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ABSTRACT

Improved visualization and classification of lithologic units based on muitispectral data is of major concern to geologists
working with remotely sensed data. The results of spectral digital image analysis of data from current remote sensing
systems are often disappointing due to the few and rather wide spectral bands available. Imaging spectrometry (e.g.
AVIRIS, GERIS, HYDICE, AMSS) offers a solution for this problem, but hyperspectral data are still scarce and rarely
available for the actual area of interest. Another solution is to use additional data sets together with the multispectral
data, from existing geologic knowledge fo geophysical and gechemical data. Classification of these disparate data sets
is then performed in a GIS environment allowing to integrate different data types for improved lithologic discrimination.
This approach is similar to the way in which a geologist, without help from a computer, would try to make sense out of
the data available to him. Improved visualization of data is another topic with the human interpreter in mind, where data
are arranged in a way analogous to our visual perception of the "real world". Examples from the Red Sea Hills, Sudan,
serve to illustrate these points.

KURZFASSUNG

Eine Verbesserung der Visualisierung und Klassifizierung geologischer Einheiten auf der Basis multispektraler Daten ist
fur Geologen, die mit Fernerkundsdaten arbeiten, von groRer Bedeutung. Die Ergebnisse spektraler digitaler Bildanalyse
von Datensatzen Ublicher Fernerkundungssysteme sind aufgrund der wenigen und sehr breitbandigen verfligbaren
Spektralkanale oft enttduschend. Abhilfe bieten Abbildende Spektrometer wie AVIRIS, GERIS, HYDICE oder AMSS;
hyperspektrale Datensatze sind jedoch noch selten und fir ein bestimmtes Arbeitsgebiet gewdhnlich nicht verflgbar.
Einen anderen Lésungsweg stellt die Einbeziehung zusatzlicher Datenséatze, von vorhandenem geologischem Wissen
(z.B. geologische Karten) bis zu geophysikalischen und geochemischen Geléndedaten, dar. Eine Klassifizierung dieser
unterschiedlichen Datensétze kann in einer GIS-Umgebung durchgeflihrt werden, in der verschiedenartige Datentypen
miteinander in Beziehung gesetzt werden kénnen. Dieser Weg ist der klassischen Vorgehensweise eines Geologen
verwandt, auch ohne Hilfe eines Rechners die verfligbaren Daten synoptisch zu interpretieren. Eine verbesserte
Visualisierung geowissenschaftlicher Daten ist eine weitere Technik, durch die mit Hilfe eines Rechners Daten in einer
Weise dargestellt werden, die der Ublichen visuellen Erfassung unserer Welt durch den menschlichen Beobachter nahe
kommt. Beispiele aus den Red Sea Hills, Sudan, belegen diese Aussagen.

1 INTRODUCTION diorites and gabbros. The Precambrian faults became
reactivated during the opening of the Red Sea in Pliocene
1.1 GEOLOGIC SETTING times and represent block boundaries (SCHONFELD, 1977).

The Red Sea Hills extend from Egypt into Sudan and Fig. 1 shows a georeferenced image mosaic of that area,
Eritrea along the Red Sea, forming part of the Precam-  produced from 5 Landsat TM frames. For the northeastern
brian Arabian-Nubian Shield. A section of this highly com-  part of the mosaic 2 Landsat MSS scenes had to be used
plex basement, situated at the Red Sea coast between  since the coastal plain is cloud-covered on all available
17° and 20° N, was being studied within a research pro-  TM data.

ject funded by the Deutsche Forschungsgemeinschaft

(SFB 69). The study area consists of several terranes  The northern part of the mosaic is composed of low-grade
which are divided by NE-SW-trending sutures. It is now metamorphic volcano-sedimentary and metasedimentary
generally accepted that this situation points to an island- rocks, belonging to the Gebeit terrane. A prominent fea-
arc assemblage with a number of ophiolite complexes  ture in the mosaic is the NE-SW trending Nakasib suture
(ALMOND ET AL., 1983; VAIL, 1988; SHACKLETON, 1994). that is cut and dislocated by the NNW-SSE trending Oko
During the Pan-African episode (650-450 Ma) the rocks  shear zone. The Nakasib suture separates the Gebeit
were metamorphosed under greenschist and amphibolite  terrane from the Haya terran to the south. The metamor-
facies conditions. This series known as "Greenschist As-  phism of the metavolcanics and amphibolite/marble series
semblage" was intruded by abundant granitoid rocks, is higher than that of the Gebeit terrane. A second NE-SW
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Fig. 1: Georeferenced Landsat image mosaic (original in color) of the Red Sea Hills in Sudan from 17 to 20° N and 36 to
37.30° E (after OTT, 1996). For explanation see text.
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trending major structure, the Wadi Ashat zone (REISCH-
MANN & KRONER, 1994), cuts across the Haya terrane in
the middle of the mosaic. To the south a large belt of
metavolcanics stands out as a dark bow-shaped promi-
nent feature.

1.2 OBJECTIVES

Since the launch of Landsat-1 in 1972 multispectral data
have been widely used for the extraction of thematic infor-
mation in the fields of geology, mineral exploration, land
use and many others. This process of information extrac-
tion or classification involves several steps. Starting point
is our "real world", the object space, from which we pro-
ceed into image space and feature space. The classes we
want to obtain are defined in a thematic space and have
to correspond, in the end, with actual classes in the real
world (LisT, 1993). In this rather complex process two
divergent techniques are employed: visual interpretation
by a trained interpreter or "automated" classification by
means of a digital computer.

Visual interpretation is the time-honored approach used in
the earth sciences since the appearence of aerial photo-
graphs. As of 1938, "photogeclogy" can be considered as
an established operational method both in the US and in
Europe (e.g. ANONYMOUS, 1938; HELBLING, 1938, 1948).

Digital classification evolved rapidly after the launch of
Landsat-1. Today, a variety of "supervised" and "unsuper-
vised" classification algorithms is available to the re-
searcher, the maximum likelihood classifier being proba-
bly the most widely used one. Still, all these classifiers
utilize only the spectral properties of the individual pixels
in an image. As compared to visual interpretation, this
approach sacrifices a lot of information that is available
but not used in the classification process. Such informa-
tion consists of at least some existing information on the
geology of the area studied, or geophysical, lithological,
stratigraphic and geochemical data, just to name a few.
This is one of the reasons why digital classification of
multi-spectral data sets produces, in most cases, inferior
results in comparison to a visual interpretation by a
trained geologist. The other reason lies, of course, in the
fact that what is of interest to the geologist is often cov-
ered by weathering products, soil, and vegetation, ob-
structing the identification of lithology.

One possible solution for this predicament is the use of
data from imaging spectrometers like AVIRIS, GERIS,
HYDICE oder AMSS. These hyperspectral data sets allow
precise definition of individual minerals and mineral mix-
tures that cannot be achieved with the current broad-band
multispectral data from systems like Landsat-TM, IRS or
SPOT. Unfortunately, hyperspectral data are still scarce
and rarely available of the area of interest. Still, the prob-
lem of having to work with data that are diluted or altered
by interference from surficial material is there.

A different answer to classification problems is provided
by the integration of ancillary data in a GIS environment,
making use of the "complimentarity between GIS and
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remote sensing” (WILKINSON, 1996: 85). In this way, impor-
tant information can be gleaned from the various sources
that are also taken into account in the actual thinking and
interpretation process, and be used in addition to spectral
information from remotely sensed data. In the following,
several examples are presented to illustrate these points:

U Improved visualization of data by integrating remote
sensing, topographic and geophysical data;

0 A complementary method for the detection of iron
anomalies from band ratioing;

0 Classification of lithologic units in an image process-

ing / GIS environment using ancillary data.

2 IMPROVED VISUALIZATION

Satellite remote sensing data present a more generalized
and thus more abstract image of geologic features than
larger-scale aerial photographs. They also mostly lack the
stereo capability of aerial photography that leads to a
model-like rendition of objects that makes it easier for the
human interpreter to correlate information contained in the
image to the familiar three-dimensional view of natural
objects. The difficulties in interpreting satellite data can be
alleviated in several ways:

O The spectral content of multispectral imagery can be
enhanced in order to provide additional information
to the interpreter. This can be achieved by
decorrelation of the spectral bands and transforma-
tion resp. re-transformation of the data in color space
(KAUFMANN & SCHWEINFURTH, 1986, 1988; GILLESPIE
ETAL., 1986, 1987).

The remotely sensed image can be draped over a
DEM and viewed from several positions in space,
thus providing an impression that comes close to the
human way of perceiving geologically related fea-
tures in the field. In combination with height exagger-
ation and superimposing geophysical or other data,
the interpretability of the image data is greatly en-
hanced. Of course, both methods can be combined
by draping color-stretched imagery over a DEM (e.g.
LISTETAL., 1992; LIST & SQUYRES, 1996).

A subscene of the image mosaic of fig. 1 is presented in
fig. 2. It shows the region of Jibal Mugrar, situated at the
northern edge of the mosaic. An area of about 30 by 27
km at a scale of about 1 : 100,000 is draped over a DEM
derived from toposheets, with a vertical exaggeration fac-
tor of 4. The prominent range in the northern part of the
scene, Jibal Mugrar, consists of a syn- to late-tectonic
calc-alkaline granitic intrusion, surrounded by metamor-
phic volcano-sedimentary rocks with low relief. The poly-
gons resulting from an integrated image processing / GIS
analysis are superimposed on the model. To the east of
Jibal Mugrar the "iron anomaly" described in the follow-
ing chapter is shown. In this way the precise location of
the anomaly is clearly defined in relation to the topo-
graphic features.
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Fig. 2: Spectral band 4 of a Landsat TM mosaic draped over a DEM, showing the area of Jibal Mugrar. Pixel size as well
as DEM cell size is 50 m. Superimposed on the model is the iron anomaly of fig. 4.

3 IRON ANOMALIES

Band ratioing is a powerful method for the enhancement
of mineralogical differences seen in multispectral data
and their presentation in the form of color ratio images.
(ROWAN ET AL., 1974). Landsat TM data are even more
suitable for ratioing due to the increased number of signifi-
cant spectral bands. In geology as well as in mineral ex-
ploration, increased iron content of soils or rocks plays an
important role. Iron‘is generally enriched in occurrences of
economic minerals that can be thus emphasized in the
imagery by the ‘“iron ratio” of TM bands 3/1. Since this
ratio is, however, highly sensitive to even small amounts
of Fe, it is by no means sure that an iron anomaly in an
image is also related to an economically interesting metal
occurrence. For instance, quartz sand with a thin coating
of limonitic matter will produce a very strong iron anomaly.
Two examples of color ratio images are shown in figs. 4
and 6; Ratios 3/1, 5/7 and 3/5 are coded in R, G and B. A
20 linear stretch and a 2x enhancement of saturation in
the IHS color space was applied to the data. Iron enrich-
ment is indicated by reddish hues in the image.

Geophysical data like aeromagnetics or gravity, on the
other hand, provide information on larger bodies with in-
creased iron content, also if they are not directly exposed
on the surface. As an example, the residuals of aeromag-
netic data and gravity residuals of the study area were
combined in a GIS. High values of both the magnetic and
the gravity residuals suggest the presence of a geologic
body with increased iron content. Figs. 5 and 6 show two
examples of such anomalies.
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In cases where the location of a geophysical anomaly
corresponds to a high 3/1 ratio, one can safely assume
the existance of a geologic body with increased iron con-
tent close to the surface (figs. 2, 3 and 4). On the other
hand, if a small-amplitude magnetic and gravity anomaly
shows norelatation to an iron signal on the surface (figs.
5'and 6), it can be inferred that there is either a deeper-
seated body or that the anomaly is caused by other ef-
fects like faults or lithologic changes. (GRANT & WEST,
1965). -

4 GIS CLASSIFICATION

Digital classification of multispectral data, when applied to
problems of geology, often yields unsatisfactory results
due to the low number and wide-band character of the
spectral channels. Effects of surficial material further ob-
scure the original lithologic signal. The major drawback of
multispectral classification, however, is the fact that pixels
are classified individually, without taking into account con-
text and existing a priori knowledge. An integrated image
processing/GIS environment allows the scientist to make
use of such additional information and to improve the
accuracy of digital image classification.

The backbone of a GIS is a relational database in which
all map information is archived with reference to a com-
mon coordinate system. For the example presented here,
bands 1, 4 and 7 (plus the ratios 3/1, 5/7 and 3/5) of five
Landsat TM scenes were geo-referenced to a UTM grid
and mosaicked, representing an important thematic layer
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in the GIS (see fig. 1). Haze and histogram corrections
were applied to the data in order to minimize atmospheric
influences.

The second data set comprises the available geologic
information available for that area. It is contained in a
geological map that was produced through a combination
of visual image interpretation of "optimized" Landsat TM
images (KAUFMANN & SCHWEINFURTH, 1989), field work,
and laboratory investigations. The available aeromagnetic
and gravity data were also transformed to the UTM grid
and input into the GIS.

The geological map of the study area, comprising about
40,000 squ. km, shows 61 geologic/lithologic units. For
digital classification as well as for representation on a
small-scale map, this number is far too high. Conse-
quently, similar lithologic units were lumped together until
27 major units were left. These units were arranged into 5
groups:

1. Quaternary (3 units);

2. Intrusive rocks (6 units);

3. Sedimentary and metasedimentary rocks (7 units);
4. Volcanic rocks (8 units);

5. Volcano-sedimentary rocks (3 units).

For each group, a mask was created and a maximum
likelihood classifier was applied to the ratio data within this
mask, using the respective lithologic units as classes. All
in all, 240 representative sites (ROIs or AQIs) about which
reliable field and petrographic evidence was available
were carefully selected within the entire map region and
used as "training areas". In this way, both the a priori
knowledge from the map and the spectral data could be
used in the classification (OT1T, 1996). Subsequently, the 5
separate classification results obtained for each of the
masked areas were joined for the final classification
shown in fig. 7. The classification is presented in its "raw"
form, without any smoothing algorithm applied.

The resulit of a first supervised digital classification using
these additional data sets was a significantly improved
discrimination of the geologic units as compared to a clas-
sification based on spectral data only. Actually, a spectral
classification into 27 lithologic classes would be a rather
hopeless undertaking in the first place.

The result is also interesting when compared to the origi-
nal map information used for the masking: There are sev-
eral cases in which the interpreter was somewhat doubtful
about divisions he had made on the map, e.g. the separa-
tion of acidic vs. basic intrusives. In this combined classifi-
cation it can be seen that some of the doubtful decisions
were, in fact, not correct.

The resolution of the available geophysical data is, unfor-
tunately, too low to be used in the classification for dis-
criminating most of the individual geologic bodies; only
larger structural blocks within the different terranes can be
separated. Therefore, the geophysical data sets were not
used in the classification. It was also tried to use neural
networks for this rather time-consuming process. At the
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moment, however, the amount of data involved cannot be
handled satisfactorily by neural networks.

5 CONCLUSIONS

The combination of image processing and GIS greatly
enhances the potential of interpretation and classification
of remotely sensed data. The use of GIS technology is a
realistic way to include a priori knowledge, topographic,
mineralogic and geophysical data sets into the classifica-
tion process, leading to results superior to both purely
spectral classification and existing field/interpretation geo-
logical maps.

The combination of topographic and geophysical data with
remotely sensed imagery improves the visualization and
thus the interpretability of geologic data. GIS classification
of geophysical data sets provides a "second opinion" on
results of spectral analyses.
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