampling. 

To achieve the correct resampling procedure, new software called SPECTCNV was written 
in the Turbo C computer language to run on a PC. The executable version is simple to 
implement, runs under DOS on any IBM-compatible PC, and produces pseudospectra which 
can be viewed using T-Spectra without modification. Individual spectra are converted using 
the routine JUSTDOIT, while groups of spectra contained in a list file can be converted using 
a batch routine, DOITALL. Spectra measured using the two most common laboratory 
spectrometers, the GER Mk IV IRIS (used in this project) and the Beckman (widely used in 
the USA), can be converted to reduced resolution spectra for any sensor for which the 
response functions of the bands are held. In this study this information was provided for both 
Landsat TM and JERS-1 by the NERC Equipment Pool for Field Spectroscopy. 
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2.3.3 The spectra studied 

In assessing the spectral capabilities of Landsat TM, it is necessary to rationalise the list of 
possible minerals for consideration. Even the inclusion of all 160 minerals for which 
reflectance spectra are available in ROCKLIB presents an enormous task. For practical 
reasons it was decided to restrict the study mainly to minerals of industrial significance and 
to sedimentary rocks associated with them. Although all the minerals in ROCKLIB were 
resampled to the resolutions of both TM (stored in TMLIB) and JERS-1 (stored in 
JERSLIB), only the following minerals were selected for the study: 

Oxides: 
Hydroxides: 
Sulphates: 
Clay minerals: 
Carbonates: 
Other non-silicates: 
Micas: 
Other silicates: 

corundum, hematite, magnetite, rutile 
brucite, gibbsite, goethite 
anhydrite, barite, gypsum 
illi te, kaolini te, mon tmorilloni te 
calcite, dolomite, siderite, trona 
apatite, halite, graphite 
biotite, muscovite 
quartz (crystal), quartz (sand), quartz (chert), albite, orthoclase 

2.3.4 Results 

Resampled TM pseudospectra for the above minerals are shown in Figure 2.8. It is 
immediately apparent that the majority of the detailed spectral information contained in the 
laboratory reflectance data has been lost and only simple curves remain. Despite this, many 
of these curves have distinctive shapes which suggest that some minerals may still be 
identifiable (e.g. siderite, brucite). Further study of the pseudospectra indicates that they can 
be placed in six groups each having a similar general form. These are: (1) flat pseudospectra, 
(2) pseudospectra with a general TM1 absorption; (3) more complex pseudospectra with TM1 
absorption; (4) pseudospectra with a general TM7 absorption; (5) pseudospectra with both 
TM1 and TM7 absorption; and (6) complex spectra different from those of groups 1-5. These 
groups are shown in Figure 2.9. 

Although mineral identification with data at the resolution of TM in this geological 
environment is rarely possible, the curve shapes allow the range of possible minerals for a 
given pseudospectrum to be greatly reduced. For example, a flat bright spectrum is likely 
to be either barite, halite, crystalline quartz or orthoclase feldspar. Similarly, a flat dark 
spectrum is likely to be magnetite or graphite. Figure 2.9 shows that it should be possible 
to discriminate between several minerals which cause TM7 absorption using pseudospectra. 
Gypsum has a quite different curve shape to kaolinite and calcite, while brucite has a 
distinctive peak in TM3. Further discrimination may be possible based on the depth of the 
TM7 absorption; the curve for kaolinite is steeper from TM5 to TM7 than that of calcite. 
Similar distinctions can be made for minerals causing absorption in the visible and near 
infrared wavelengths. For example, the Fe-bearing minerals hematite, goethite, siderite and 
biotite all show similar absorption in the visible wavelengths but the detail of their curve 
shape in TM1-4 allows them to be separated from each other. 

Figure 2.10 shows JERS resolution pseudospectra for the minerals hematite, goethite, calcite, 
kaolinite and montmorillonite. The reduced resolution in the visible, with no JERS-1 band 
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equivalent to TM1, makes it more difficult to separate hematite and goethite. Conversely, 
the improved resolution in the SWIR has a dramatic impact on the ability to separate those 
minerals causing TM7 absorption; montmorillonite has a stronger absorption in JERS band 
6 ,  kaolinite shows a distinctive feature in JERS band 7 and the main absorption of calcite is 
in JERS band 8. These three minerals are difficult to separate at the spectral resolution of 
the TM, as seen in Figure 2.9. 

2.3.5 Discussion: practical implications 

The theoretical study has demonstrated the extent to which mineral 
discriminationhdentification might be expected using TM or JERS data in a sedimentary 
geological environment. However in practice, there are other factors to consider. For 
example, the study considered the spectra of pure minerals, whereas at the 30 m spatial 
resolution of TM data, few pixels comprise a single pure mineral. Most will be complex 
mixtures of soil and rock, and will consist of several minerals producing a mixed spectral 
response. Moreover, the study assumes there is complete exposure of rocks and residual 
soils, but in practice, as the aridity of an area decreases so the vegetation increases, adding 
its own spectral response to the combined reflectance signal. Unmixing algorithms aimed at 
identifying the constituent minerals in each pixel are being developed for both high spectral 
resolution data (e.g. Ben-Dor et al., 1994) and TM data (e.g. Bierwith, 1990), but they are 
beyond the scope of the present study. At higher vegetation densities, unmixing becomes 
more difficult as the mineralogical component of the signal becomes weaker and weaker. 

The JERS sensor, although clearly providing better discrimination between clay, carbonate 
and sulphate minerals, has encountered several problems since the launch. Firstly, the 
important SWIR wavelength region displays varying amounts of noise, and complex 
procedures must be used to clean the data before processing can begin, thus making it 
difficult to use compared to TM. Nevertheless, the data can be cleaned and useful results 
achieved (Denniss et al . ,  1993). The second problem is that the sensor was only fully 
operational for the first 18 months of its life, after which the SWIR sensors stopped 
operating. Images of many parts of the world were collected during this initial period and 
can be purchased at minimal cost, but only the launch of JERS-2 will make the regular use 
of this data a practical proposition. 
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3. ARID TEST SITE: EGYPT 

Svnousis: This chapter gives a full and detailed account of work carried out 
in arid sites in Egypt. It provides descriptions ofi the geology and industrial 
minemls of the study areas, image processing techniques, data 
interpretation, spectml analysis approaches, laboratory studies, and field 
correlation. Examples of the processed imagery are provided, with 
explanations. m e  information is technical and will be mainly of interest to 
remote sensing geologists and image analysts wishing to understand fully the 
advantages and limitations of the methods, and to implement the techniques 
for  themselves. Other readers may find interest in the geneml descriptions 
of the geology, examples of the data, and sections summarising the main 
conclusions. 

3.1 Introduction 

The arid test site of north east Egypt lies between 29" and 30" North and 30" to 33" 30' 
East. The region is characterised by a warm and almost rainless climate with air temperature 
rising to 40" in summer and falling to below 10" in winter. Parts of northern Egypt, 
especially the Mediterranean littoral zone and the high relief areas of western Sinai, have a 
slightly higher rainfall than the 10 mm/year national average, but still only receive about 
20 mm/year. The greater part of the area outside the Nile Valley is thus barren desert. 

From a geomorphological perspective, the River Nile divides the region into two distinctive 
sectors (Figure 3.1). The area to the east of Cairo is a broad dissected plateau, whereas that 
to the west consists of a series of unconnected depressions flanked by ridges and mesa- 
plateaux of moderate relief. East of the Gulf of Suez, the Sinai area is a rugged hilly to 
mountainous terrain ranging from 1600 m on Gebel El Tih to 400 m in the coastal hill range. 
The strong relief is the consequence of a complex geological history of extensional and 
epeirogenic activity dating from the Mesozoic to the Tertiary. 

The Egypt study was conducted at three separate sites: Sinai, El Fayum and Cairo-Suez. 
Their locations are shown on the regional geological map (Figure 3.2). The geology of 
western Sinai is more diverse than the other two sub-areas and spans the Proterozoic- 
Mesozoic-Tertiary eras. The basement rocks in south Sinai host small base metal deposits 
while the Palaeozoic sediments are worked for manganese, chrome and titanium sands. The 
Mesozoic and Tertiary sedimentary sequences are best known for their hydrocarbon reserves, 
although clays and gypsum deposits are exploited locally on a more modest scale. The Cairo- 
Suez plateau, comprising Upper Cretaceous and Tertiary marls, clays, limestones and local 
volcanics, is the single most important district in Egypt for the extraction of industrial 
minerals such as clays, aggregates, limestone and crushed dolerite. The Tertiary marls and 
clays of the foothills of the El Fayum escarpment are a potentially important site for clay 
mineral extraction, but this activity is not yet fully developed. 

The field programme was supported throughout by EGSMA who provided vehicles and 
drivers, and whose geologists collaborated in the work. 
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Q = Quaternary wadi deposits, Qn = Nile Valley and Delta silts, Qd = sand dunes, 
Tpl = Pliocene gravels, Tm = Miocene clastics, gypsum, limestone, clays, marls, 
To = Oligocene, basalt, dolerite sills and dykes, sands, gravels, clay beds (Gebel Ahmar and 
Anqabia Formations), sandstone, clay/marl interbeds (Gebel Qatrani Formation), 
Te = Eocene; sandy and white limestones, marls, clays (Maadi and Giushi Formations), 
clays and marly limestones, sandstone beds (Qasr El Sagha Formation), sandy limestone and 
clay beds (Birqet Qarun Formation), yellow white limestone (Wadi Rayan and Mokattam 
Formations, El Tih Limestone formation), 
Tp = Paleocene (Sudr Chalk Formation), K = Cretaceous, sandstone, clay and marly 
carbonate, J = Jurassic sandstone and limestone, Pzii = Upper Paleozoic clastics, 
C = Carboniferous, sandstone, clay, mar1 and dolomite, 
gy, go = Late Precambrian granites with enclaves of gneiss (gn) and schist (ins). 

Figure 3.2 Geological map of north Egypt showing occurrences of industrial minerals in the 
three study sites. Kaolinite beds (m), gypsum (A), brick clays (U), aggregate (0). Based on 
Geological Map of Egypt, scale 1: 2,000,000. EGSMA, Cairo. 
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3.2 Sinai 

3.2.1 Geology and setting 

The western margin of the Sinai Peninsula is dominated by the high plateau of El Tih built 
from almost horizontal strata of Tertiary and Cretaceous ages (Figure 3.2). The plateau 
escarpment is bounded by major faults to the south west in the Abu Zenima area. These 
faults have dissected the area into several steeply-inclined en khelon cuesta blocks which 
display lithological detail; these are drained by numerous deep wadis which locally expose 
the Precambrian basement rocks. The less-faulted western sector is made up of broad low 
mesa-type tablelands underlain by Tertiary strata. The natural association of tilted fault 
blocks and dissected mesa plateaux, and the lack of vegetation, render this an ideal sub-area 
for geological remote sensing. 

The geology of western Sinai is summarised below. 

TERTIARY 

CRETACEOUS 

JURASSIC 
-CRETACEOUS 

CARBONIFEROUS 

C AMBRIAN 
-CARBONIFEROUS 

LATE PRECAMBRIAN 

Pliocene Scree deposits 
Miocene Clastics, gypsum, carbonate 
Oligocene 
Eocene El Tih limestone Formation 
Palaeocene Sudr Chalk Formation 

Basalt, dolerite dykes and sills, clastics 

Unconformity 

Upper Carbonate, marls 
Upper Nubia sandstone 
Middle Clastics 
Lower Clastics with minor clay bands 

Argillaceous sandstones with minor 
limestones 

Um Bogma Formation: clastics with 
clays, mark and dolomites 

Undifferentiated clastics 

Arabian-Nubian Shield: granite with 
gneiss/schist xenoliths 

The west central region of Sinai was selected as the primary study area based on mineral 
Occurrence information given in the EGSMA Clay Package (Qusa, 1986) and the non-metallic 
mineral location map of Egypt (EGSMA, 1980a). The study area is centred on the coastal 
town of Abu Zenima, contains small-scale industrial mineral mines (manganese, clays), and 
is the focal point for all access roads servicing the mining and small settlements to the east. 
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3.2.2 Image processing 

The west central Sinai region is covered by a cloud-free Landsat TM scene path 175 row 040 
acquired 27/7/90. A 1-5-7 FCC was used to assist field location (Figure 3.3A). Other 
imagery products were subsequently used to help define smaller target areas within the 
broader region of interest and to maximise local discrimination of various minerals within 
these areas. As shown in Figure 3.3, these were: 

i) Band ratios (Figure 3.3B) - particularly the ratio of bands TM5 (1.65 pm) and 
TM7 (2.22 pm) which was used to highlight OH-bearing minerals. 

ii) Principal components FCCs (Figure 3.3C). 

iii) Decorrelation stretch FCCs - an extension of the PC method intended to relate 
the PC data back to the original wavelength bands of the input data. 

iv) Log residuals (Figure 3.3D) - performed following an atmospheric correction 
using the Gulf of Suez as a dark object, and inverted to display absorptions. 

3.2.3 Evaluation and field correlation 

Sub-areas containing possible industrial mineral occurrences were selected for further 
processing through examination of a triple-ratio FCC image; they are shown in Figure 3.1 
(Marsh and O’Connor, 1992). The principle sub-areas, each measuring 14.6 km x 14.6 km, 
were: 

1. 

2. 

3. 

4. 

5. 

6. 

Insaker: named after Wadi Abu Insaker. This area contains known kaolin deposits 
which are being exploited. The area also encompasses a major anomaly in the 
TM5/TM7 ratio image which is not explained by the existing geological maps. 

Tih: covering the edge of the El Tih Plateau where it meets Wadi El Homur. This 
area contains an extension of the kaolin deposits mined in Insaker, but they are not 
exploited at this locality. 

Baba: named after Wadi Baba. This area also contains known deposits of kaolin (both 
under exploitation and undeveloped), glass sand quarries and a manganese mine. 

Gharandal: named after Wadi Gharandal. This area has no known deposits but 
contains a gypsum/shale/clastic sequence with diagnostic spectral/lithological features 
thought to be associated with economic deposits of clay and carbonate rocks. 

Wardan: covering the upper, eastern end of Wadi Wardan and containing a similar 
sequence to Gharandal. 

Mreir: covering Gebel e1 Mreir at the western end of Wadi Wardan where significant 
gypsum deposits are thought to occur. 
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Figure 3.3 shows the TM imagery over the Insaker target area processed in four different 
ways. (a) A colour composite from three of the original bands. This is shown for comparison 
with the more complex data products. (b) A ratio FCC image. Here, the mineralogical 
information content of the TM data is considerably enhanced and the topography/albedo 
information suppressed. The 5/7 ratio is depicted in red; bright red areas correspond to 
strong TM7 absorption due to the presence of OH-, CO- or SO-bearing minerals. (c) FCC 
image based on three PC bands. This image is also highly discriminating but it is difficult 
to attach physical meaning to the data as each component represents a complex statistical 
combination of the radiance data at all wavelengths. Although the weightings of each 
radiance band on each new component can be determined, the PC data cannot easily be used 
to identify minerals. (d) Mineral identification is better addressed using the log residual data, 
either in the form of a colour composite image as seen here or by spectral analysis as 
described in section 3.2.4. 

All six sub-areas were processed using the above techniques. Hard copy photographic prints 
of the data were produced and analyzed, including a FCC for the whole area and the more 
specialised data sets for the sub-areas. 

Investigations focused on three main sub-areas: Insaker, Tih and Baba. Work was also done 
at the lower priority areas of Gharandal, Wardan and Mreir. Fieldwork consisted of traverses 
aimed at relating the satellite responses to the minerals of interest. Hard copy TM imagery 
at a scale of 1:66 000, and aerial photographs at 1:40 000 were used for field location. A 
comprehensive suite of samples, including fresh rock, weathered outcrop, and loose surficial 
sand and gravel, was collected in order to investigate the relationship between the solid 
geology and the surface materials sensed by the satellite. 

3.2.3.1 Brick clays 

Impure clay deposits of Tertiary age, suitable for building materials, are exposed in the 
region along the Abu Zenima coastal strip. However, the distance to the main market for 
bricks (Cairo) is probably too great for these deposits to be economically viable. 
Consequently, this area was not assessed in detail. Other sites closer to Cairo provide much 
better prospects for economic deposits of brick clays (section 3.4). 

3.2.3.2 Kaolinite 

Kaolinite is being actively extracted by two companies: the Sinai Manganese Company and 
the Egypt Refractory Company. Initial fieldwork revealed that areas with deep TM7 
absorption frequently correlated with kaolinite mine sites. As shown in Figure 3.4, large 
amounts of high grade kaolinite are often exposed in tips. The kaolinite spectrum, with 
absorption at 2.22 pm, is shown in Figure 2.2. In the log residuals colour composite for the 
Insaker sub-area shown in Figure 3.3D, areas of 2.22 pm absorption appear in red. Several 
mine sites occur in the Insaker sub-area and one of these is labelled k. The correspondence 
of mine sites with areas of TM7 absorption confirms that TM data can be used to locate 
surface exposures of this mineral. However, to be of practical use in exploration, this success 
must be repeated for sites not disturbed by mining. 
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Subsequent fieldwork concentrated on a large area of TM7 absorption within the Insaker sub- 
area which could not be explained on the basis of the existing geological maps. TM analysis 
showed that this anomaly, labelled ks in Figure 3.3D, corresponded to an area of ground 
approximately 5 km x 1 km which in the field proved to be of quite different geological 
character to the mine sites. Here, the 2.22 pm absorption was due not to a pure kaolinite 
band but to kaolinite occurring as a minor constituent in the matrix of a quartz sandstone. 
The kaolinite coats the quartz grains and is concentrated during weathering, forming a 
disproportionately high percentage of the surface sensed by the satellite. 

This finding was important in refining the approach towards the search for economic 
kaolinite deposits and emphasized the importance of understanding the geological Occurrence 
of the minerals sought. The economic mine deposits form 2-3 m beds within thicker 
sandstone sequences in the Carboniferous and Lower Cretaceous outcrop (Figure 3.4). The 
kaolinite is easily eroded compared to the sandstone, so that pure kaolinite bands have a 
minimal surface exposure. The strong anomaly recorded over the kaolinitic sandstone 
occurred because kaolinite is concentrated at the surface of the widely-exposed sandstone 
during weathering (Figure 3.5). Extensive TM7 anomalies such as this one are unlikely to 
indicate pure kaolinite deposits in this geological environment'. Kaolinite beds undisturbed 
by mining are likely to form smaller, more subtle, TM7 anomalies. 

The Baba sub-area contains a number of subtle linear areas of TM7 absorption measuring 
only one or two pixels wide on the image and extending for up to 1 km. These features, 
labelled uk in the log residual data over the south of the Baba area shown in Figure 3.6, 
formed further exploration targets. Figure 3.7 shows the field expression of one of these 
features. The anomalies are caused by undisturbed beds of kaolinite up to 3 m thick. 
Although the bands themselves are too narrow to be detected by the TM sensor, debris 
weathered from them extends over a wider area. The resulting anomalies, whilst often no 
more than one pixel wide on the image, are detectable because they provide a strong spectral 
contrast with the surrounding sandstone. In some cases these beds, which are the stratigraphic 
equivalents of those currently being exploited, are of comparable quality. 

3.2.3.3 Sulphate minerals 

The sulphate mineral gypsum is currently exploited in this region for agricultural purposes. 
Within the spectral range covered by TM7 (2.08-2.35 pm), gypsum has generally low 
reflectance and a shallow, centrally positioned, absorption feature (Figure 2.2). It also shows 
an absorption just within TM5 (1.55-1.75 pm). Work in the Wardan and Mreir sub-areas 
showed that the gypsum formations outcrop in wide rounded hills (Figure 3.8). This 
topographic expression is quite distinct from the interbedded clay deposits. Gypsum 
formations can thus be mapped using TM7 and TM5 absorption features, topographic 
expression, high albedo and also a high drainage density in comparison to surrounding clastic 
and carbonate formations. 

Subsequent sampling and min.era1 processing work carried out by EGSMA (Razek et 
al., 1993) on these kaolinitic sandstones indicated significant levels of high-grade china clay 
- a commodity currently imported to Egypt for the ceramics industry. Insuficient work has 
been carried out to date to assess the economic potential of this deposit. 
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3.2.3.4 Carbonate minerals 

The main absorption feature for carbonate minerals (e.g. calcite shown in Figure 2.2) is 
around 2.34 pm, near to the edge of TM7 rather than at its centre. In addition, fieldwork 
suggests that the carbonate-bearing lithologies develop a weathered surface of iron minerals 
which masks this response. These effects lead to a weaker TM7 absorption which enables 
carbonates to be discriminated from clay and sulphate minerals. Indeed, in places they are 
characterised more by TM1 absorption due to the iron minerals in their weathered surfaces. 
The major exception is the Palaeocene Sudr Chalk; extensive occurrences of this lithology, 
both along the coast and on the central El Tih Plateau, are characterised by a purple tone on 
the ratio image (see cover photograph) indicating at least a component of TM7 absorption. 

The strongest TM7 absorption related to a carbonate lithology occurs over an argillaceous 
chalk in the Wardan sub-area (Figure 3.9). Here, however, the absorption is largely due to 
the clay content of this lithology rather than the carbonate host2. 

3.2.3.5 Other lithologies 

The predominant lithology of the Late Precambrian basement in this area is a mica-rich 
granite containing scattered xenoliths of gneiss. While causing a mica-related TM7 
absorption, it has a low overall albedo which makes it distinguishable from other areas of 
TM7 absorption. 

Similar comments apply with regard to the characteristic outcrop form of dolerite dykes 
(labelled d in Figure 3.3). In fact, even where the dolerite forms sills, their low albedo 
distinguishes them from the clay minerals. These units also possess a shallow 0.49 pm 
absorption (TM1) due to their iron content, which is not displayed by the clay minerals. The 
TM7 absorption in the dolerite is attributed to hydrated serpentinite/iddingsite derived from 
the weathering of olivine. The main olivine dolerite sill, which is up to 50 m thick and 
extends for at least 30 km eastward and northward along the El Tih Plateau (Figure 3.10), 
is clearly seen in the TM imagery but is not accurately portrayed on existing geological maps 
of the area. 

3.2.4 Spectral analysis 

Data for the Sinai study area were also studied using the T-Spectra software described in 
section 2.1.3. Whilst this study was guided by the knowledge gained during fieldwork, it 
nevertheless led to a better understanding of the geology of this area. This section first 
describes the spectral analysis of imagery from the Insaker sub-area, and then shows how this 
knowledge was applied to the Mreir area. 

The clay minerals within the chalk may be palygorskite and attapulgite. I f  this is the 
case, the lithology may have economic application in drilling mud for marine platforms, 
where bentonite cannot be used. This is a commodity Egypt currently imports. 
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3.2.4.1 Insaker area 

TM7 of the log residuals data for the Insaker area is shown in Figure 3.11. The data are not 
inverted, so areas of TM7 absorption appear dark. The figure illustrates some of the menu 
options of T-Spectra, such as scatter plots and spatial filters. The option highlighted is 
‘spectra’ which, when selected, pulls down a sub-menu containing a number of further 
options. The specific function selected, ‘cursor’, allows the user to view the TM 
pseudospectrum for the pixel under the cursor or, as in this case, the mean pseudospectrum 
for a 3 x 3 pixel box centred on the cursor. In Figure 3.11, the cursor is located over the 
spoil from a known kaolinite mine. The corresponding pseudospectrum appears in the 
graphics box alongside, and may be further manipulated, compared to other spectra, or saved 
as desired. It is dominated by TM7 absorption and is typical of the mineral kaolinite in this 
study area. 

In Figure 3.12, the cursor is located over an isolated fault block exposing the Sudr Chalk. 
It is clear that this pseudospectrum, whilst also displaying TM7 absorption, is quite different 
in detail from the kaolinite pseudospectrum, particularly in respect to its deeper TM5 
absorption. Figure 3.13 shows the pseudospectrum for the kaolinitic sandstone. Whilst the 
lower reflectance toward TM7 is typical of kaolinite, the sandstone also shows an absorption 
in TM1, attributed to surface iron oxides. This pseudospectrum is again characteristic of this 
particular lithology. In Figure 3.14 the pseudospectrum for the dolerite dyke has a strong 
iron oxide related absorption in TM1 as well as the weaker TM7 absorption. It is clearly 
different to the previous three examples. 

These known pseudospectra now provide a basis for analyzing unknown parts of the image. 
In Figure 3.15, the cursor has been placed over a TM7 anomaly of unknown origin; based 
on the shape of the pseudospectrum, it may be concluded that this is a similar Occurrence of 
kaolinitic sandstone, and this was confirmed in the field. Figure 3.16 illustrates the successful 
use of this approach; here, the cursor is located over another anomaly which gives the typical 
kaolinite pseudospectrum. Field checking confirmed that this was due to a previously 
undiscovered kaolinite band. 

3.2.4.2 Mreir area 

The spectral analysis for the Mreir sub-area, which contains extensive outcrops of gypsum, 
illustrates the consistency of the approach within a single TM data set. In Figure 3.17, the 
cursor is placed over an outcrop of the Sudr Chalk Formation. Comparison with the 
pseudospectrum from the Sudr Chalk of the Insaker area (Figure 3.12), shows that there is 
a good match between the two examples of this lithology. Figure 3.18 shows the 
pseudospectrum typical of gypsum outcrops in this area. This mineral also displays a TM7 
absorption, but this is accompanied by absorption in TM5 and an iron oxide absorption in 
TM1. This gypsum pseudospectrum is clearly distinct from the kaolinite pseudospectrum seen 
in Figure 3.11 (as suggested by the theoretical study of TM’s spectral capabilities reported 
in section 2.3). 
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Figure 3.11 T-Spectral analysis, kaolinite mine, Insaker sub-area. 

Figure 3.12 T-Spectral analysis, Sudr Chalk fault block, Insaker sub-area. 
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Figure 3.13 T-Spectral analysis, kaolinitic sandstone unit, Insaker sub-area. 

Figure 3.14 T-Spectral analysis, dolerite dyke, Insaker sub-area. 
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Figure 3.15 T-Spectral analysis, kaolinitic sandstone outcrops, Insaker sub-area. 

Figure 3.16 T-Spectral analysis, unmined kaolinite band. Insaker sub-area. 
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Figure 3.17 T-Spectral analysis, Sudr Chalk Formation, Gebel Mreir. 

Figure 3.18 T-Spectral analysis, gypsum outcrop, Gebel Mreir. 
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3.2.4.3 Discussion of the spectral analysis work 

Spectral 'interrogation' of the log residuals data allows various mineral deposits and 
lithologies which show TM7 absorption to be discriminated. The Sinai example provides a 
practical demonstration of the potential suggested by the theoretical study described in 
section 2.3. Conventional visual image interpretation usually confuses the materials here 
discriminated. Even if ground control were not available, the spectral analysis approach could 
be used to reliably sub-divide the image into various 'unknown' rock types by grouping 
occurrences of like pseudospectra. Prior knowledge of rock types allows names to be 
assigned to lithologies but, in either case, the spectral analysis approach represents a 
significant advance in the analysis of TM data. 

The need for prior knowledge about the image can in theory be reduced by using laboratory 
reflectance spectra of the appropriate minerals, resampled to the TM wavelength bands. 
These can be compared to the unknown image pseudospectra visually or statistically, and 
provisional identifications made. For this to be possible, however, the calculated log residual 
pseudospectra must closely match the resampled laboratory spectra. Comparison of the 
image-derived kaolinite pseudospectrum in Figure 3.1 1 with the resampled laboratory 
spectrum shown in Figure 2.9 shows that, at least for the Sinai TM data, the two are a poor 
match, particularly in the VNIR wavelengths. Without prior knowledge it would not have 
been possible to identify kaolinite from the pseudospectrum at the mine site. 

It is evident that, whereas the Sinai log residuals data approximate to reflectance, they are 
not precisely calibrated. This could be due to two main factors: (1) the atmospheric 
correction of TM data for Sinai may not be sufficiently accurate; (2) each log residual value 
does not purely represent the reflectance of one pixel at one wavelength3. This is discussed 
further in Chapter 5.  

3.2.5 Laboratory results 

Samples of each of the lithologies causing TM7 absorption were analyzed mineralogically and 
spectrally in order to further explain the spectral variations observed in the TM data. XRD 
analyses were carried out at the BGS on crushed and ground portions of 35 samples using 
a Phillips PW1700 series automatic diffractometer, scanning over the range 2-50 "20 at a 
speed of 0.9 "20/minute (Prior, 1992). The absolute laboratory reflectance spectra between 
0.4 and 2.5 pm for all 80 uncrushed field samples were measured using a GER Mk IV IRIS 
spectroradiometer. Table 3.1 summarises mineral identifications made using each of these 
techniques as well as thin section examination. 

The log residual values retain contributions from mean reflectances for the whole scene 
at all wavelengths, sample i at all wavelengths, and wavelength X for all samples (refer to 
section 2.1.2.5). I f  the means all approximate to unity, the logarithmic residual value will 
approximate to the reflectance, but the further the mean spectra depart from this ideal, the 
further the log residual data will deviate from the actual reflectance. The Sinai results 
suggest that some/all of these means contain spectral features which bias the results. 
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Table 3.1. Field and TM observations, and the results of thin section, XRD and laboratory 
Iectral analyses for mined and unmined kaolinite, kaolinitic sandstone, gypsum and dolerite. 

Lithology 

Field 
observation 

XRD 
analysis 

Laboratory 
spectra 

Thin 
section 

~~ 

All kaolinite 
occurrences 

kaolinite, 
some salty 

fresh 
surfaces 
exposed 

quartz, 
kaolinite, 
anhydrite 

kaolinite 

n/a 

Gypsum 

crystalline 
gypsum 

fresh 
surfaces 
exposed 

gypsum, 
anhydrite, 
calcite 

gypsum, 
?anhydrite, 
Fe-oxide 

n/a 

Kaolinitic 
sands tone 

fine grained 
quartz sandstone 

?kaolinite and Fe- 
oxide rich 
weathered surface 

quartz, 
calcite, 
kaolinite 

kaolinite, 
quartz, 
goethite 

quartz, 
mica, 
chlorite, calcite, 
?clay mineral 

Dolerite 
dvkedsills 

browdblack hard 
dolerite 

altered ?olivine 
covers weathered 
surface 

plagioclase, augite 
quartz, kaolinite 
ilmenite, smectite 

olivine (altered), 
?augite, 
?feldspar 

plagioclase, 
clinopyroxene, 
ilmenite, talc 
iddingsite/olivine 

3.2.5.1 Kaolinite beds 

XRD analyses of 18 samples from both mined and unmined kaolinite bands give kaolinite and 
quartz as the main mineral species. The composition of the mined bands and the unmined 
bands is the same. Trace quantities of anhydrite and halite in many samples suggest an 
evaporitic mode of sedimentation. Figure 3.19 shows laboratory reflectance spectra for 
weathered mined kaolinite (A) and the debris over an unmined kaolinite bed (B). Absorptions 
at 1.4, 1.41, 2.17 and 2.21 pm, typical of kaolinite, are equally strong in both spectra (the 
overall brightness difference is due to the weathered surface being smooth and bright while 
the debris produces shadows between clasts). Thus, both the XRD and reflectance spectra 
suggest that the unmined kaolinite beds detected with the TM data are of similar quality to 
the mined deposits. (However, it would clearly be necessary to carry out tests of physical 
properties in order to be certain of this). The less intense TM7 absorption noted over 
unmined kaolinite beds is believed to be due to their reduced exposure. 

3.2.5.2 Kaolinit ic sandstone 

Sandstone samples, considered in the field to have a surface coating of up to 10% kaolinite, 
showed only minor or trace quantities of kaolinite in the XRD results. In thin section quartz, 
minor mica and chlorite were identified with interstitial carbonate and a ?clay mineral coating 
the quartz grains. The proportion of kaolinite is near the 3% detection limit of bulk XRD 
analysis. Figure 3.19 shows the laboratory reflectance spectra for two samples of the rock’s 
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Figure 3.19 Laboratory spectra, kaolinite mined (A) and unmined (B), and kaolinitic 
sandstone (C and D). 
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Figure 3.20 Laboratory spectra, gypsum (A), dolerite (B). 
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weathered surface. Spectrum C displays kaolinite features of comparable strength to those 
of the pure kaolinite beds. Spectrum D, which is more typical of the sandstone outcrop, has 
reduced kaolinite features and only a small 2.2 pm absorption. Additional absorptions occur 
at 0.47 and 0.89 pm due to an increased iron oxide content. The laboratory spectra confirm 
that the TM7 absorption over this lithology is due to kaolinite, though somewhat subdued due 
to its low content and sometimes obscured by the development of iron oxides on the 
weathered surface. 

3.2.5.3 Gypsum 

Samples of gypsum give unequivocal gypsum peaks in the XRD data and also show minor 
anhydrite and trace calcite and quartz. Figure 3.20 shows the laboratory reflectance spectrum 
of a weathered gypsum sample (A), which displays a broad, shallow absorption around 
2.2 pm. XRD and laboratory spectra indicate the same mineralogy and adequately explain 
the observations made with the TM data. 

3.2.5.4 Olivine dolerites 

XRD analyses of the dolerite suite predictably show dominant plagioclase and augite together 
with minor ilmenite, but they also indicate high levels of smectite in fine fraction analysis. 
The latter is probably derived from the talc component, which is very distinctive in thin 
section. The olivine dolerite (spectrum B in Figure 3.20) displays no 2.2 pm absorption, but 
has low reflectance across all wavelengths. Many other rocks in the area have developed iron 
oxides during weathering giving high reflectance values at longer wavelengths, so the 
dolerite’s low reflectance will appear as a relative absorption by comparison. The talc and 
iddingsite masking the parental olivine, and the smectite identified in XRD analyses, may all 
contribute to reduced TM7 reflectance for this lithology. 

3.2.5.5 Comments on laboratory results 

Overall, the laboratory data provide confirmation of the field studies and of observations 
made with the TM data. The XRD and laboratory spectra agree very closely for the high 
grade clay bands and gypsum beds, for which the mineralogy provides a clear explanation 
for TM7 absorption. In the case of the kaolinitic sandstones and the dolerites, however, the 
XRD analyses allow only a partial explanation of the remote sensing observations; this is 
probably due both to the lack of sensitivity of this analytical technique at low concentrations 
and the fact that it samples the bulk rock composition. In contrast, the laboratory spectral 
measurements permit the observations made with the TM data to be explained in all cases. 
The results also confirm the interpretation of the TM log residuals pseudospectra. Spectral 
differences between economic kaolinite beds and uneconomic kaolinitic sandstone, which are 
clearly-defined in the laboratory spectra, can still be used to distinguish between them in the 
imagery. The laboratory spectra correlate more closely with the TM data than do the XRD 
analyses because they are measurements of the weathered surfaces exposed to the satellite. 
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3.2.6 Summary of main Sinai results and conclusions 

The following main conclusions may be drawn from the Sinai work: 

1. The band ratio technique applied to atmospherically corrected Landsat TM data 
successfully highlighted areas of TM7 absorption caused by gypsum or kaolinite in 
this arid, well-exposed area. Kaolinite and gypsum could be distinguished by 
differences in albedo and outcrop pattern. However, the method also highlighted TM7 
absorption due to lithologies of no economic significance such as kaolinitic sandstone 
or weatheredhltered dolerite. 

2. Spectral interrogation of the logarithmic residuals TM data using T-Spectra made 
possible the separation of similar lithologies such as economic kaolinite and 
uneconomic kaolinite-bearing sandstones, based on differences in their TM 
pseudospectra. Using the knowledge gained at known mineral sites and field evidence, 
previously-undiscovered, high-quality kaolinite beds were located by targeting subtle, 
linear TM7 absorptions up to 1 km long and 1-2 pixels wide. The remote sensing 
analysis was confirmed and supported by laboratory mineralogical and spectral 
measurements on samples. 

3. Various factors prevented the TM pseudospectra being properly compared with 
laboratory mineral spectra resampled to TM wavelengths. These difficulties are 
thought to include the lack of a precise atmospheric correction for the TM data, and 
the failure of the data to meet the assumptions behind the log residuals transform. 

3.3 El Fayum 

3.3.1 Geology and setting 

The El Fayum area is one of a series of natural depressions in the Western Desert located 
about 80 km south west of Cairo (Figure 3.1). The deepest part of the depression is filled 
by Lake Birket Qarun and attains a depth of 45 m below sea level. A subsidiary, smaller 
depression, Wadi Rayan, lies to the south west. These depressions are flanked by prominent 
escarpments on the west (180 m asl) and Gebel Qatrani in the north reaches 350 m asl. The 
Qatrani escarpment is built out of a Tertiary lava suite overlying a set of scarp and sub- 
horizontal dip slopes conformable on the underlying Tertiary mar1 and clay strata 
(Figure 3.2). 

The geology of the region (adapted from Beadnell, 1905 and EGSMA, 1983) comprises four 
stratigraphic units as follows: 
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QUATERNARY 

Oligocene 

Oligocene 

TERTIARY U. Eocene 

U. b e n e  

M. Eocene 

Aeolian sands and eluvial gravel fans. 

Olivine basalt and dolerite sheets: ca 15 m 

Qatrani Formation: sands and sandstone with clay and 
mar1 intercalations: ca 20 m 

Qasr El Sagha Formation: clay with sands and 
sandstone interbeds: ca 25 m 

Birket Qarun Formation: fossiliferous sands and sandy 
limestone with clay bands: ca 40 m 

Wadi Rayan Formation: yellowish-white limestone with 
Nummulites gizehensis: ca 120 m 

The Wadi Rayan Formation, exposed to the south west of the Fayum depression, comprises 
pale limestones, marls and clays with abundant Nummulites fossils. The Birket Qarun 
Formation forms the lower escarpment zone north of Lake Qarun and is made up of 
alternating clays, sandy clays, limestone bands, sandy marls and friable sandstone. These are 
conformably succeeded by a similar alternating sequence of gypsiferous clays, thin highly 
fossiliferous limestones, and sandy clays of the Qasr El Sagha Formation, which underlies 
the middle and higher relief escarpment zone. This escarpment zone dominates the 
topography of the region bordering the northern sector of Lake Qarun, and is extensively 
veneered by sand drifts and lobate gravel fans. Broad terraces built on hard limestone beds 
are mantled by eluvial chert and pebble gravels. 

The selection of areas for studying clay formations was helped by a clay and shale 
occurrence map in Qusa (1986). A possible bentonite clay occurrence near the Qasr El Sagha 
Roman temple site was visited by members of the BGS Mineralogy and Petrology Group 
(Morgan and Inglethorpe, 1990) and was briefly revisited by the project team in 1992 
(O’Connor and Marsh, 1992). 

3.3.2 Image processing 

The image processing strategy adopted for this work followed closely that of the western 
Sinai study (Marsh and O’Connor, 1992). A Landsat TM (moving) quarter scene 177/039- 
040 acquired on 28 July 1985 was examined and sub-scenes covering the sites illustrated in 
the Qusa report selected for detailed digital processing (Figure 3.1). Following an 
atmospheric correction, using the Qarun Lake as a dark object, the data were processed by 
various methods and the following screen prints produced: 

i) FCC: bands 7 (red), 4 (green), 1 (blue) 

ii) Colour ratio composite: bands 5/7 (red), 5/4 (green), 5/1 (blue) 

iii) Principal components: PC 1 (inverted) 
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iv) PC composite: PC4 (red), PC2 (green), PC1 (blue) 

v) Inverted log residuals: band 7 (red), band 4 (green), band 1 (blue) 

3.3.3 Evaluation and field correlation 

The field base was located at the village of Kom Oshim in the north east sector from where 
several defined tracks across the escarpment area were known. An initial reconnaissance visit 
showed that access in this desert terrain was more difficult than in Sinai, due mainly to the 
presence of sand drifts and poorly defined wadi systems. Tracks beyond the Ptolemaic temple 
of Qasr El Sagha to the west diminish in number and it was deemed necessary to have two 
vehicles, using one as back up on the main track for emergency. Difficult terrain limited the 
scope of field investigations to the lower escarpment zones encompassing the Birket Qarun 
and Qasr El Sagha Formations. 

Landsat imagery, 1:40 OOO scale aerial photographs and a topographic map to were used to 
locate sample sites. The most useful imagery products proved to be the 7-4-1 band 
composites for location, 5/7,5/4,5/1 ratio composites for general lithological separation, and 
log residuals composites (bands 7-4-1 inverted) for the more precise identification of units 
showing TM7 absorption. 

3.3.3.1 Brick clays 

The city of Medinet El Fayum and the surrounding agricultural district within the Fayum 
oasis is highly populated and there is a large demand for building bricks. The clays of the 
Birket Qarun Formation, exposed in the sloping ground above Qarun lake shore and the sand- 
covered lowlands to the east near the main highway, were previously investigated as a source 
of brick-clays (Qusa, 1986). These clays are less sulphate-rich than the Qasr El Sagha 
Formation and have been extensively trenched in the area immediately west of Kom Oshim 
village in the eastern sector. These slightly-gypsiferous clay surfaces give a characteristic 
yellow-orange-red mottled colouration on a log residuals 7-4- 1 inverted image 
(Figure 3.21A). Undisturbed gypsiferous clay surfaces to the north of the village, both east 
and west of the main highway into the oasis, produce a distinctive crimson red colour caused 
by strong TM7 absorption. There has been some exploitation of clays and sand deposits 
exposed in the footslopes of the main escarpment at the western end of Qarun Lake near the 
villages of Dar Es Salaam and ‘second’ village. These are seen in the log residuals data for 
the area (Figure 3.21C) as a discontinuous band of yellow, caused by TM7 and TM4 
absorption, which corresponds to bedding. The imagery thus indicates the greater 
geographical extent of this poorly investigated clay resource surrounding this expanding 
agricultural settlement. 

3.3.3.2 Gypsiferous clays 

The lithologies of both the Birket El Qarun and Qasr El Sagha Formations are characterised 
by alternations of sandy limestones, gypsiferous clays, and hard marl beds (Figure 3.22). The 
limestone and marl beds give rise to prominent benches or terrace edges whereas the softer 
clay beds produce moderately sloping scree surfaces (Figure 3.23). In parts of the area, the 
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stratigraphic boundary between the two formations is an extensive hard sandy limestone 
bench, or mesa, which is strewn with desert-varnished chert and ironstone pebbles. 

The gypsum-rich clay beds account for the strongest TM7 absorption corresponding to 
red/violet on the log residuals image, whereas the less sulphate-rich clays, and interbedded 
calcareous and sandy clays and marls, appear in yellow and mottled red. In the eastern 
escarpment zone around the Roman Temple of Qasr El Sagha, the alternating gypsiferous 
clays and marl/limestone beds give characteristic absorption patterns in log residuals imagery 
(Figure 3.21B). Wind-blown talus dunes are seen as thin 1 to 3 pixel wide trails south of the 
main escarpment. 

A deep red to violet colour characterises the dark clay soils of the reclaimed agricultural area 
of Dar Es Salaam and ‘second’ village at the western extremity of the lake. Log residuals 7- 
4-1 composite imagery concisely maps TM7 absorption (in red) and discriminates between 
calcareous clays (yellow) and gypsiferous clays (pink-red) within the Birket Qarun Formation 
(Figure 3.21C). A pronounced TM7 absorption with a scarlet hue fringes the lake shore east 
of Dar Es Salaam village and is thought to be due to reed growth as it has the same scarlet 
hue as the crop cultivation. The triple ratio image (5/7 red, 5/4 green, 5/1 blue) provides 
good overall discrimination between OH-bearing clay, carbonate, iron oxide- and hydroxide- 
altered lithological units, as well as vegetation patterns in the oasis area (Figure 3.21D). The 
5/7 component in pinkish-red confirms the presence of two major clay interbands within the 
Birket Qarun Formation which crop out as discontinuous bands or benches in the lower 
escarpment zone. The stratigraphically lower of these two bands has been referred to above 
under brick-clay resources. 

Clays of the Birket Qarun Formation and the lower levels of the Qasr El Sagha were 
previously analyzed and trenched as potential bentonite-clay deposits (Qusa, 1986). The 
sandy clays with lower sulphate content clearly form the natural base of the agricultural soils, 
and demonstrate that bedrock clays of this type and at this stratigraphic level could be 
quarried and applied directly to the sandy soil areas designated for irrigation elsewhere in the 
Nile valley. 

3.3.3.3 Carbonates 

The clay/marl succession in west Fayum is underlain to the south of the cultivation area by 
pale-yellow sandy limestones of the Wadi Rayan Formation which give a mottled red-brown 
5/7 signature, probably related to clay or altered carbonate (south edge of Figure 3.21D). A 
greenish-yellowish and mottled blue tone probably signifies the presence of iron oxides and 
hydroxides, possibly as a desert varnish. Similarly, a sandy limestone unit overlying the 
clay/marl sequence is mottled red-brown-green implying the presence of clay/carbonate and 
iron hydroxides. Limestones and mark of the Qasr El Sagha Formation in the Roman Temple 
district are coloured yellow in the log residuals 7-4-1 image (Figure 3.21B). 

3.3.3.4 Other lithologies 

The Qasr El Sagha site provides a second example of TM7 absorption related to magnesian 
hydroxyl minerals of the olivine group. A strong red-yellow zone in both the ratio and log 
residuals images (e.g. Figure 3.21B) is caused by the Oligocene basalt/dolerite sheets. These 
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non-clay targets can be readily distinguished from their clay counterparts by their low albedo 
in the 7-4-1 FCC. 

Large areas of colluvial desert-varnished sand/gravel fans derived from Qatrani Formation 
sandstones give a dark blue tone on the 7-4-1 log residual composite owing to iron oxide 
coatings (Figure 3.21) which result in strong TM1 absorption. 

3.3.4 Spectral analysis 

The spectral analysis approach can be successfully applied to the El Fayum data allowing 
many lithologies producing TM7 absorption, such as dolerite and limestone, to be separated. 
However, some of the lithologies of economic interest have very mixed mineralogy. For 
example, the TM pseudospectra for the gypsiferous clay and the marl bands represent mixed 
surfaces containing carbonate, gypsum, clays and various iron minerals; deciphering these 
mixed signal responses is difficult. The El Fayum sub-area thus provides a challenge to the 
spectral analysis technique not seen in Sinai. 

Figures 3.24 and 3.25 show pseudospectra from a single marl band in the Qasr El Sagha 
area. Figure 3.24 looks similar to a kaolinite pseudospectrum from Sinai and is typical of 
areas within the marl band appearing red in the log residuals colour composite 
(Figure 3.21B). Figure 3.25, which is similar to the carbonate pseudospectrum of the Sudr 
Chalk in Sinai, occurs in parts of the marl band appearing yellow. Figures 3.26 and 3.27 
depict pseudospectra from a gypsiferous clay band lower down the escarpment; both types 
of pseudospectra are also found in this second unit. The marl band and gypsiferous clay band 
clearly have highly mixed mineralogy in their exposed surfaces and it is therefore difficult 
to distinguish between them on the basis of isolated pseudospectra. They can, however, be 
discriminated visually in the log residuals FCC image shown in Figure 3.21B. This is 
because the colour composite provides a synoptic view of the distribution of the two spectral 
signatures; overall in the log residuals image, the marl band appears predominantly yellow 
whereas the gypsiferous clay band is more often red. 

The El Fayum data thus illustrates the problems of separating mixed materials, particularly 
using data with fairly course spectral resolution such as Landsat TM. The example from Qasr 
El Sagha demonstrates the continuing importance of conventional interpretation techniques. 
The spectral analysis approach complements, rather than replaces, visual analysis methods 
in which outcrop pattern and albedo remain important discriminating factors for geological 
materials. 

3.3.5 Laboratory results 

Samples collected by the BGS Mineralogy and Petrology Group from pits excavated near the 
Qasr El Sagha Roman Temple site (where Qusa (1986) cited bentonite occurrences) were 
subjected to mineralogical and physical tests to evaluate their potential as industrial 
bentonites. This work was carried out at the BGS earlier as part of a training exercise for one 
of the EGSMA counterparts involved in industrial mineral investigations (Inglethorpe, 
Bloodworth and Razek, 1990). The results suggested that these bentonites were unsuitable 
for foundry clay and drilling fluid applications. The presence of gypsum and calcite would 
also make them unsuitable for certain industrial applications. 
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Figure 3.25 T-Spectral analysis, mar1 bands, Qasr El Sagha, Fayum. 

Figure 3.26 T-Spectral analysis, gypsiferous clays, Qasr El Sagha, Fayum. 
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Figure 3.27 T-Spectral analysis, gypsiferous clays, Qasr El Sagha, Fayum. 
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Figure 3.28 Laboratory spectra, montmorillonite (A), gypsum and iron-oxide/hydroxide 
gravel (B), and mixed clay-limestone-gypsum scree (C), Qasr El Sagha Formation, Fayum. 
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XRD work was also carried out at BGS on samples collected in the Fayum area during this 
project (Prior, 1992). A range of non-clay minerals were detected from whole-rock fractions 
in which quartz, feldspar, calcite and gypsum were the main constituents. Despite the 
apparent abundance of gypsum in the field, its concentration in the whole rock fraction was 
anomalously low, possibly due to only partial dissolution of the soluble phases by the cold 
water extraction method used. Clay family minerals detected from a < 2  pm fraction were 
smectite, kaolinite/chlorite and illite. Smectite clay was in the range 22-49%, 
kaolinite/chlorite contents were recorded as medium to weak, and illite as weak to trace. 

Laboratory reflectance spectra of 46 samples of fresh and weathered rock from the El Fayum 
site were measured (Marsh and Tragheim, 1995) and compared with library mineral spectra. 
Samples of the Qasr El Sagha and Birket Qarun clay beds yielded diagnostic spectral curves 
for montmorillonite (A) and also showed spectral characteristics of iron oxide and hydroxide 
between 0.4 and 1.24 pm (Figure 3.28). In contrast, surficial colluvial gravels derived from 
scree slopes gave spectra diagnostic of both gypsum and iron oxides/hydroxides (B). These 
spectra show distinctive minor absorption features around both 1.5 pm and 1.9 pm 
(Figure 3.28). Scree slope samples, comprising a heterogenous assemblage of clay, limestone 
and gypsum fragments, produced similarly mixed spectra with weak iron oxide absorption 
in the 0.4 to 0.82 pm wavelength range, minor features attributable to gypsum at 1.5 pm, 
and an asymmetric curve at 1.8 pm followed by a negative slope towards 2.5 pm probably 
attributable to an unspecified clay mineral. 

Spectra of surficial limestone gravels from the Wadi Rayan Formation gave characteristic 
calcite absorption features at about 2.3 p m  but also showed gypsum absorption features 
(Figure 3.29A). The spectrum of an olivine dolerite sample is distinguished by its flat shape 
and overall low reflectance (Figure 3.29B). There are minor absorption features at 0.4 pm 
due to iron oxide and at 2.3 pm attributed to MgOH minerals and/or chlorite alteration. 

The XRD and IRIS data show good correspondence with the field observations. Clay samples 
of both the Birket Qarun and Qasr El Sagha formations, interpreted as smectites in the XRD 
data, correlate with montmorillonite diagnosed from the IRIS spectra. The spectroradiometer 
data are more sensitive to small amounts of gypsum. IRIS spectra also confirmed that the 
weathered surficial materials overlying these clay/marl units vary in their concentrations of 
either gypsum or iron oxides/hydroxides relative to the clay fraction. IRIS spectra of the 
olivine dolerite and limestone material confirm the 2.2 to 2.3 pm absorption which is evident 
on TM log residuals and ratio images for these lithologies. 

3.3.6 Summary of El Fayum results and conclusions 

Work in the El Fayum area showed the following. 

1. Many of TM7 absorptions detected were due to mixtures of materials (weathered clay 
and surface gypsum debris, calcite in weathered limestones and magnesian minerals 
in altered olivine-dolerite). Consequently, the area is much more difficult for remote 
sensing. Notwithstanding these problems, logarithmic residuals is probably the most 
effective tool for minerals mapping in this environment. Again, some separation of 
lithologies causing TM7 absorption was achieved using a combination of outcrop 
pattern, albedo and absorption features at other wavelengths. 
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2. Spectral analysis using T-Spectra was less successful in this mixed-lithology 
environment. Here, the separation of minerals and lithologies carrying a broad TM7 
absorption ultimately depended on a combination of applied photogeology , prior 
geological information, spectral analysis and/or fieldwork. Results from this site 
illustrate the limitations of the broadband TM sensor in detecting subtle spectral 
absorption differences. 

3.4 Cairo-Suez area 

3.4.1 Geology and setting 

The region between the metropolis of greater Cairo and the town of Suez at the south end 
of the Suez canal is a broad undulating plateau some 100 m as1 rising to elongate ridges and 
peaks in the central and eastern sector such as Gebel Iweibid at 520 m asl. A number of 
escarpments in the southern sector are related to resistant Miocene limestones and Oligocene 
basalt/dolerite sills. The plateau is dissected by several north-flowing wadi systems which 
funnel into a main wadi channel of Wadi El Gafra in the central sector (Figure 3.1). 

The geology of the region (Figure 3.2) modified from Said (1962) and EGSMA (1983) 
comprises seven stratigraphic units as follows: 

QUATERNARY 

Pliocene 

Upper Miocene 

Lower Miocene 

TERTIARY Oligocene 

Aeolian sands and eluvial gravels 

Gravels and thin limestone 

Grits and gravels 

Shelly limestones, clays and marls 

Basalt/dolerite flows: c 20 m 
Gebel Ahmar Formation; sands, gravels with 
petrified wood 

Anqabia Formation; sands and sandstones with 
clay intercalations: c 60 m 

Upper Ehcene 
Maadi Formation; sandy limestones, marls and 
clays: c 60 m 
Giushi Formation; white limestone: c 50 m 

Middle Eocene Mokattam Formation; hard, crystalline dark- 
weathering limestones: c 120 m 

The sand and gravel units within the Gebel Ahmar Formation are extensively quarried for 
aggregate especially in the vicinity of Gebel Nasuri and Anqabia; pits up to 60 m deep were 
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found in the thicker parts of the succession. The basalt/dolerite sills are also worked and 
crushed as an additive for brick manufacture. Most of the clays for the brick-manufacturing 
industry are won from the lower Miocene units exposed north of Gebel Nasuri on either side 
of the Cairo-Suez road, whilst dolomitic limestones from the same Miocene sections are used 
in concrete block production. White sandy limestones from the Miocene are used as 
ornamental stones. 

3.4.2 Image processing 

The image processing strategy was similar to that used for Sinai and El Fayum. A Landsat 
TM scene 176/039 acquired 9 August 1989 was processed for most of quadrants 2, 3 and 4. 
The outputs comprised: 

i) A 1-5-7 FCC. 

ii) A 5/7, 5/4, 5/1 ratio composite. 

iii) An inverted log residuals 7-4-1 image. 

The log residuals transformation was carried out on the full quarter scenes rather than on 
small sub-areas. The statistics were collected so as to avoid areas of vegetation and the 
cultivation zones of the Nile Valley. 

3.4.3 Evaluation and field correlation 

The Cairo-Suez area has become the major source of construction materials for three new 
cities. The area has several asphalt highways and older roads, as well as gravel-surfaced 
tracks. The terrain is flattish to undulating with a predominant sandy cover, making 
navigation difficult. The presence of military training bases in this district meant that access 
was restricted to areas of industrial mineral quarrying and other non-military zones. 

Once again, TM imagery, 1:40 000 scale aerial photographs and a 1947 topographic map 
were used to assist the location of sample sites. FCCs of bands 1-5-7 provided good contrast 
for navigational purposes in this monotonous and generally sand-covered terrain. 5/7, 5/4, 
5/1 ratio composites were used for geological discrimination and 7-4-1 inverted log residuals 
composites for the more precise identification of units showing TM7 absorption. 

3.4.3.1 Brick clays 

The brick manufacturing zone which serves the rapidly growing building industry of greater 
Cairo and three new cities near the Cairo-Ismalia road is located at kilometre 30 along the 
Cairo-Suez road. Beds of clay and sandy marls of the Upper Eocene Anqabia Formation are 
patchily exposed in the vicinity and are exploited by two brick-making companies. Clay 
bands from a similar Lower Miocene sequence of sandstones, limestones and marls occurring 
north of the old Cairo-Suez road are also exploited for brick production. The clay bands are 
invariably obscured by colluvial carbonate-sand derived from the overlying sandy mar1 beds 
(Figure 3.30). The clay bands, which are the stratigraphic equivalents of the Eocene 
successions in El Fayum, are similarly strongly dissected by gypsum veins; in quarry 
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cuttings, the clays are green-buff in colour. Surface gravels consist of an intimate mixture 
of carbonate, gypsum and marly sand (Figure 3.31). 

Thin clay bands interbedded with marls and shelly limestones, common in both Eucene and 
Miocene successions, are discriminated from surrounding carbonate units using the log 
residual imagery. The inverted log residuals 7-4-1 image (Figure 3.32) depicts the 
gypsiferous clays and carbonate veneer as a mottled mixture of pink-red and yellow. Gypsum 
debris contributes a certain proportion of the scree slope which gives a weak TM7 absorption 
response. The mixed surface gravels of carbonate, gypsum and marly sand include some iron 
hydroxides in the weathering product and give a yellow colour due to a mixture of TM7 and 
TM4 absorption, the latter caused by the iron hydroxides. 

3.4.3.2 Carbonates 

Miocene limestones appear in yellow/white on the inverted log residual images signifying 
TM7 absorption plus variable TM4 and TM1 absorption due to iron hydroxides and iron 
oxides respectively. The limestone beds are characterised by altered carbonate, shelly 
material and sand surfaces; the altered carbonate outcrop generally produces a diagnostic 
TM7 absorption on the ratio and log residuals images. Fresh limestones exposed in large 
quarries appear dark on the inverted log residuals image owing to high albedo and lack of 
absorption features. Limestones of the Middle Eocene Mokattam Formation are extensively 
quarried for the cement industry, whilst white Lower Miocene sandy limestones in the north 
east are worked for dimension stone. 

3.4.3.3 Other lithologies and vegetation 

Basalt and dolerite sills and plugs of Oligocene age are common within the Oligocene sand 
and gravel formations. The weathered surfaces of these mafic rocks are encrusted with both 
iron minerals and a brown/red-coloured iddingsite - a hydroxyl derivative of olivine or 
pyroxene. This produces a strong TM7 absorption and gives them a distinctive red and 
crimson appearance on the inverted log residuals imagery (Figure 3.32). Outcrops, 
contiguous quarry workings and drainage traces are all highlighted. The hydroxyl-related 
absorption in TM7, and low albedo of the dolerite, give an equally strong dark brown-red 
colouration to these units on 1-5-7 FCCs; this readily distinguishes them from clay or 
carbonate TM7 features (Figure 3.33), which are a distinctive white colour in the 1-5-7 FCC 
image due to high albedo. 

The Oligocene sand and gravel deposits of the Gebel Ahmar Formation are mantled by a 
veneer of desert-varnished chert gravel (Figure 3.34). Undisturbed surfaces are distinguished 
in the field by their iron oxide coatings; absorption of these oxides in TM1 gives a marked 
blue tone on 7-4-1 imagery (Figure 3.32). All freshly-disturbed ground, including pits and 
quarries, appear yellow-orange on the 7-4-1 log residuals data, ascribed to TM7 absorption 
from exposed clays underlying the surficial gravels mixed with TM4 absorption from iron 
hydroxide minerals. Old gravel spoil heaps have a mixed spectral response, combining 
typical iron oxide related TM1 absorption in blue and iron hydroxide TM4 absorption in 
green with absorption in TM7 caused by disturbed clay and gypsum; the latter is strongest 
along tracks leading away from the workings. These spoil heaps have a dark tone in 1-5-7 
FCCs due to their low albedo. 
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A surprising discovery was the abundance of low scrub vegetation in the predominantly 
north-draining wadis of this area. This together with concentrations of clay-rich sediment 
produces the characteristic TM7 signal. It can, however, be distinguished from other TM7 
absorption by the geomorphic patterns of the wadi systems. Scrub vegetation along Wadi El 
Gafra is displayed as varying hues of red (clay dominant) and purple (vegetation dominant) 
on the log residuals 7-4-1 image shown in Figure 3.35. Note that clay beds exposed at the 
top of the image also display TM7 absorption; the clear outcrop form of these deposits allows 
them to be discriminated from the vegetation anomalies in the wadis. 

3.4.4 Spectral analysis 

Mixed-mineralogy surfaces, similar to those occurring at El Fayum, are common in the 
Cairo-Suez area. Again T-Spectra can be used to make general distinctions between 
lithologies such as dolerite and carbonate. Many of the sedimentary lithologies, however, 
have an intimate mixture of clay, carbonate and sulphate minerals in their weathered surfaces 
which makes spectral analysis particularly challenging. 

Despite these mixing problems, interesting information can be extracted from the log 
residuals data. Figures 3.36 and 3.37 show TM pseudospectra from two sedimentary units 
which are each mantled by gypsum, calcite, quartz and clay debris and which appear similar 
in the field. The pseudospectrum of the first unit (Figure 3.36) is similar to the Sinai gypsum 
pseudospectrum, whereas the other (Figure 3.37) displays no clear gypsum features but only 
a general TM7 absorption. Although gypsum is present in both lithologies, its concentration 
is much lower in the second unit, which is more clay and carbonate rich. 

Figure 3.38 shows the pseudospectrum typical of the Oligocene sand and gravel deposits of 
the Gebel Ahmar Formation. These aggregate resources are mantled by an extensive veneer 
of desert-varnished chert gravel rich in iron oxides, which accounts for the strong TM1 
absorption in their pseudospectra (compare with the laboratory spectra of hematite and 
goethite resampled to TM wavelengths seen in Figure 2.9). 

In the few areas where it occurs, vegetation has clear characteristics which enable it to be 
distinguished using T-Spectra. Figure 3.39 shows one such pseudospectrum from a wadi. The 
major features characteristic of vegetation are the dual reflectance peaks in TM2 and TM4. 

3.4.5 Laboratory results 

XRD analysis was carried out on 18 assorted samples from the Cairo-Suez study site in the 
Mineralogy and Geochemistry department of EGSMA (El-Saiy and Salama, 1993). A Phillips 
XRD system model PW/1710 was used with Cu-radiation of A =  1.542A at 40 KV, 30 MA 
and a Ni filter, running a scanning speed of 1.2 "26/minute. Reflection peaks between 
20 = 2" and 60" were obtained. The corresponding spacing (d, A) and relative intensities 
(I/Io) were obtained and compared to the standard A.S.T.M cards. 

The samples fall into two categories: (1) fresh clays and (2) surficial mixed clay, carbonate 
sand and gravel. The XRD results demonstrate differences in mineralogy as shown in 
Table 3.2. 

69 



Figure 3.36 T-Spectral analysis gypsiferous clay and mar1 beds, Qattamia highway, Cairo- 
Suez. 

Figure 3.37 T-Spectral analysis, calcareous surface gravel, Qattamia highway, Cairo-Suez. 

70 



Figure 3.38 T-Spectral analysis, iron oxide-coated cherty gravel near Qattamia highway, 
Cairo-Suez. 

Figure 3.39 T-Spectral analysis, vegetation in wadi near Qattamia highway, Cairo-Suez. 
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Table 3.2: Summary of XRD analyses from the Cairo-Suez area 

Sample type 

Fresh clay or shale from pit or outcrop 

Surficial clayey, marly, carbonate shell 
sand/gravel 

XRD mineral determinations 
(in decreasing abundance) 

Quartz, montmorillonite, halite, kaolinite, 
calcite. Trace illite 

Calcite, gypsum, quartz. Trace 
mon tmorilloni te 

The XRD analyses generally support the field observations. Most of the green-buff clays and 
shales of the Maadi and Anqabia Formations are composed of montmorillonitic (bentonitic) 
members of the clay family. Halite, commonly reported in the results, is probably a by- 
product of alteration or weathering. The mineral identifications in the surficial material are 
probably more significant from the standpoint of remote sensing; the carbonate shell 
sand/gravel is the dominant surface material on all the clay/marl outcrops and has the 
strongest influence on the TM data. The inference from the XRD data is that calcite and 
possibly gypsum debris in the surficial gravels of the clay/marl sequences are the main 
sources of TM7 absorption. In areas of moderate relief where clay and marl beds are 
exposed, the absorption features of TM7 for calcite and gypsum, and TM7 and TM4 for marl 
and limestone beds, produce distinctive red, pink and yellow tones in the log residuals 7-4-1 
image (Figures 3.32 and 3.35). 

3.4.6 Summary of Cairo-Suez results and conclusions 

General conclusions from the Cairo-Suez area are: 

1. Like El Fayum, this area also shows mixed TM7 responses which makes precise 
mineral identification difficult. Here again, spectral analysis of log residuals 
pseudospectra complements, rather than replaces, conventional image interpretation. 

2. Logarithmic residuals and band ratio FCC images proved to be the most useful for 
mapping occurrences of clay-carbonate on clay/marl units, iron oxide coatings on 
sand/gravel units and hydrated magnesian minerals associated with mafic intrusions. 
Topographic features and outcrop patterns again helped the discrimination of 
lithologies. 

3.5 General conclusions: arid areas 

The work carried out in Egypt has shown that Landsat TM imagery can be successfully used 
in a well-exposed arid region to discriminate, and in some cases provisionally identify, rocks 
and minerals of industrial significance. The methods worked better in the Sinai region than 
in El Fayum or Cairo-Suez probably because: (1) the region is less disturbed by 
development, (2) fewer mixed-composition surfaces with a TM7 absorption occur, and 
(3) the tectonic style and greater relief result in the better exposure of lithologies. 
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Conventional image processing and interpretation can serve to highlight areas of TM7 
absorption caused by minerals such as gypsum or kaolinite. False colour band composites and 
ratio composites provide basic discrimination, but the logarithmic residuals images are overall 
the most useful for mapping spectral responses in reflectance-related terms. However, ‘false 
anomalies’, associated with lithologies having no economic interest such as kaolinitic 
sandstone or weathered/altered dolerite, occur with all image types. Some separation of 
materials is often possible based on differences in albedo, absorptions in other TM bands, 
outcrop pattern and prior field knowledge. The main difficulty is in recognizing and 
interpreting mixed lithologies comprising several materials that cause TM7 absorption (such 
as mixed clay, sulphate and limestone materials). 

A new approach developed during this project involves the spectral interrogation of the 
logarithmic residuals TM data using a program called T-Spectra. This software can be 
implemented on any PC running DOS and is therefore potentially field-portable. In this 
spectral approach, less reliance is placed on the subjective interpretation of image colours and 
more on the semi-quantitative examination of image pseudospectra. Individual locations in 
the image can be examined and comparisons made with both known sites and other responses 
in the image. This makes possible the separation and recognition of lithologies based not only 
on their TM7 response but on overall differences in the shape of their TM pseudospectra. 

In this study, little use was made of library mineral spectra resampled to TM wavelengths. 
Potentially, such data could be compared with the TM pseudospectra to allow direct 
interpretation of TM imagery in gross mineralogical terms. In its present implementation, 
however, the log residuals transform shows significant differences in the shape of the 
resulting pseudospectra which preclude such comparisons. (However, despite this, the 
pseudospectra within an individual log residuals image are internally consistent). More 
precise atmospheric correction of TM data, and a revised implementation of the log residuals 
transform which better meets the assumptions behind the equations, are needed before this 
approach can be properly tested. 
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4. SEMI-ARID TEST SITE: NAMIBIA 

Svnopsis: A detailed account is given of attempts to apply the techniques 
developed in Egypt to more difficult, vegetated, semi-arid terrain in Namibia. 
It provides a full description of the study sites, image processing and 
interpretation, field evaluations and laboratory analyses. In common with 
Chapter 3, it is intendedprimanly for  the specialist remote sensing geologist. 

4.1 Introduction 

Namibia was chosen as a second test area since (1) it provides suitable example of a semi- 
arid environment in which to test the techniques developed in Egypt, and (2) clays for local 
brock-mahng are of very limited occurrence in the country. The presence of increased 
vegetation can be expected to cause complications as a result of both its spectral response and 
the masking effect it has on the ground surface. A publication by the Geological Survey 
(Schneider and Diehl, 1991) describes the known deposits of clays and other industrial 
minerals in the country, and this provided a basis for selecting study sites. 

The climatic regions of Namibia, classified according to the Koppen system, are given in the 
National Atlas of South West Africa (Namibia) (Van der Merwe, 1983). The north and north 
east of Namibia are classified under the coding BShgw. This indicates a dry region with a 
deficiency in rainfall (B); semi-desert or steppe (S); an annual mean temperature above 18°C 
(h): a monthly maximum temperature in the early summer (8); and rainfall during the 
summer (w). Most of the region to the north and east of the capital Windhoek, is classified 
as BShw: i.e. as above but with no early summer monthly temperature maximum. The area 
immediately to the east and south east around Windhoek is classified as BSkw indicating a 
cool semi-desert area with an annual mean temperature below 18°C (k). 

Two study areas were investigated. The first was located along the southern bank of the 
Okavango River, which forms Namibia’s northern border with Angola (Figure 4.1). In this 
area, more than 90% of the annual rainfall (500-600 mm at Rundu) occurs between October 
and March. Away from the river flood-plains, the natural vegetation in the northern study 
area is forest savanna and woodland. 

The second area lies to the east of Windhoek on the margins of the Kalahari Desert. The 
natural vegetation in the Windhoek area is typically highland savanna, passing eastwards into 
camelthorn savanna. Here, the annual average rainfall varies from 200 to 400 mm, with 80- 
90% occurring between October and March. 

4.2 Okavango River Area 

4.2.1 Geological setting 

The plateau through which the Okavango River cuts consists of Tertiary to Quaternary 
deposits, including Kalahari Sands between 120 m and 130 m thick (Geological Survey of 
Namibia, 1980). In contrast to Sinai, the Okavango clay deposits are of modern origin and 
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Figure 4.1 Location of the study area in north east Namibia, showing the seven areas chosen 
for field checking. 
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do not occur within a well-defined stratigraphic sequence. They are more variable in 
distribution and composition, and consideration needs to given more to the physiographic 
controls that govern their development than to geological setting. 

The Okavango is a mature, meandering river which flows southeastward into the interior of 
the African continent and discharges into the Okavango Delta in northwestern Botswana. The 
river transports coarse and fine-grained sands, silts and clays, depositing these materials 
across a complex braided meander system during an annual inundation of its flood plain. 
Schneider and Diehl(1991), referring to earlier work by Schreuder (1980), describe sporadic 
occurrences of clay along the whole length of the flood plain. Typical clay deposits vary in 
thickness from 0.5 to 1.0 m, have surface areas of 0.42 km2 to 2.7 km2 and consist of 
kaolinite, montmorillonite, minor illite, 18% to 26% quartz, and occasional trace feldspar. 

The thickest clay deposits accumulate within abandoned channels and oxbow lakes, which 
are often rich in organic material produced from the decay of vegetation. Clays are also 
deposited in the uppermost part of point bars, forming thin irregular sub-horizontal sheets. 
Point bar successions consist of sandy or silty ridges and clay-filled hollows, formed of 
repeated lateral accretion sets during meander migration. During times of rising flood, the 
hollows may become enlarged and form chutes. The chutes in turn become nmow elongate 
lakes as the flood wanes, and can also become infilled with clay. Finally, clays are found 
away from the braided channels as extensive thin mudsheets covering the main flood plain. 

Thus, a variety of clay deposits occurs along the Okavango River margins. Locating the most 
extensive of these requires the meander system to be mapped in some detail and its 
development understood. Remote sensing can potentially provide information about the 
surface extent of deposits but not about their thickness or compositional variability in depth. 
Of particular importance from a remote sensing viewpoint is the presence of vegetation. 
Although northern Namibia is generally semi-arid, regular inundation along the Okavango 
River margins results in a complex and variable vegetation pattern that is atypical of this 
climatic setting. Because of this, the Okavango proved to be less than representative of semi- 
arid areas in general. 

4.2.2 Data processing 

4.2.2.1 Conventional image analysis 

A moveable Landsat TM scene, path 177 row 072-073, acquired 23 June 1984, covers this 
region. The June acquisition date in the middle of the dry season time represents a midway 
stage in the flood plain drying-out process. Atmospheric correction used a variant of the dark 
object subtraction method. Due to the absence of deep, dark still water with a presumed DN 
value of zero in all TM bands, a value of 1 was assumed. Statistics were collected from a 
mask using TM7 with a DN range of 0 to 3, over a large relict meander bend and an ox-bow 
lake from a small sub-scene near Sinsogoro. The atmospheric scattering component for each 
wavelength band was estimated by subtracting from each band their mode minus 1. Any 
negative values were set to a value of 1. 

The subsequent processing was similar to that used in Sinai (section 3.2.2): 
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1. Ratio FCC: 7/5, 4/3, 5/1 (RGB). This image was not found to be very informative 
within the river flood-plain probably due to the masking effects of vegetation and 
reeds. 

2. Principal components: The combination PC 4-2-5 was found to show the best overall 
discrimination, although PC 3-2- 1 was also found useful. 

3. Log residuals: Inverted logarithmic residuals 7-4-1 images for selected sub-areas of 
interest. 

Computer screen photographs were taken of various images, and prints at approximately 
1:75 0oO scale used during fieldwork for ground truthing. A comparison of the different 
Landsat TM imagery products for the Sambusu sub-area is shown in Figure 4.2A-D. 

4.2.2.2 Integration of satellite imagery and aerial photography 

The spectral range covered by multispectral imagery such as Landsat TM is an obvious 
advantage in discriminating ground materials. However, in complex environments such as 
the Okavango flood plain, where the occurrence of materials of interest (here clays) is 
intimately linked to modem day processes, the poor spatial resolution of the TM (30 m) is 
a major limitation. On the other hand, the high spatial resolution, and stereoscopy, of 
conventional black-and-white aerial photography provides much information on the 
geomorphology. In order to combine these benefits, an experiment was carried out to 
digitally merge the two data types. One of the more discriminating false colour sub-scenes, 
the PC 4-2-5 image, was selected covering the Sambusu area and integrated with a black-and- 
white 1:50 000 scale aerial photograph (No. 692/3811 dated 21 July 1971) for the same area. 

Digital merging involved the following processing steps: 

The aerial photograph was scanned at an appropriate resolution (254 dpi or 100 pm) 
to convert it to a digital image. 

The satellite image was resampled to the same spatial resolution as the photograph 
(5 m at the scanned resolution of 254 dpi). 

The scanned photograph was digitally warped to the TM image using a series of 
common control points and cubic convolution. (NB It is also possible to warp the TM 
image to the geometry of the aerial photograph, thus retaining the relief-related 
distortions that produce parallax, and thus potentially provide stereoscopy, if both 
photographs of a stereo pair are used). 

The RGB principal components image was transformed to intensity-saturation-hue 
colour space, the intensity component was replaced by the single band aerial 
photographic image, and the new image was converted back into RGB colour space. 

A part of the merged image is shown in Figure 4.3. 
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4.2.3 Evaluation and field correlation 

Code Deposit size Estimated 
tonnage 

A 750000 m2 x 1.0 m 135oooO 

Fieldwork was undertaken (August 1992) along a 145 km section bordering the Okavango 
River from approximately 105 km west of Rundu to 40 km east. The main objective was to 
establish ground, soil and vegetation correlations with the 1:75 0oO Landsat images and 
1:50 OOO aerial photographs. The ground reconnaissance was concentrated mainly along the 
river flood-plain and older, higher terraces. Seven sub-areas were examined in the field 
(Figure 4. l), five of which had been previously identified as clay deposits by Schreuder 
(1980), and tabulated in Table 4.1. 

Field- Map 
check 

Yes Tondoro 

Table 4.1 Lis 

B 

C 

D 

E 

Locality 

Tondoro 

675000 m2 x 0.5 m 607500 Yes Rupara 

1325000 m2 x 1.0 m 2385000 Yes Sambusu 

425000 m2 x 0.1 m 765000 No Sambusu 

2050000 m2 x 0.8 m 2952000 No Mupini 

Halili 

Sin sogoro 

F 

G Nakazaza 

875000 m2 x 0.75 m 1181250 Yes Mupini 

2700000 m2 x 1 .O m 486oooO Yes Mupini 

It 

The two additional localities were field-checked. The first was located from 18 to 23 km east 
of Rundu on the Rundu 1:50 000 sheet (Figure A1.6), and the second from 1 to 5 km east 
of Shambyu on the Mashari 1:50 000 sheet (Figure A1.7). 

A total of 59 clay-rich samples were collected for XRD analysis, including some from the 
deposits identified by Schreuder (1980). Three samples were also collected from the Otavi 
Brickworks, approximately 325 km to the south west of Rundu (the nearest commercial 
brickworks to the Okavango River area). The samples were analysed by Dr G .  Schneider of 
the Namibia Geological Survey. A total of 108 samples were also collected for laboratory 
spectral measurement in BGS (Marsh and Tragheim, 1995). Maps showing field and sample 
localities are provided in Figures Al.  1 to Al .7  in the appendix. 

In the following sections the Sambusu locality is described in detail as it demonstrates the 
main characteristics found all along the Okavango River flood-plain. Other localities are 
discussed only where they illustrate additional features. 

4.2.3.1 Vegetation 

The vegetation in the Okavango River flood-plain varies in relation to the time of season, 
topography, proximity to water, and soil type. These are all intimately related to the 
dynamic, sedimentological and geomorphological evolution of the river meander system. 
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Lush reeds grow at times of flooding but diminish in extent through the rest of the year as 
the flood waters recede. Thus, depending on the season, different zones within the flood 
plain are covered by different types and amounts of living and dead vegetation. At the time 
of acquisition of the Landsat image (23 June 1984) and the aerial photographs (21 July 1971), 
the flood-plain was about halfway through its drying-out process following the main October- 
March rains. At this time of year, the region experiences its lowest average monthly 
temperature (16°C) and its longest daily sunshine (10 hours). 

In low lying areas, near the main river or in flooded relict meander bends or oxbows, there 
is generally an abundant covering of healthy growing reeds. These appear in reddish or 
magenta hues on the PC 4-2-5 image (Figure 4.2A), and in red to violet on the 7-4-1 
(Figure 4.2D) inverted log residuals image. Occasional large trees near the river’s edge and 
on raised sandy overbank deposits may also contribute to the vegetation signal. Figures 4.4 
and 4.5 show the type and variations of vegetational growth on the Okavango River flood- 
plain to the west of Rundu. 

Elsewhere, large trees and scrub thorn bushes grow on slightly higher and older sandy 
terrace deposits and are easily recognised by their violet/magenta to purplish colours on the 
PC 4-2-5 image. Figure 4.6 shows one such site at Tondoro (locality 12). The clay filled 
depressions behind these upper terraces tend to be devoid of vegetation, apart from a very 
sparse covering of grass (Figure 4.7). 

On the main arcuate, meander scroll deposits, there is an abundant mixed covering of 
flattened dried reeds, and upstanding clumpy, straw-yellow reeds. Figures 4.8 to 4.11 from 
the Sambusu region show the variations which occur. The reeds are sometimes less extensive 
on the mud-flats near the main back-terrace edge of the flood-plain e.g. east of Rundu, near 
Shambyu (Figure 4.12). As before, red colours predominate on the PC 4-2-5 image. 

4.2.3.2 Clays 

Despite the relative abundance of clay on the flood-plain, little apparent use is made of it 
locally for building. An exception was seen at Shambyu (Figure 4.13), where it was used to 
infill the walls of a hut. Most of the dwellings away from Rundu are made of wood and 
reeds. There appears to be no local brick-making industry. 

Field observations provided an explanation for many of the features seen on the aerial 
photographs and enhanced TM imagery. Unlike Sinai, the best discrimination between 
surface materials was found in the principal components images rather than the log residuals 
or ratio images. 

Table 4.2 lists the weightings of the original bands in each of the principal components. 
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Table 4.2 Eigenvalues and eigenvectors for the principal components analysis 
of the Okavango sub-scenes 

Eiga vectors Principal 
components 

PC6 

Eigenvalues 

TM7 TM1 I TM2 I TM3 TM4 

-0.326 

TM5 

-0.736 -0.43 1 0.906 

0.052 -0.422 0.464 0.200 

0.723 0.187 -0.506 0.029 

0.436 0.710 0.008 -0.419 

0.148 0.005 0.048 -0.053 

-0.030 0.100 -0.105 0.001 

Principal components are, as always, difficult to interpret in physical (spectral) terms. 
Generally spealung, a high eigenvector value indicates a strong contribution from that band; 
positive and negative eigenvectors in the same component represent contrasts. PC1 accounts 
for 90% of the variance and describes the albedo. PC4, although it only accounts for 0.8% 
of the variance, has high positive eigenvector loadings for TM7 and TM4, and moderate 
loadings for TM5 and TM3: it probably relates to both vegetation and clays. 

Field checking provided an empirical explanation of the ground conditions represented by 
different colours in the PC and other FCC images shown in Figure 4.2A-D. These field 
correlations are summarised in Table 4.3. Low lying areas near the river, consisting mainly 
of clays with an abundant covering of reeds, appear reddish in the PC 4-2-5 image 
(Figure 4.2A). Elsewhere, the clays within the shallow topographic depressions of the 
laterally accreted meander scroll deposits tend to appear blue, dark blue or cyan. Silty or 
sandy clays tend to appear greenish cyan. All of the clays are variably covered with living 
and dried flattened reeds. It was also observed that the flattened reeds sometimes had a thin 
coating of clay, probably as the result of a recent flooding event. 

A detailed aerial photograph interpretation of the Sambusu region, carried out in conjunction 
with the enhanced Landsat imagery, is shown in Figure 4.14. This provides a graphic 
illustration of the evolution of the meander system in this part of the river. The thickest clay 
deposits are likely to be found in the low-lying relict meander bends. However, extracting 
these clays presents a somewhat difficult problem due to the high risk of regular flooding. 

The above interpretation (Figure 4.14) illustrates the individual advantages and limitations 
of aerial photographs and satellite images. The merged aerial photograph/PC 4-2-5 image 
(Figure 4.3), which combines the spatial resolution of the former with the spectral 
discrimination of the latter, greatly assists in deciphering the complex sedimentological and 
geomorphological history of the meander systems and deposits. On this, the darker bluish 
cyan and greenish cyan colours of the PC 4-2-5 image correlate with the clays occurring in 
the striped and arcuate depressions of the lateral accretion sets. 
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The XRD results of clays from this and other areas along the Okavango River flood-plain 
are summarised in Table Al . l  in the appendix. XRD analyses provide, at best, semi- 
quantitative data but indicate that 59% (32 samples) are clayey sands; 15% (8 samples) are 
clayey silts; 24 % (14 samples) are silty or sandy clays; and only 2 % (1 sample) was kaolinite 
dominant. From west to east, the samples from Tondoro, Rupara, Sambusu and Mupini 
generally had kaolinite present together with trace amounts of montmorillonite. The 
specimens from Sambusu were mostly silty clays with approximately equal amounts of 
kaolinite and quartz. The Rundu samples showed minor montmorillonite but no kaolinite. 
Further east, the samples from Mashari had a variable montmorillonite content generally 
exceeding kaolinite, if present at all. 

Figure 4.15 shows IRIS spectral measurements for the silty clays from the Sambusu region; 
their locations are plotted on Figure 4.3. These spectra show an apparent systematic variation 
with location on the flood-plain; this may be described according to three groups of samples. 

The first group, consisting of samples 46a, 46b (and 56b - not plotted), show the highest and 
most varied reflectance, matched overall by the reference spectrum ‘kaolinite-2’ from the Jet 
Propulsion Laboratory (JPL) spectral library. Samples 46a and 46b were obtained from two 
adjacent terraces in the western part of the Sambusu area. On the aerial photograph they 
belong to characteristic type 3a (Table 4.3). On the combined aerial photograph/PC 4-2-5 
image (Figure 4.3) they are seen to correlate with a greenish cyan colour. They also have 
a similar greenish cyan colour on the inverted log residual image (Figure 4.2D). Sample 56b 
occupies a midway position spectrally within this group, but was obtained some distance 
away from a topographic depression near the current river channel in the north east of this 
area. 

The second group, comprising samples 48 and 53, come from reed covered, clay-rich 
depressions which correlate with old channels. Both samples have a lower reflectance than 
the first group, and are approximated by the reference spectrum ‘kaolinite-l’, also from the 
JPL library. On the PC 4-2-5 image, the spectral responses of these samples are dominated 
by red or magenta colours due to vegetation. On the inverted log residuals image 
(Figure 4.2D), they tend to have a violet colour. 

The third group consists of samples 52, 54 (and 55b - not plotted), and show the lowest 
albedo. In Figure 4.3 they are seen to occur within narrow topographic depressions of the 
clay infilled hollows of the lateral accretion sets. On the inverted log residuals image they 
correlate with pale yellow/buff areas. 

Figure 4.16 shows a T-Spectra display with log residuals pseudospectra plotted from heavily 
vegetated locations in the Sambusu region. These sites ares known to have clay but the 
characteristic TM2-TM3-TM4 v-shaped triplet suggests that the response here is dominated 
by vegetation. 

4.2.3.3 Other lithologies 

The soils of the Okavango River flood plain are predominantly sands and silts. The spectral 
responses of different surface materials in the various images are summarised in Table 4.4. 
As seen in Figure 4.2A, the dominant colour in the meander scrolls on the PC 4-2-5 image 
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Figure 4.15 Laboratory reflectance spectra of clay samples from the Sambusu region 
showing three main groups. Also plotted for reference, are the kaolinite-1 & 2, and 
montmorillonite- 1 spectral profiles from the JPL library. 

Figure 4.16 T-spectra display with log residuals pseudospectra, from reed covered, clay-rich 
areas of the meander deposits in the Sambusu region. The v-shaped triplet of TM2-TM3- 
TM4 is a characteristic vegetational response. 
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is mottled cyan. The pale greenish cyan mainly corresponds to the sandier ground where 
there are fewer reeds, including crevasse splay sands. The slightly darker blue to cyan areas 
are mostly alternating clayey silts and sands of the laterally accreted meander scroll deposits, 
which are variably covered by flattened dried reeds. On the merged aerial photograph/PC 4- 
2-5 image (Figure 4.3), the overbank and crevasse-splay sands are clearly delimited as white 
or pale bluish cyan. 

Figure 4.17 shows the limited variability of laboratory spectra of the sands from the Sambusu 
region. Although not individually identified, the samples are from localities 45 (uppermost 
terrace sand), 49 (overbank sand), 50 (crevasse splay sand), 55a (modern point bar sand) and 
56a (sandy ridge in lateral accretion lobe sheet), which are plotted in Figure 4.3. Their 
spectral profiles correlate well with ‘kaolinite-3’ from the JPL library, suggesting that these 
sands are kaolinite bearing. A comparison reference spectrum, ‘quartz sand-1’ is also shown 
in Figure 4.17, but has a flatter shape and higher average albedo. 

Pseudospectra of various sands from the Sambusu region are shown in Figure 4.18. The 
large cursor cross on the TM band 7 log-residuals image (not inverted) indicates where the 
highlighted white pseudo-spectrum comes from. Most of the spectra are either sub-horizontal 
or slope towards the shorter wavelengths in the region between TM4 and TM7. This is 
typical of quartz sands from the JPL spectral library. The sharp break in slope between TM3 
and TM4 probably indicates a vegetational response. 

Calcrete, which is extensively used for road construction, generally appears dark blue on the 
PC 4-2-5 image (Figure 4.2A). Mottled dark blue areas adjacent to the road are calcrete 
quarries. Excavations visited show that the calcrete is typically buried to a depth of 0.6- 
1.5 m. The overlying surface soils are generally grey weathering, brown, medium to fine 
grained sandy loams, containing calcrete debris. At Sauyemwa, near Rundu, (locality 1) 
white calcrete has been used for low-quality brick making (Figure 4.19). The calcrete at this 
location appears turquoise blue on the PC 4-2-5 image. However, not all the dark blue areas 
on the PC 4-2-5 image are calcrete; brightly reflecting quartz-rich sands often have the same 
appearance (e.g. localities 6b and 8 near Sauyemwa, and near localiiy 80, 2.5 km east of 
Rupara Mission). Another material which appears dark blue on this image is a white powdery 
efflorescence occurring in a valley bottom, some 2 km south of Nakazaza (not identified). 
Yellow on the PC 4-2-5 image in the uppermost terrace corresponds to quartz-rich Kalahari 
Sands.or pale bluish cyan. 

4.2.4 Summary of NE Namibia results and conclusions 

A reasonable correspondence was found between the enhanced TM imagery and the surface 
materials. Unlike Sinai, the best discrimination was found in principal components images, 
rather than logarithmic residuals or ratio images. This is probably due to the increased 
difficulty of detecting mineralogical differences in the presence of a significant vegetation 
component. However, understanding the spectral significance of the PCs is difficult. 

When used in conjunction with high-resolution stereo aerial photographs and limited 
fieldwork, the PC imagery allows the distribution of various surface materials and vegetation 
to be rapidly ‘mapped’ over wide areas. In the areas studied, potential sources of clay have 
been effectively delimited, at least at the reconnaissance level. 
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Figure 4.17 Laboratory reflectance spectra of kaolinitic sands from the Sambusu region 
showing spectral reflectances which closely match the kaolinite-3 reflectance spectrum from 
the JPL library. Also shown for reference is quartz sand-1, from the same spectral library. 

Figure 4.18 T-spectra display with log residuals pseudospectra of various sands from the 
Sambusu region. The sub-horizontal to gently inclined spectra towards shorter wavelengths 
between TM4 and TM7 is typical of sands. 
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A more detailed understanding of the TM data would require spectral unmixing models to 
be applied over those areas with low to moderate vegetation cover. This might allow the 
preliminary interpretations to be refined. 

Both XRD and laboratory spectral analysis showed that the clays and sands contained 
kaolinite. Montmorillonite was generally a trace component, but was found to increase in 
abundance over kaolinite to the east of Rundu. The high quartz content of nearly all the 
samples, suggested by the XRD results, was unexpected; however, this analytical technique 
may not be a reliable indicator. 

4.3 Windhoek area 

A second test site in Namibia was chosen in order to test the methods in an area more 
typically semi-arid than the Okavango flood plain. Based on the report Industrial Rocks by 
Schneider & Diehl (1991) and information provided by the Geological Survey, an area lying 
some 60 to 80 km to the east of Windhoek near to Otjivero was selected for further 
examination (Figure 1.2). Within this region, the report cites a number of small clay-rich 
occurrences mainly along the course of the White Nossob River. Most of the work was 
carried out in this area. 

In addition, a road reconnaissance was undertaken to the north and west of Windhoek, 
between Okahandja and Karibib. This is not within an area covered by the Landsat image but 
appears to contain interesting clay occurrences. To judge from preliminary field evidence, 
it is an area that might reward some further investigation. 

4.3.1 Geological setting 

The Otjivero area to the east of Windhoek lies within the Damara Orogen. The bedrock in 
this region consists of a strongly deformed nappe sequences of metasedimentary and 
metavolcanic rocks consisting of various quartz-mica (k graphite) schists, quartzites, 
marbles, quartzites, amphibolites, arkose, conglomerate and granite. The geology is 
described by Kasch (1983). Exposure is generally poor but where the sand cover is thin, sub- 
outcropping bedrock can be seen. Though not covered by thick Kalahari Sand deposits, 
aeolian sands nevertheless make up a significant component of the surface over virtually all 
of the area. Beneath the wind-blown sand cover, the soil would appear to be generally 
residual and autochthonous. 

Although the geological map shows a variety of lithologies in this area, the mineralogical 
composition of the erosional sandy soils does not vary greatly. Quartz silt/sand in one form 
or another is by far the most common mineral and, together with feldspar, probably makes 
up more than 90% of the surface materials over much of the area. Small amounts of mafic 
minerals are also present, varying in type and amount according to the bedrock. 

4.3.2 Image processing 

The area of main interest to the east of Windhoek lies along the northern margin of Landsat 
TM scene (177-076); a cloud-free scene acquired 23 January 1987 was obtained. The January 
acquisition date corresponds to the middle of the rainy season. 
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The image data were corrected for atmospheric path radiance effects using a histogram 
minimum method. Band combinations and processing were determined on the basis of past 
experience in similar terrain and visual comparisons. Two FCCs were prepared: the first of 
bands 4-5-3 and the second of bands 1-5-7. These were enhanced using a piecewise linear 
stretch to obtain the best visual image with maximum overall image discrimination. 

A log-residuals transformation was carried out. The values were inverted so as to highlight 
areas of TM7 absorption. An FCC image of inverted log-residual bands 741 was produced. 
In this colour combination, areas of strong TM7 absorption appear in reddish tones. Screen 
photographs were taken of all three image composites for field evaluation and comparison. 

4.3.3 Evaluation and field correlation 

4.3.3.1 Area description 

The field visit was planned for the same season as the image was acquired. However, at the 
time of fieldwork (late January/early February 1994) the area experienced extremely heavy 
rainfall ending a long drought. As a result, exceptional vegetation growth occurred which 
masked much of the ground and made correlations with the image difficult. Local opinion 
indicated that the vegetation cover was almost certainly more than in January 1987. This was 
confirmed by inspection of the 453 FCC image (Figure 4.20A) in which vegetation, 
highlighted in red, is not a dominant feature except along the tree-lined banks of the White 
Nossob River. The inverted log residuals 7-4-1 image for the same area is also shown in 
Figure 4.20B. 

The study area along the White Nossob River is a peneplained erosion surface with 
occasional small hills and some larger ‘kopjes’. The area is wholly ranchland and supports 
a low density of cattle. The natural vegetation of this area is open savanna scrubland 
supporting a variable cover of low thorn bushes and small thorn trees. Large Acacia and 
other trees grow along the margins of the White Nossob flood plain and sporadically 
elsewhere. Vegetation patterns only locally correspond to bedrock geology. Local opinion 
was that the vegetation was largely natural and that distribution patterns persisted for long 
periods. However, there were indications that clearing had played a part, perhaps through 
burning - either natural or planned. Based on borehole results, opinion was further that scrub 
vegetation distribution was not generally related to groundwater. The effects of grazing and 
variable land use have had a significant effect on overall image responses. These are obvious 
along man-made boundaries, but elsewhere are only suspected. 

Despite the generally thin vegetation cover, there appears to be a significant spectral 
contribution from vegetation in the January 1987 image. Plant materials includes healthy 
green-leaved trees, scrub and grass, as well as senescent and dead plant litter, all of which 
contribute to the spectral response. 

4.3.3.2 Field evaluation 

The report by Schneider & Diehl (1991) described several small deposits of clay used in the 
past for local brick-making. The deposits occur in the vicinity of the White Nossob flood 
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plain. The present visit confirmed that no extraction had occurred for many years, to the 
extent that it was often difficult to locate the sites with certainty. 

Most of the deposits appear to be quite restricted in size and buried under a half-metre or 
more of sand. Many are also masked by shrub and/or tree vegetation; this results partly from 
their closeness to the river but possibly also the water-retaining properties of the clay-rich 
soils. Schneider & Diehl (op. cit.) note that alluvial clay occurrences along the larger dry 
river courses in Namibia are without exception overgrown with Acacia kuroo (White Thorn 
tree); at one of the localities near the White Nossob they note that a growth of Acacia 
horrida over a clay deposit. These factors combine to make the detection of these deposits 
by remote sensing extremely difficult. 

Prior to fieldwork, a T-Spectra analysis was carried out in order to characterise the 
pseudospectral responses on the inverted log residuals 7-4- 1 image. This examination 
revealed the same general features in different part of the image suggesting similar ground 
materials. The analysis focused particularly on areas within the image showing apparent TM7 
absorption. Comparisons with the kaolinite-related pseudospectra from Sinai suggested the 
possibility of clays in some instances. It was anticipated that any clay spectra would be 
modified by quartz-rich sand and vegetation, but it was uncertain exactly what spectral 
characteristics to expect. 

On the 7-4-1 image (Figure 4.20B) areas of TM7 absorption generally appear in yellow or 
orange depending on the contribution from other bands. Other image responses were also 
examined under T-Spectra in order to build up an understanding of the log residuals image 
as a whole. Areas containing obvious green vegetation were analyzed in order that minor 
contributions from vegetation might be recognized elsewhere. Green vegetation is easily 
identified by the distinctive TM2-3-4 triplet in its pseudospectrum. 

Subsequent fieldwork involved an examination of sites where ‘anomalous’ spectral signatures 
or other features of interest were noted, and included the collection of samples for laboratory 
spectral analysis. It was clear from the outset of fieldwork that the masking effects of sand 
and vegetation, and the small size of the deposits, made it unlikely that clay minerals could 
be detected by the TM sensor. Many of the anomalous pseudospectra appeared to correlate 
with slightly increased vegetation, although this was difficult to prove due to the abundant 
new vegetation. Such areas appeared to have more scrub bush and some small trees, but clay 
was not obviously present. By contrast, areas which appeared dark blue on the inverted log- 
residuals image, were found to be more thinly vegetated and/or were over-grazed. 

The laboratory reflectance spectra were measured of samples where clays had originally been 
suspected from the image pseudospectra. Figure 4.21 shows the spectra of samples from four 
such sites (lower curves), together with JPL library spectra for a pure quartz sand and a 
kaolinite, all reduced to the 6 band passes of the TM sensor. Apart from the overall lower 
albedo, similarity to the quartz spectrum is apparent but the drop in reflectance values from 
TM5 to TM7 is more typical of the kaolinite. Although far from conclusive, the results 
suggest that the field samples are clay-bearing sands. 

Laboratory spectral measurements of dead vegetation (dead grass, thorn bush and wood) are 
shown in Figure 4.22, together with reference spectra representing typical healthy green 
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Figure 4.21 Comparison between JPL library spectra resampled to TM band widths and 
similarly resampled IRIS spectra of 4 samples from central Namibia. 
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Figure 4.22 Comparison of JPL library spectra of green and dry vegetation with IRIS spectra 
of dead vegetation from central Namibia. 
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vegetation (grass) and dead vegetation (dry CuZZuna leaves). The three Namibia spectra are 
all similar; they lack the high near-infrared reflectance characteristic of green vegetation but 
show similarities with the dry vegetation reference spectrum, especially in the shortwave 
infrared region beyond about 1.8 pm. These spectra will provide useful data for follow-up 
work on spectral mixture modelling in semi-arid terrains. 

Despite the lack of progress towards the main objective - detecting clays - the study provided 
a further opportunity to assess the value of the T-Spectra approach to general lithological 
interpretation. The inverted log residuals allows colours to be analyzed and classified in 
terms of simple pseudospectral curves. However, because the processing effectively removes 
topographic shadowing, it is less easy to visualise as a map and it subdues structural features 
which are partly expressed by relief. This can be seen in Figures 4.23A and B which show 
a 4-5-3 FCC and an inverted log residuals 7-4-1 image respectively (compare also 
Figures 4.20A & B) . 

4.3.4 Karibib-Okahandja reconnaissance 

Schneider & Diehl (1991), referring to Halbich (1964), noted various occurrences of clay in 
the Okahandja District. Although no imagery was available for this area, a brief road 
reconnaissance was made along a 70 km stretch of the B2 highway from west of Karibib to 
Okahandja, continuing on the B1 towards Windhoek (Figure 1.2). 

Compared with the previous field area to the east of Windhoek, the region is generally less 
thickly covered by aeolian sand and the vegetation is far denser, making it perhaps still less 
suitable for detecting clays by remote sensing. However, throughout this region (i.e. the 
entire stretch of the B2 and the B1 extending some 10 km south of Okahandja) are to be seen 
tall chimney-like termite mounds which are well-cemented and appear to have a moderate 
clay content. The ground typically shows a very thin (= 1 cm) covering of loose sand 
rapidly passing into grey/brown silt and, beneath this clay-rich material at shallow depth. 

Several samples of the material composing the termite chimneys and the sub-surface soil 
were spectrally analyzed. Three such samples (collected from different sites over a distance 
of 14 km adjacent to the main road) are shown in Figure 4.24, together with JPL library 
spectra of a quartz sand and a pure kaolinite for comparison. The field samples are all 
similar, and have the gross features of quartz whilst showing the diagnostic absorption of 
kaolinite with a shoulder at around 2.17 pm in the main 2.2 p m  absorption. No chemical 
analyses of the materials were carried out but on spectral grounds they are concluded to be 
clay-rich silts/sandstones (or sandy clays). Although no firm conclusions can be reached, the 
reconnaissance suggests that clay-rich soils may be present over much of this area. 

4.3.5 Summary of Windhoek results and conclusions 

The area east of Windhoek proved somewhat atypical of the semi-arid environment in many 
respects. The small size and very restricted geological occurrence of individual clay deposits, 
their burial beneath a substantial sand cover, and the obscuring effect of vegetation made 
their detection extremely difficult. However, advances were made towards the goal of more 
objective image interpretation techniques and provided further encouragement that the 
spectral interrogation techniques can be applied to general lithological discrimination. 
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Clearly, the remote identification of such deposits will always be difficult in the presence of 
vegetation using a coarse resolution, broadband sensor such as Landsat TM. 

4.4 General conclusions: semi-arid area 

Namibia was chosen to test the earlier developed methods (here applied to the reconnaissance 
for clays for local brick-making) in a more vegetated, semi-arid environment. However, both 
the Okavango River and the White Nossob test sites proved somewhat atypical of semi-arid 
areas due to (1) the limited geological Occurrence of clays only as flood-plain deposits; (2) 
the effects of significant and grossly changing vegetation causing masking and mixed spectral 
responses, and (3) the masking of the clay deposits by sand overburden. 

Vegetation is a difficult problem to deal with because its shortwave infrared responses at the 
coarse spectral resolution of the Landsat TM are somewhat similar to clay. However, the use 
of logarithmic residuals and T-Spectra analysis can go some way towards separating these 
signals. Whereas the studies failed to conclusively show that the methods work in a semi-arid 
environment, the study provided encouragement that the techniques could be used where 
more extensive occurrences were exposed, even in the presence of a substantial (though not 
totally overwhelming) vegetation contribution. It is apparent that further work is required in 
a more typically semi-arid terrain where vegetation patterns are more invariant, and image 
processing can be more predictive. In the case of Namibia, interpretation of imagery relies 
more on discriminating complex ground units defined by associations of composition, 
vegetation and geomorphology than on the recognition of actual mineral absorptions. The 
digital merging of Landsat imagery with aerial photography provides a high spatial resolution 
image that combines many of the individual benefits of each data type. 
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5. SUMMARY, CONCLUSIONS AND RECOMMENDATIONS 

Svnoosis: The basis of the remote sensing method is restated, the results 
outlined and the main conclusions summarised. The advantages and 
limitations of the approach are briefly reviewed and suggestions made for  
tackling outstanding research issues in the context of possible opemtional 
implem entatio n . 

5.1 Summary of approach 

Local sources of industrial minerals, including building materials, are important for industry, 
community development and housing programmes in many developing countries. This study 
represents an attempt to develop low-cost remote sensing techniques to aid the search for 
such minerals in arid and semi-arid terrains. The method involves a semi-quantitative 
approach to interpreting widely-available satellite imagery, such as Landsat TM. The aim of 
the work has been to develop an operational methodology for reconnoitring poorly known 
terrain, quickly and cheaply. 

The basis of the method is that many minerals of industrial importance, including clays, 
sulphates and carbonates, exhibit diagnostic spectral responses that can be detected in 
remotely sensed images. This is manifested, at the coarse spectral resolution of the Landsat 
TM, by low reflectance in TM7 (shortwave infrared). In the past, this response has been 
used to recognise rock alteration haloes associated with metallic mineralisation. Although the 
spectral resolution of Landsat TM is generally insufficient for the precise identification of 
individual minerals, information contained in the data can be used to make provisional 
predictions and target likely occurrences of industrial minerals as part of a regional 
exploration strategy. 

The project has involved the comparison of various conventional and new image processing 
and data analysis procedures. An important emphasis was on a spectral analysis approach to 
image interpretation, rather than reliance on conventional visual discrimination of image 
tones. This involved converting the raw radiance signal recorded by the satellite sensor to 
values more closely approaching true laboratory reflectance using a image processing 
technique called logarithmic residuals. Once in this form, the data could be analyzed as 
‘pseudospectra’ using spectral analysis software, thereby permitting the study of all six 
reflective bands at the same time. 

The project involved attempts to apply the methods to the search for a limited range of 
industrial minerals (clays, carbonates and sulphates) in an arid area (Egypt) and a semi-arid 
region (Namibia). Field investigations were undertaken in both countries. In addition, a desk 
study was carried out to examine the theoretical potential for extending the method to cover 
a broader range of industrial minerals and rocks. New software was written to convert full- 
resolution laboratory reflectance spectra to the waveband intervals of broadband satellite 
systems. 
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5.2 General results 

The work in Egypt demonstrated that Landsat TM imagery can be successfully used in a 
well-exposed arid region to discriminate, and in some cases provisionally identify, certain 
rocks and minerals of industrial significance - in this case kaolinite and gypsum. The success 
of the method was found to be somewhat variable between sites; it worked best in areas of 
good rock exposure, undisturbed by development and with simple ground materials 
dominated by a single mineral. Conventional image interpretation is nevertheless useful in 
arid terrain, particularly using ratio composite images, and complements the more rigorous 
spectral approach. 

Attempts to apply the method to the search for brick-making clays in the semi-arid 
environment of Namibia proved more difficult due to (1) the restricted distribution of clay 
deposits, and (2) problems of masking and spectral mixing caused by dense vegetation cover 
and sand overburden. Despite this, the studies provided an opportunity to evaluate a range 
of different image processing techniques for general lithological and mineral discrimination. 
This included the digital merging of an aerial photograph with a principal components TM 
image. The overall results support the view that the method could be adapted for a more 
typical semi-arid environment, provided that the materials sought were reasonably well 
exposed and that some supporting field information was available. 

A new and important approach developed during this project involved the interactive 
interrogation of the log residuals TM image using a spectral analysis program called T- 
Spectra. Whereas conventional image processing, such as false colour band composites and 
ratio composites, can highlight areas of TM7 absorption, the logarithmic residuals images 
can be used to map spectral responses in direct reflectance-related, mineralogical terms. T- 
Spectra can be implemented on a simple personal computer and is therefore potentially field- 
portable. In this approach, simple pseudospectra, corresponding to six of the Landsat TM 
bands, are compared and their shapes analysed. Since the technique does not depend on the 
visual interpretation of image colours, the approach is more objective and quantifiable. 
Individual locations in the image can be examined in terms of their pseudospectra and 
comparisons made with both known and unknown sites in the image. Because the approach 
takes account of overall differences in the shape of the pseudospectra, rather than responses 
only in TM7, the separation and recognition of a range of minerals and lithologies is 
possible. The main difficulty is in recognizing and interpreting mixed lithologies comprising 
different materials that individually cause TM7 absorption (such as mixed clay, sulphate and 
limestone materials). ‘False anomalies’, caused by materials of no economic interest, occur 
but can often be distinguished on the basis of differences in albedo, absorptions in other TM 
bands, outcrop pattern and prior field knowledge. 

5.3 Remaining problems and solutions 

The project has established the basis of a method for interpreting Landsat TM imagery in a 
semi-quantitative manner but some questions remain which will need to be addressed prior 
to, or as part of, any operational implementation. These are summarised below together with 
possible solutions or approaches. 
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1. The current log residuals software as applied to Landsat TM produces pseudospectra 
in which the values in the visible wavebands are higher than expected. This may be 
due to the atmospheric correction applied or a failure of the data to meet the 
assumptions of the log residuals calculation. Although these differences are 
unimportant so far as within-image comparisons are concerned, the lack of 
correspondence with laboratory spectra precludes library reference spectra being used 
for direct mineral identification at this stage. The specific problems, and the results 
of initial attempts to solve them, are summarised in the following paragraph. 

The log residuals technique requires that the data are free of any additive atmospheric 
component; without such a correction it is not possible fully to remove the 
topographic and illumination factors since the additive component cannot be 
separated. As this correction is wavelength dependent, any residual atmospheric 
component will have a greater effect in the short wavelength visible bands. The 
development of an accurate method for atmospheric correction of satellite data 
remains a research priority for the remote sensing community. The failure of actual 
data to meet the assumptions of the log residuals technique has been addressed by 
Tsuchida et al. (1994). By using data for materials known or assumed to have a flat 
spectral reflectance in the image, the log residuals technique can be recast to yield 
pseudospectra of more acceptable form in the visible wavebands. Attempts were made 
to implement this procedure for some of the Egypt data but with limited success, due 
mainly to the difficulty of identifying reference pixels which have a flat spectral 
response. However, the results were encouraging and justify further work to better 
understand the log residuals method. 

2. Mixed mineral assemblages cause difficulties for the spectral analysis approach. The 
simple pseudospectral curves possible with TM, and the large range of potential 
minerals, make the unmixing of complex mineral pseudospectra extremely difficult. 
One approach might be to first decide the range of likely minerals based on a 
knowledge of the geology of the area. Developments of pixel unmixing techniques 
could significantly improve the usefulness of the spectral approach. Such work should 
also address the important question of separating out mixed vegetational responses. 

3. The desk study has shown that spectra for a range of mineral families, reduced to the 
band passes of Landsat TM or JERS-1, can be theoretically assigned to one of a few 
groups on the basis of general shape. A knowledge of the local geology and 
mineralisation could then be used to make provisional identifications. In this way it 
should be possible to extend the methods to a much larger range of minerals than was 
attempted in the present project. This approach again requires that the log residuals 
computation produces pseudospectra that more closely match the laboratory curves 
(see 1 above). 

4. Whereas the image-interrogation approach has clear advantages, the present 
implementation of the T-Spectra program displays only a single band black-and-white 
image on the PC screen. The program would be considerably improved from a user’s 
viewpoint if a colour composite image were displayed instead. It should not be a 
difficult task to modify the T-Spectra software accordingly. 
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5.4 Conclusions and recommendations 

Rapid, cost-effective methods of mineral exploration are important in developing countries 
particularly where the commodities sought are relatively low unit-value bulk industrial 
minerals. The use of remote sensing can help stimulate interest by identifying possible targets 
for mineral exploration in poorly known areas. Used in the initial stages of a field 
programme, remote sensing could provide valuable and cost-effective inputs to the planning 
and logistics of the main exploration phase. 

Despite certain limitations, the project has demonstrated for the first time that widely 
available, broadband multispectral satellite imagery such as Landsat TM can be analysed 
spectrally to provisionally identify, rather than merely discriminate, ground materials. The 
technique is capable of targeting a range of industrial minerals as part of a reconnaissance 
exploration strategy. Moreover, the method is applicable not only to minerals displaying 
TM7 absorption, but to other industrial minerals and rocks, including gravel aggregates, 
limestones, and calcrete. Indeed, the approach has considerable potential for general 
lithological and minerals mapping. The methods work best in arid environments but could 
be adapted for more vegetated terrain provided the occurrences sought, or their erosional 
products, are reasonably exposed at the surface. 

Implementation of the techniques is immediately feasible in Egypt and in other broadly 
similar geological and climatic settings. Elsewhere, orientation studies over known 
occurrences should first be carried out to establish local remote sensing responses, and the 
methods modified accordingly. 

Further verification of the technique is recommended, perhaps in the context of a full 
feasibility study related to a development project. The approach is regarded as having 
considerable future potential as newer satellite data with more spectral channels become 
available. For example, the methods could be considerably improved by using JERS-1 
imagery or the planned satellite ASTER which has 5 bands covering TM7 and is due for 
launch in 1998. Such a study might usefully concentrate on an expanding population centre 
in an arid region. The exploration targets should include a range of industrial minerals, and 
research should address the questions of atmospheric correction, alternative implementations 
of the log residual transform, and pseudospectra unmixing. The aim should be to produce a 
regional industrial mineral inventory via a classification of the TM (or JERS-1) data. 

Finally, it should be stressed that the methods described here in no way purport to be a 
means of remotely identifying economic industrial mineral deposits, even under ideal 
conditions. Remote sensing is not a substitute for fieldwork, but the methods provide a real 
means of targeting potential mineral occurrences so that the ensuing field effort can be more 
directed and cost-effective. 
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APPENDIX. LABORATORY DATA AND SAMPLE SITES 

Svnopsis: This appendix gives information about the spectra contained in T- 
Spectra’s libraries, samples collected in NE Namibia and the XRD analyses 
carried out on them. It may be of interest to our counterparts in Egypt and 
Namibia or geologists working in these areas in the future. 

1.1 T-Spectra spectral libraries 

The following spectral libraries were installed for this project: 

MINLIB 

TMLIB 

JERSLIB 

ROCKLIB 

VEGLIB 

EGYPT 

NAMIBIA 

IMAGELIB 

JPL pure mineral spectra 

JPL pure mineral spectra, resampled to the TM bandpasses 

JPL pure mineral spectra, resampled to the JERS-1 bandpasses 

Various BGS rock sample spectra 

Various EPFS and BGS vegetation spectra 

Spectra of project samples collected in Egypt 

Spectra of project samples collected in Namibia 

TM pseudospectra extracted from the project imagery 

1.1.1 MINLIB 

Spectra in C:\TSPECTRA\SPECTRA\MINLIB 

ACTINOLI . 1 
ALBITE. 2 
ALMANDIN. 3 
ALUNITE. 4 
AMBLY GON. 2 
AMBLYGON. 6 
ANDESINE.2 
ANDRADIT. 3 
ANHYDRIT.l 
ANHY DRIT. 5 
ANORTHIT. 3 
ANTLERIT. 1 
APATITE. 2 
APHTHITA .3 
ATACAMIT. 1 

ACTINOLI.2 
ALBITE. 3 
ALUNITE. 1 
ALUNITE. 5 
AMBLYGON.3 
ANALCIME. 1 
ANDESINE. 3 
ANGLESIT. 1 
ANHYDRIT.2 
ANHYDRIT.6 
ANTHOPHY. 1 
ANTLERIT. 2 
APATITE. 3 
ARSENOPY. 1 
ATACAMIT.2 

ACTINOLI .3 
ALMANDIN. 1 
ALUNITE. 2 
ALUNITE. 6 
AMBLYGON. 4 
ANATASES. 1 
ANDRADIT. 1 
ANGLESIT.2 
ANHYDRIT.3 
ANORTHIT. 1 
ANTHOPHY .2 
ANTLERIT. 3 
APHTHITA. 1 
ARSENOPY.2 
ATACAMIT. 3 

ALBITE. 1 
ALMANDIN.2 
ALUNITE. 3 
AMBLYGON. 1 
AMBLYGON. 5 
ANDESINE. 1 
ANDRADIT.2 
ANGLESIT.3 
ANHYDRIT.4 
ANORTHIT.2 
ANTHOPHY .3 
APATITE. 1 
APHTHITA .2 
ARSENOPY.3 
AUGITE. 1 
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AZURITE. 1 
BARITE. 2 
BERYL.3 
BERYLBLA. 4 
BORAX. 1 
BORNITE. 2 
BRUCITE. 3 
BYTOWNIT. 1 
CALCITE. 12 
CALCITE. 2 
CALCITE.6 
CALCITEW. 1 
CASSITER.2 
CELADONI.3 
CELESTIT.4 
CERUSSIT.3 
CHALCOCI.3 
CHLORITE. 1 
CHLORITE. 13 
CHLORITE. 17 
CHLORITE.4 
CHLORITE. 8 
CLINOZOI. 3 
COLUMBIT. 1 
COOKEITE.2 
CORDIERI. 3 
CORUNDUM. 1 
CRYOLITE. 1 
CUMMINGT.2 
DIOPSIDE.2 
DOLOMITE. 1 
DOLOMITE.5 
DOLOMITE.9 
ENSTATIT. 4 
EPIDOTE.3 
EPIDOTE.7 
FAYALITE. 2 
FERROAXI. 3 
FLUORITE. 4 
GAHNITE. 1 
GALENA.2 
GLAUBERI .2 
GLAUCONI.3 
GLAUCOPH. 1 
GLAUCOPH. 5 
GRAPHITE. 3 
GROSSULA .4 
GYPSUM.4 

AZURITE.:! 
BARITE. 3 
BERYLBLA. 1 
BIOTITE. 1 
BORAX. 2 
BORNITE. 3 
BUDDINGT. 1 
CALCITE. 1 
CALCITE. 13 
CALCITE. 3 
CALCITE.7 
CALCITEW. 2 
CASSITER.3 
CELESTIT. 1 
CELESTIT .5 
CHABAZIT. 1 
CHALCOPY. 1 
CHLORITE. 10 
CHLORITE. 14 
CHLORITE. 18 
CHLORITE. 5 
CHLORITE.9 
COLEMANI. 1 
COLUMBIT.2 
COOKEITE. 3 
CORRENSI. 1 
CORUNDUM. 2 
CRYOLITE.2 
CUMMINGT. 3 
DIOPSIDE.3 
DOLOMITE.2 
DOLOMITE.6 
ENSTATIT. 1 
ENSTATIT. 5 
EPIDOTE.4 
EPIDOTE. 8 
FAY ALITE. 3 
FLUORITE. 1 
FLUORITE. 5 
GAHNITE.2 
GALENA. 3 
GLAUBERI. 3 
GLAUCONI.4 
GLAUCOPH. 2 
GOETHITE. 1 
GROSSULA. 1 
GYPSUM. 1 
GYPSUM.5 

AZURITE.3 
BERYL. 1 
BERYLBLA.2 
BIOTITE.2 
BORAX. 3 
BRUCITE. 1 
BUDDINGT. 2 
CALCITE. 10 
CALCITE. 14 
CALCITE.4 
CALCITE. 8 
CALCITEW. 3 
CELADONI. 1 
CELESTIT.2 
CERUSSIT. 1 
CHALCOCI. 1 
CHALCOPY.2 
CHLORITE. 11 
CHLORITE. 15 
CHLORITE.2 
CHLORITE. 6 
CLINOZOI. 1 
COLEMANI.2 
COLUMBIT.3 
CORDIERI. 1 
CORRENSI. 2 
CORUNDUM. 3 
CRY OLITE. 3 
DICKITE. 1 
DIOPSIDE.4 
DOLOMITE. 3 
DOLOMITE. 7 
ENSTATIT. 2 
EPIDOTE. 1 
EPIDOTE.5 
EPIDOTE.9 
FERROAXI. 1 
FLUORITE. 2 
FLUORITE. 6 
GAHNITE. 3 
GIBBSITE. 1 
GLAUCONI. 1 
GLAUCONI.5 
GLAUCOPH. 3 
GRAPHITE. 1 
GROSSULA. 2 
GYPSUM .2 
GYPSUM. 6 

BARITE. 1 
BERYL.2 
BERYLBLA.3 
BIOTITE. 3 
BORNITE. 1 
BRUCITE.2 
BUDDINGT. 3 
CALCITE. 1 1 
CALCITE. 15 
CALCITE.5 
CALCITE. 9 
CASSITER. 1 
C EL AD ON1 .2 
CELESTIT .3 
CERUS S IT. 2 
CHALCOCI.2 
CHALCOPY.3 
CHLORITE. 12 
CHLORITE. 16 
CHLORITE. 3 
CHLORITE. 7 
CLINOZOI.2 
COLEMANI.3 
COOKEITE. 1 
CORDIERI. 2 
CORRENSI. 3 
CRISTOBA. 1 
CUMMINGT. 1 
DIOPSIDE. 1 
DIOPSIDE.5 
DOLOMITE.4 
DOLOMITE. 8 
ENSTATIT.3 
EPIDOTE.2 
EPIDOTE.6 
FAYALITE. 1 
FERROAXI. 2 
FLUORITE. 3 
FORSTERI. 1 
GALENA. 1 
GLAUBERI. 1 
GLAUCONI.2 
GLAUCONI. 6 
GLAUCOPH.4 
GRAPHITE. 2 
GROSSULA.3 
GYPSUM.3 
GYPSUM. 7 
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GYPSUM.8 
HALITE. 3 
HEDENBER.2 
HEMATITE. 4 
HORNBLEN. 1 
HO WLITE .2 
HOWLITE.6 
HYDROXYA. 1 
ILLITE. 1 
ILLITE. 5 
JAROSITE. 1 
JOHANNSE. 2 
KAOLINIT.3 
KAOLINIT.7 
LABRADOR. 1 
LABRADOR. 5 
LEPIDOLI. 3 
MAGNESIO. 1 
MAGNESIT.2 
MAGNETIT. 3 
MARCASIT. 1 
MICROCLI.:! 
MIMETITE. 3 
MOLYBDEN.3 
MONTEBRA.4 
MONTMORI.2 
MUSCOVIT. 1 
NATROJAR.2 
NATROLIT. 3 
NONTRONI. 1 
NONTRONI .5 
ORTHOCLA. 1 
PLUMBOJA. 1 
PREHNITE.2 
PYRITE. 3 
PYROPHYL. 1 
PYROPHYL.5 
QUARTZAL.2 
QUARTZBL.3 
QUARTZCH.4 
QUARTZMI.2 
QUARTZNO. 3 
QUARTZRO .12 
QUARTZR0.5 
QUARTZR0.9 
QUARTZSM. 1 
REALGAR.2 
RHODOCHR.3 

GYPSUM. 9 
HALONREF. 1 
HEMATITE. 1 
HEMIMORP. 1 
HORNBLEN.2 
HOWLITE. 3 
HOWLITE.7 
HYDROXYA.2 
ILLITE .2 
ILLITE. 6 
JAROSITE.2 
JOHANNSE.3 
KAOLINIT. 4 
KERNITE. 1 
LABRADOR.:! 
LABRADOR.6 
LEPIDOLI. 4 
MAGNES10.2 
MAGNESIT.3 
MALACHIT. 1 
MARCASIT. 2 
MICROCLI. 3 
MIXEDLAY. 1 
MONTEBRA. 1 
MONTEBRA.5 
MONTMORI. 3 
MUSCOVIT.2 
NATROJAR. 3 
NEPHELIN. 1 
NONTRONI .2 
OLIGOCLA. 1 
ORTHOCLA.2 
PLUMBOJA. 2 
PREHNITE. 3 
PYROLUSI. 1 
PYROPHYL.2 
PYROPHYL.6 
QUARTZAL.3 
QUARTZCH. 1 
QUARTZCH.5 
QUARTZMI.3 
QUARTZRO. 1 
QUARTZRO. 2 
QUARTZR0.6 
QUARTZSA. 1 
QUARTZSM. 2 
REALGAR.3 
RHODONIT. 1 

HALITE. 1 
HALONVSH. 1 
HEMATITE.2 
HEMIMORP.2 
HORNBLEN. 3 
HOWLITE.4 
HOWLITE. 8 
HYDROXYA.3 
ILLITE. 3 
ILLITE. 7 
JAROSITE.3 
KAOLINIT. 1 
KAOLINIT. 5 
KERNITE. 2 
LABRADOR. 3 
LEPIDOLI. 1 
LEPIDOLI. 5 
MAGNES10.3 
MAGNETIT. 1 
MALACHIT.2 
MARCASIT.3 
MIMETITE. 1 
MOLYBDEN. 1 
MONTEBRA .2 
MONTEBRA.6 
MONTMORI. 4 
MUSCOVIT.3 
NATROLIT. 1 
NEPHELIN. 2 
NONTRONI. 3 
OLIGOCLA.2 
ORTHOCLA.3 
PLUMBOJA. 3 
PYRITE. 1 
PYROLUSI. 2 
PYROPHYL.3 
PYRRHOTI. 1 
QUARTZBL. 1 
QUARTZCH. 2 
QUARTZCH.6 
QUARTZNO. 1 
QUARTZRO. 10 
QUARTZR0.3 
QUARTZR0.7 
QUARTZSA.2 
QUARTZSM.3 
RHODOCHR. 1 
RHODONIT. 2 

HALITE.2 
HEDENBER. 1 
HEMATITE. 3 
HEMIMORP.3 
HOWLITE. 1 
HOWLITE. 5 
HOWLITE.9 
HYPERSTH. 1 
ILLITE.4 
ILLITE. 8 
JOHANNSE. 1 
KAOLINIT. 2 
KAOLINIT. 6 
KERNITE. 3 
LABRADOR.4 
LEPIDOLI .2 
LEPIDOLI. 6 
MAGNESIT. 1 
MAGNETIT.2 
MALACHIT.3 
MICROCLI. 1 
MIMETITE.2 
MOLYBDEN. 2 
MONTEBRA. 3 
MONTMORI. 1 
MONTMORI.5 
NATROJAR. 1 
NATROLIT.2 
NEPHELIN. 3 
NONTRONI .4 
OLIGOCLA.3 
PALYGORS. 1 
PREHNITE. 1 
PYRITE. 2 
PYROLUSI.3 
PYROPHYL.4 
QUARTZAL. 1 
QUARTZBL.2 
QUARTZCH.3 
QUARTZMI. 1 
QUARTZN0.2 
QUARTZRO. 1 1 
QUARTZR0.4 
QUARTZRO. 8 
QUARTZSA.3 
REALGAR. 1 
RHODOCHR.2 
RHODONIT. 3 

114 



RUTILE. 1 
SAPONITE. 1 
SCORODIT. 1 
SEPIOLIT.2 
SEPIOLIT. 6 
SERPENTI.4 
S IDERITE .2 
SILLIMAN. 3 
SODALITE. 1 
SPHALERI.2 
SPODUMEN.3 
STILBITE. 1 
STRONTIA .2 
SULFUR. 3 
TALC. 4 
TALC. 8 
TINCALC0.3 
TOPAZ. 1 
TOPAZWIT. 2 
TOURMALI .3  
TREMOLIT.4 
TRIPHYLI. 2 
TRIPHYLI.6 
TSCHERMI. 1 
ULEXITE. 2 
VERMICUL.3 
VESUVIAN. 1 
WITHERIT. 2 
WOLLASTO. 3 
ZIRCON.3 

RUTILE. 2 
SCHEELIT. 1 
SCORODIT. 2 
SEPIOLIT. 3 
SERPENTI. 1 
SERPENTI.5 
SIDERITE.3 
SMITHSON. 1 
S ODALITE. 2 
SPHALERI .3 
STIBNITE. 1 
STILBITE.2 
STRONTIA. 3 
TALC. 1 
TALC. 5 
TALC. 9 
TITANITE. 1 
TOPAZ.2 
TOPAZWIT. 3 
TREMOLIT. 1 
TREMOLIT.5 
TRIPHYLI.3 
TRONA. 1 
TSCHERMI.2 
ULEXITE. 3 
VERMICUL. 4 
VESUVIAN. 2 
WITHERIT. 3 
ZINCITES . 1 

RUTILE. 3 
SCHEELIT. 2 
SCORODIT.3 
SEPIOLIT. 4 
SERPENTI.2 
SERPENTI.6 
SILLIMAN. 1 
S MITHSON. 2 
SODALITE.3 
SPODUMEN. 1 
STIBNITE. 2 
STILBITE. 3 
SULFUR. 1 
TALC. 2 
TALC. 6 
TINCALCO. 1 
TITANITE. 2 
TOPAZ. 3 
TOURMALI. 1 
TREMOLIT.2 
TREMOLIT. 6 
TRIPHYLI.4 
TRONA. 2 
TSCHERMI. 3 
VERMICUL. 1 
VERMICUL. 5 
VESUVIAN.3 
WOLLASTO. 1 
ZIRCON. 1 

1.1.2 TMLIB 

Spectra in C: \TSPECTRA\SPECTRA\TMLIB 

ACTINOLI . TM 
ANHYDRIT.TM 
AUGITE.TM 
CALCITE.TM 
DOLOMITE.TM 
FORSTERI . TM 
GRAPHITE.TM 
HEDENBER.TM 
ILLITE. TM 
MUS COVIT. TM 
QUARTZMLTM 
QUARTZSM.TM 
SILLIMAN.TM 

ALBITE.TM 
ANORTHIT.TM 
BARITE. TM 
CHLORITE.TM 
ENSTATIT.TM 
GIBBSITE. TM 
GROSSULA.TM 
HEMATITE.TM 
KAOLINIT.TM 
0RTHOCLA.TM 
QUARTZRC.TM 
RUTILE . TM 
TALC. TM 

ALMANDIN.TM 
ANTHOPHY .TM 
BIOTITE. TM 
CORUNDUM.TM 
EPIDOTE.TM 
GLAUCOPH.TM 
GYPSUM.TM 
HORNBLEN. TM 
MAGNETIT. TM 
QUARTZCR.TM 
QUARTZRO.TM 
SERPENTI.TM 
TREMOLIT.TM 

SANIDINE. 1 
SCHEELIT.3 
SEPIOLIT. 1 
SEPIOLIT.5 
SERPENTI.3 
SIDERITE. 1 
SILLIMAN.2 
SMITHSON.3 
SPHALERI. 1 
SPODUMEN.2 
STIBNITE. 3 
STRONTIA. 1 
SULFUR.2 
TALC. 3 
TALC. 7 
TINCALC0.2 
TITANITE. 3 
TOPAZWIT. 1 
TOURMALI .2 
TREMOLIT. 3 
TRIPHYLI. 1 
TRIPHYLI.5 
TRONA. 3 
ULEXITE. 1 
VERMICUL.2 
VERMICUL. 6 
WITHERIT. 1 
WOLLAST0.2 
ZIRCON.2 

ANDRADIT.TM 
APATITE.TM 
BRUCITE.TM 
DIOPSIDE.TM 
FAY ALITE. TM 
GOETHITE.TM 
HALITE.TM 
HYPERSTH.TM 
MONTMORI.TM 
QUARTZCH. TM 
QUARTZSA.TM 
SIDERITE.TM 
TRONA.TM 
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1.1.3 JERSLIB 

Spectra in C:\TSPECTRA\SPECTRA\JERSLIB 

ACTINOLI . JER 
ANHYDRIT. JER 
AUGITE. JER 
CALCITE. JER 
DOLOMITE. JER 
FORSTERI. JER 
GRAPHITE. JER 
HEDENBER. JER 
ILLITE. JER 
MUSCOVIT. JER 
QUARTZMI . JER 
QUARTZSM.JER 
SILLIMAN. JER 

ALBITE. JER 
ANORTHIT . JER 
BARITE. JER 
CHLORITE. JER 
ENSTATIT. JER 
GIBBSITE. JER 
GROSSULA. JER 
HEMATITE. JER 
KAOLINIT. JER 
ORTHOCLA . JER 
QUARTZRC. JER 
RUTILE. JER 
TALC. JER 

ALMANDIN. JER 
ANTHOPHY. JER 
BIOTITE. JER 
CORUNDUM.JER 
EPIDOTE. JER 
GLAUCOPH. JER 
GYPSUM.JER 
HORNBLEN . JER 
MAGNETIT. JER 
QUARTZCR. JER 
QUARTZRO. JER 
SERPENTI. JER 
TREMOLIT. JER 

ANDRADIT. JER 
APATITE. JER 
BRUCITE. JER 
DIOPSIDE. JER 
FAY ALITE. JER 
GOETHITE. JER 
HALITE. JER 
HYPERSTH.JER 
MONJERORI. JER 
QUARTZCH. JER 
QUARTZS A. JER 
SIDERITE. JER 
TRONA . JER 

1.1.4 ROCKLIB 

Spectra in C : \TSPECTRA\SPECTRA\ROCKLIB 

Peru (Remote Sensing Group) 

PERUGRAN.IM4 Granite, crushed 

Egypt (Remote Sensing Group) 

EGSERPEN.IM4 Serpentinite, fresh (Eugene O’Connor) 
EGGRANOD.IM4 Granodiorite, fresh (Eugene 0’ Connor) 
EGGABBRO.IM4 Gabbro, fresh (Eugene O’Connor) 
EGDACITE. IM4 Dacite, weathered (Eugene 0’ Connor) 
EGANDESI. IM4 Andesite, fresh (Eugene O’Connor) 
EGSANDST.IM4 8w Sandstone, weathered (Stuart Marsh) 

Kenya (Peter Dunkley , International Division) 

Emuruangogolak Volcano, North Kenya Rift 
KEBASLTl.IM4 100 Basalt, fresh 
KETRACHl.IM4 142 Trachyte, fresh 
KESYENIT.IM4 98 Syenite, fresh 

Barrier Volcano, North Kenya Rift 
KEBASLT2.IM4 234 Basalt, fresh 
KETRACH2. IM4 22 1 Trachyte, fresh 
KEPHONOL. IM4 2 16 Phonolite, fresh 
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Zimbabwe (Peter Pitfield, International Division) 

ZIGNEISS . IM4 
ZIGREENS. IM4 Greenstone, weathered 
ZIGRANUL. IM4 Granulite, fresh 
ZIFENITE. IM4 Fenitised Gneiss, fresh 

Australia (Stuart Marsh, PhD samples) 

AUSQUART.IM4 257w Quartzite, weathered 
AUSCHIST.IM4 27w Mica Schist, weathered 
AUSGRANI.IM4 5w Granite, weathered 

Jordan (John Powell, Thematic Maps and Onshore Surveys Division) 

JOLIMEST . IM4 JHP 13 Limestone, fresh 
JOPHOSPH.IM4 JHP2 Phosphorite, fresh 
JOCHALK.IM4 JHP6 Chalk, fresh 
JOCHERT. IM4 JHP2 1 Chert, fresh 

1.1.5 VEGLIB 

Spectra in C:\TSPECTRA\SPECTRA\VEGLIB 

Biotite Gneiss, fresh 

Basic spectra GREENVEG.IM4 
DRYVEG.IM4 

Temperate areas GRASS 1 .IM4 
SCTPINE.IM4 
BARLl . IM4 
GRASS2. IM4 
SYCAM.IM4 
NBSAND.IM4 
SITSPR. IM4 
HAZEL.IM4 
CALFLS. IM4 
CALLVS .IM4 
BARL2. IM4 
EURLARCH.IM4 
WETS01 . IM4 
PTERID . IM4 
PEAT.IM4 
DCALLVS.IM4 
ELAEAG.IM4 
GORFLS . IM4 
PRUN. IM4 
DRYSOI.IM4 

Leaf, Durham, UK 
Dead wood, Australian outback 

Grass 
Scotts Pine Leaves 
Barley Leaves 
Grass 
Sycamore Leaves 
Newborough Warren Sand 
Sitka Spruce Leaves 
Hazel Leaves 
Calluna Flowers 
Calluna Leaves 
Barley Leaves 
European Larch Leaves 
Wet Soil 
Pteridium Leaves 
Peat 
Dry Calluna Leaves 
Elaeagnus Leaves (variegated) 
Gorse Flowers 
Prunus Leaves 
Dry Soil 
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Tropical areas TLEAF2. IM4 Vanilla leaf 
TLEAFS . IM4 
TLEAF7.IM4 Rubber leaf 
TLEAF 1 1. IM4 

Coca0 leaf - orange/green 

Breciacea leaf 

Mediterranean areas CYST8.IM4 Cystus speciex 
EU2. IM4 Eucalyptus 

1.1.6 Others 

The reflectance spectra of all project samples were measured and stored in the libraries 
EGYPT and NAMIBIA. IMAGELIB was used to store image pseudospectra. 

1.2 Sample sites and XRD results for Namibia 

Figures A l .  1 to Al.7 show the sample sites for the NE Namibia field area. The XRD results 
for those samples are listed in Table A 1.1. 

Figure A l . l  Location map at 1:50 000 scale of the area field-checked near Tondoro. The 
clay deposit marked A is from Schreuder (1980). In this and the following figures, the clay 
samples for XRD analysis were taken from the localities ringed by a circle. 
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Figure A1.2 Location map at 1:50 000 scale of the area field-checked near Rupara Mission. 
The clay deposit marked B is from Schreuder (1980). 

Figure A1.3 Location map at 1:50 000 scale of the area field-checked near Sambusu 
Mission. The clay deposit marked C is from Schreuder (1980). 
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Figure A1.4 Location map at 1:50 000 scale of the area field-checked near Ebeneser and 
Mupini Missions. The clay deposit marked F is from Schreuder (1980). 

Figure A1.5 Location map at 1:50 000 scale of the area field-checked near Nakazaza and 
Sauyemwa, west of Rundu. The clay deposit marked G is from Schreuder (1980). 

120 



Figure A1.6 Location map at 1 :50 0o0 scale of the area field-checked between 18 and 23 km 
east of Rundu. 

Figure A1.7 Location of the area field-checked between 1 and 5 km east of Shambyu, on the 
Mashari 1:50 OOO sheet. 
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