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Abstract
The multi-frequency and multi-polarization Shuttle Imaging
Radar (SIR)-C/X Synthetic Aperture Radar (SAR) data collected
in 1994 aboard two flights of the Shuttle Endeavour constitute
a milestone in imaging of deserts from space. The data are
here used to explore the eastern Saham, including lithological
and structural mapping, geomorphological studies, and mineral exploration. The SIR-C/X-SAR images in this environment
are generally found to be ( 1 ) less useful for lithological
mapping than orbital visible and near infrared (VNLA)images,
except where rock types weather differently to produce varying
roughness levels; (2) superior to orbital v m images for
structural mapping in areas of subdued relief or where
structures are partially covered by dry sand, as well as in
tectonically active mountainous terrains; (3) superior to
orbital VNIR images for mapping sugace and sub-sugace
geomorphological features such as paleo-channels; and (4)
useful in delineating geologic controls on mineral deposits, but
inferior to orbital VNIR images for direct identification of these.

Introduction
Orbital imaging radar is unique in geologic remote sensing
because it is an active system that uses signals with long wavelengths and systems with side-looking geometry. Radar bands
used in orbital imaging systems lie in the microwave region of
the electromagneticspectrum and have wavelengths such as 3
cm for the X-band, 6 cm for the C-band, 10 cm for the S-band,
and 24 cm for the L-band. The long wavelengths allow radar to
have complete atmospheric transmission. The side-looking
geometry of the system enhances imaging of low-lying relief.
Topographic features show up most clearly at low radar look
angles (Ford et al., 1989).This allows an orbital radar system to
image objects smaller than its spatial resolution cell. This
makes radar of great importance in structural and geomorphological studies in the eastern Sahara. The long wavelengths,
however, inhibit radar from measuring spectral features
directly related to the mineralogy of geologic material; thus, it
is of limited use in lithological mapping and mineral exploration compared to orbital visible and near infrared (VNIR)
imaging systems. Orbital imaging radar, however, can be useful
in lithological mapping and mineral exploration if different
geologic materials have surface expressions in the form of distinctive roughness levels.
Another consequence of the long wavelengths is that radar
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can penetrate dry sand and collect images of shallow sub-surface features in arid regions such as the eastern Sahara. The arid
climate prevents development of extensive soil and vegetation
cover which otherwise obscures the returning radar signal from
geologic features. Furthermore, the absence of moisture maximizes the depth of radar penetration in the well-sorted sand
cover and enables imaging of shallow (up to 2 m) sub-surface
features.
This presentation discusses the importance of orbital
imaging radar in geologic studies in arid regions based on our
experience in the eastern Sahara of North Africa. First, we outline the evolution of orbital imaging radar systems and summarize concepts that are important in understanding and interpreting radar images. Then, we discuss application of the Shuttle Imaging Radar (SIR)Clx Synthetic Aperture Radar (SAR) data
to lithological and structural mapping, geomorphological
studies and mineral exploration.

Orbital Imaging Radar Systems and SIRC/X-SAR Data
The history of orbital imaging radar goes back to 28 June 1978
when the National Aeronautics and Space Administration
(NASA) launched SEASAT, the first Earth-orbiting satellite
designed for remote sensing of the oceans (Born et al., 1979;
Elachi, 1981; Fu and Holt, 1982). It carried the first spaceborne
synthetic aperture radar (SAR) system. SEASAT lasted for 105
days before a short circuit ended the mission on 10 October
1978 (Table 1).SEASAT was followed in 1981by the first shuttle
imaging radar (SIR-A) system (Ciminoand Elachi, 1982;Ford et
al., 1983)(Table1).The experiment was a success in the eastern
Sahara because SIR-A images revealed paleo-channels in northern Sudan and southern Egypt buried under the sand and not
visible with VNIR images (McCauley etal., 1982).SIR-B (Kobrick,
1985;Elachi, 1986;Ford et al., 1986) (Table 1)followed shortly
in 1984 and was advanced in that the data were digitally
recorded, unlike SIR-A data which were optically recorded.
The early 1990s witnessed significant contributions in
orbital imaging radar from the international community outside the U.S.A. The Russian Space Agency (PKA = RSA)
launched in 1991the Earth-orbiting satellite Al..MAZ-1 (Yelizavetin, 1992) (Table 1). In that same year the European Space
Agency (ESA)launched the Earth Remote Sensing Satellite
(ERS)-1 (Schreier etal., 1991; Koopmans, 1991; Askene etal.,
1992) (Table 1).ERS-8 was launched in 1995 to collect radar data
(Femenias-Pierre, 1998) (Table 1).In
similar to that of ERS-1
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TABLE1: COMPARISON
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C
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L
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L
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10-100
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30
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70-250

20
25-100
50-500

Satellite Space Space Satellite Satellite Satellite Space Space Satellite Satellite
Shuttle Shuttle
Shuttle Shuttle
CSA
ESA
NSDAI NASA DLW ESA
NASA
NASA NASA RSA
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AS1
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790
108
1978
105
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97.7
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3y

Space Satellite Space Satellite Satellite
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DLW
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57
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11
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2002
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790
97.7
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Wavelengths are 3 cmfor X band, 6 cm for C Band, 10 cm for S Band, and 24 cm for L Band. Polarizations are abbreviated as HH = Horizontally
Transmitted and Horizontally Received, HV = Horizontally Transmitted and Vertically Received, W = Vertically Transmitted and Vertically
Received, and VH = Vertically Transmitted and Horizontally Received. Organization abbreviations are NASA = U.S. National Aeronautics and
Space Administration, RSA (PKA) = Russian Space Agency, ESA = European Space Agency, NASDA = National Space Development Agency
of Japan, MITI = Ministry of International Rade and Industry of Japan, DLR = Deutsches Zentrum Fiir Luft- und Raumfahrt or German Aerospace
Center, AS1 = Agenzia Spaziale Italiana or Italian Space Agency, and NIMA = U.S. National Imaging and Mapping Agency.

1992 the National Space Development Agency (NASDA)
of
Japan launched the Japanese Earth Resources Satellite (JERS)-1
(Moon et al., 1994)(Table 1).
In 1994 NASA twice launched the Shuttle Endeavour to collect the first multi-spectral and multi-polarization SIR-CIX-SAR
data between latitudes 57"N and 57"s. These data were collected with multi-look angles and swaths ranging in width
between 15 and 100 krn for the L and C bands and 15 and 40 km
for the X band (Table 1).SIR-CIX-SAR
data are advanced compared to SIR-Aand SIR-B and other orbital radar data in that they
were simultaneously collected at three wavelengths and multiple polarizations (Table 1). L and C bands were collected with
like-polarization HH (horizontally transmitted and horizontally received) and w (vertically transmitted and vertically
received), and cross-polarization horizontally transmitted
and vertically received) and w (vertically transmitted and horizontally received). X band was collected with W only (Table

backscattering or volume-scattering off a surface (Zebker and
Goldstein, 1986). The amplitude of the returned radar signal
depends on system-related (wavelength,polarization, and incidence angle) and environment-related (surface and sub-surface
roughness, slope, and dielectric properties) factors (Lewis et
al., 1998). These factors control three types of interaction
between radar signals and the imaged surface (Lewis et al.,
1998): (1)reflection, (2) back-scattering, and (3) volume-scattering (Figure 1A).
Reflection

Reflection occurs when a radar signal encounters a smooth flat
surface. The signal reflects away from the receiving antenna
with an angle equals to that of the incident angle (Figure 1A).In
this case no returning radar signal will be detected in the
receiving antenna; hence smooth, flat surfaces appear dark on
radar images.

1).

The Canadian Space Agency (cSA) in 1995 put into orbit
the first commercial imaging radar satellite RADARSAT (Parashar et al., 1993) (TabIe 1).The PKA attached to MIR in the same
year the first space station-borne radar system enclosed in the
module PRIRODA of the German Aerospace Center (DLR = DAS).
NASA launched the Shuttle Radar Topography Mission
(SRTM) in early 2000 (Farr and Kobrick, 1998;Okonek, 1999)
(Table 1)to collect single-path, but repeated-take, data for interferometric uses between latitudes 60°N and 54's. NASA also
plans to utilize radar interferometry in measuring large-scale
surface changes. For this purpose, the Lightweight Synthetic
Aperture Radar ( ~ i g h tsatellite
~ ~ ~ )mission is planned for the
year 2003 (Schoonmaker,1997;Evans and Moghaddam, 1998)
(Table 1).Other future plans for orbital imaging radar include
ESA ENVISATI (European Space Agency, 1998) (Table 1)and
NASDA of Japan PALSAR satellite (NASDA, 1999).

Imaging with Orbital Radar
Orbital imaging radar systems depend on measuring the amplitude, time delay, and phase shifts of returned radar signals.
Radar signals are produced by a source antenna with a sidelooking geometry and measured by a receiving antenna after

Backscattering

Backscattering occurs when the radar signal encounters a rough
surface. The radar waves scatter in different directions and
some return to the receiving antenna (Figure 1A).Backscattering depends on the roughness level relative to the radar band
wavelength. Shorter wavelengths increase the perceived surface roughness (Campbell and Campbell, 1992). Generally, a
surface is considered rough if the weathering cell (roughness
characteristics) equals or is greater than 10 percent of the radar
band wavelength (Lewis et al., 1998).In addition, at a constant
wavelength, a flat surface is perceived as smoother as the look
angle increases (Ford et al., 1989).
VolumeScattering

The term volume-scattering is used here to describe a returned
radar signal that follows a path with more than one direction
(Figure 1B).The two types of volume scattering are doublebounce and penetration (Figure 1A). Double-bounce is discussed together with normal-reflection (when the incident
angle equals 90°, the path of the returning signal coincides
with that of the incoming signal but is in the opposite direction)
and edge-effectbecause they are all associated (Figure 1B).
PHOTOGRAMM€rRIC ENGINEERING & REMOTE SENSING

Relkdion

Back-

Lewis et al., 1998) (Figure 1C).The optimum conditions for
sub-surface imaging with orbital radar in arid regions are (1)
smooth surface of fine-grained and well-sorted sand (Roth and
Elachi, 1975) (Figure 1C);(2) very dry conditions (less than 1
percent moisture content) to minimize electrical conductivity
and facilitate greater radar signal penetration (Campbelland
Ulrichas, 1969;Hoekstra and Delaney, 1974);(3) limited depth
of sand cover (Figure 1C);experiments show that a radar signal
is attenuated to 37 percent at the aidsand interface and completely attenuated at depth of more than 2 meters at 1percent
moisture content (Elachi and Granger, 1982);(4) sub-surface
imaging occurs when a rough sandbedrock interface produces
strong backscattering (Elachi et aL, 1984) (Figure 1C);and (5)
in addition to the above environment-related factors, systemrelated factors important in optimizing radar penetration are
(a) longer wavelengths result in deeper radar penetration
(Schaber et al., 1997) (Figures 2A, 2B, and 2C); (b)cross-polarization enhances radar penetration (Schaber et al., 1997);and
(c) sub-surface features are more likely to be revealed at radar
look angles greater than 30" (Elachi et al., 1984).

Figure 1. (A) Radar scattering mechanisms. (B) Radar double-bounce, normal-reflection, and edgeeffect. (C) Radar
penetration of dry sand and imaging of sub-surface paleochannels in the eastern Sahara (modified after Sabins
(1997)).
=Unmetamorpho8ed

sediments

C]Medium grade suprauustal rocks
C=CJAigh-gradegneiss

Double-Bounce, Normal-Reflection, and Edge-Effect
Double-bounce occurs when the radar signal reflects from a
smooth flat surface, encounters outstanding relief, and is
reflected back again to the receiving antenna (Figure 1B).Outstanding relief with a surface tilted nearly perpendicular to the
radar signal resuIts in normal-reflection (Figure 1B). Outstanding objects can also cause preferential backscattering from
their edges and corners (Figure 1B).This is referred to as edgeeffect and corner reflectors (Ford et al., 1989).Double-bounce,
normal-reflection, and edge-effect result in radar illumination1
shadow where bright stripes are in juxtaposition with dark
stripes.
Penetration
One of the most important characteristics of radar in geologic
studies of the eastern Sahara is its ability to penetrate dry sand
and image the shallow sub-surface features (Roth and Elachi,
1975; McCauley et al., 1982;McCauley et al., 1986; Elachi et
al., 1984;Blom et al., 1984; Schaber et al., 1997; Sabins, 1997;
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Figure 2. Images of part of the Neoproterozoic Keraf suture
in northern Sudan. For location, see Plate 1. (A) X-W image.
(B) C-HH image. (C) L-HH image. (D) Lithologic and structural
interpretation of the L-HH image. (E) A field photograph of
a -5 m wide ridge defining a mylonite zone associated with
a sinistral shear zone in the Neoproterozoic Keraf suture.
(B), (C), and (D) indicate greater depth of penetration with
increasing wavelength. The L-HH image in 2C shows the
shear zones because of the edgeeffect caused by the narrow
ridge in 2E shown by an open white arrow in 2C. This allows
radar to image the ridge although it is smaller than its 30m spatial resolution. The abbreviations in the arrows indicate north (N), radar illumination direction (I), and shuttle
flight direction (F).

Geomorphology of the Eastern Sahara
The eastern Sahara is dominated by three physiographic provinces (Plate 1):(1)the Red Sea Hills province, (2) the western
margin of the Red Sea Hills province, and (3) the sand sheets
and sand dune field province.
The Red Sea Hills province (Plate 1) is underlain by Neoproterozoic rocks of the Nubian Shield. This province extends
south from the Gulf of Suez in Egypt to the Gulf of Zula in Eritrea (Plate 1).Further south, sedimentary and volcanic rocks of
the Afar Depression overlay the Neoproterozoic rocks (Figure
3). The Red Sea Hills have rugged relief dominated by closely
spaced mountain ranges that rise several hundred meters above
the surrounding plain (Plate 1).
The western margin of the Red Sea Hills province occupies
the area around the Nile in northern Sudan and Egypt (Plate
I).Low-lying outcrops that are partially covered by sand dominate the province. In northern Sudan this is a 100-km wide,
400-m above sea level, lower Tertiary to Recent peneplain
(Sandford, 1949)described by Raisz (1952)as "Rock, sand, and
gravel flats with few inselbergs and traces of dendritic river
courses." The 500-km long, 50-km wide Neoproterozoic supracrustal passive margin deposits of the Keraf suture coincide
with this province in northern Sudan (Abdelsalam et al., 1995;
Abdelsalam et al., 1998; Abdelsalam and Stern, 1996). Basement outcrops are scarce and typically trap windblown sand.
West of the Nile in the Bayuda Desert (Plat I), the Nile Craton is
an area of well-exposed low-lying outcrops of amphibolitefacies gneiss and supracrustal rocks. The relatively good exposure of basement rocks is due largely to trapping of southmigrating aeolian sand sheets by the Nile as it runs sw from Abu
Hamed (Plate 1)and late Cenozoic uplift, which is expressed
by scattered alkalic volcanic centers that range in age from midMiocene to Pleistocene (Barth et al., 1983).
The extensive sand sheets and sand dune fields province
cover the area west of the Nile in northern Sudan and Egypt
and west of the Bayuda Desert (Plate 1).It is occasionally disrupted by plateau of Cretaceous sandstone and Paleogene
limestone.
Five outcrop types are recognized in the eastern Sahara, (I)
mountainous, (2) inselbergs, (3) undulating basement plain
with low-lying outcrops, (4) low-lying outcrops partially covered by sand, and (5) plains covered by sand sheets and sand
dunes. These types are sometimes associated with distinct
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Figure 3. (A) C-HH image of the Quaternary Erta Ale volcano
in northern Ethiopia. For location, see Plate 1.(B) A geologic
map of the volcano simplified after Berberi et al. (1972).
The abbreviations in the arrows indicate north (N), radar
illumination direction (I), and shuttle flight direction (F).

lithologies and might define regional structures with characteristics tones and textures in the SIR-C/X-SAR images.

Appllcatlons
The following sections discuss the application of SIR-Clx-SAR
images to lithological and structural mapping, geomorphological studies, and mineral exploration.
Uthological Mapplng
We have used SIR-C/X-SAR images to (1)map lithologic units in
areas dominated by low-lying subdued relief using the Neoproteozoic Keraf suture in the Sudan as an example, and (21
remotely sense volcanic flows of the Erta Ale volcano in
Ethiopia.

Areas with Low-Lying Subdued Relief
The Keraf suture in northern Sudan is defined by a 500-km
long, 50-km wide, N-trending structural belt, which deforms
passive margin supra-crustal rocks (Abdelsalam et al., 1995;
Abdelsalam et al., 1998; Abdelsalam and Stern, 1996). The
suture separates the Neoproterozoic Nubian Shield in the east
from the Mesoproterozoic and older Nile Craton to the west
and is defined by low-lying outcrops partially covered by sand
(Abdelsalam et al., 1995; Abdelsalam et al., 1998;Abdelsalam
and Stern, 1996).Owing to the sand cover, orbital VNIR images
are of limited use, but SIR-A and SIR-C/X-SAR images are useful
in mapping the Keraf suture (Abdelsalam et al., 1995;Abdelsalam et al., 1998; Abdelsalam and Stern, 1996). This is attributed to radar penetration as well as edge-effect, which enhance
the imaging of low-lying outcrops that are smaller than the spatial resolution cell of both systems.
High-grade gneiss in the Bayuda Desert, west of the Keraf
suture, forms low-lying, rough, and hilly terrain. Areas underlain by these rocks appear on the S I R - C I X - S A R ~as~ diffuse
~~~
dark and bright tones with no discernable pattern (Figure 2C).
On the other hand, paragneiss intercalated with carbonates and
amphibolites lying east of the Keraf suture form subdued areas
defined by differentially eroded layers with sharp local relief.
These appear as a succession of dark and bright bands on the
SIR-CIX-SAR image (Figure 2C). Unrnetamorphosed but deformed syn-tectonic sediments also exhibit this pattern on the
SIR-CIX-SAR image (Figure 2C). However, fold geometry, spacing, continuity, and thickness of dark and bright bands in the
SIR-CIX-SAR image enable differentiation between layered metamorphic assemblages and bedded unmetamorphosed, but
deformed, sediments (Figures 2C and 2D).
Volcanic Flows
The Erta Ale is a shield volcano representing one of the axial
ranges of the Afar Depression in northern Ethiopia (Plate 1 and
Figure 3). The volcano is 80 krn long, has a 40 km maximum
width, and covers an area of 2350 km2 (Berberi et al., 1972)
(Figure 3). It is remote and rarely visited although it is known to
have an active lava lake in its summit crater, and has been
erupting continuously since 1967 (Oppenheimer and Francis,
1998)
Rocks in the Erta Ale volcano range in composition from
mafic to felsic (Barrat et al., 1998). Berberi et al. (1972)mapped
the volcano and idenified six rock types related to different
eruption phases as indicated by several volcanic centers
aligned NNW. SIR-CIX-SAR image of the Erta Ale volcano shows
good correlation with the Berberi et al. (1972)map. Early submarine to sub-lacustrine mafic lava flows in the eastern part of
the volcano show up in the radar image as darker than the rest
of the volcano (Figure 3A). On the other hand, intermediate and
felsic flows-including basal hawaiite, middle trachyte, and
upper rhyolite and constituting the top part of the volcano-are
very bright (Figure 3A). A significant difference between SIR-C/
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X-SAR image and the geologic map is that the radar image suggests that the intermediate to felsic flows are more extensive in
the northern part of the volcano than the map indicates (Figure
3). The brightest part of the image corresponds to local mafic
pyroclastic flow on the southwestern part of the volcano (Figure 3). Basaltic flows and picritic basaltic spatter cones comprise the majority of the shield volcano; these appear pale gray
and are distinct from the darkgray representing the lower volcanic flow (Figure3)

Structural Mapplng
We have used SIR-CIX-SAR images to (1) map lithologically
defined structure using the Neoproterozoic Keraf suture in
northern Sudan as an example, and to (2) show morphologically defined structures as exemplified by the 20 Ma and
younger normal faults of the Afar Depression in Ethiopia.
Lithologically Defined Structures
Structural features on the SIR-CIX-SARimages of the Keraf suture
are defined by trends of alternating dark and bright bands
which correspond to transposed bedding and metamorphic
layering (Abdelsalam et al., 1995; Abdelsalam et al., 1998;
Abdelsalam and Stern, 1996) (Figure 2C). Fold closures are
defined by curvatures in these bands (Figure 2C). The planar
view geometry of fold hinge zones (angular,rounded, or box) is
well-defined on the srr<-c/x-sAR images. However, determining
the three-dimensional geometry of folds (plunge of hinge line,
attitude of the axial surface, and attitude of the limbs) is not
possible based on the image alone. The structures of the Keraf
suture are too low-lying for dip direction to be obtained from
radar illumination/shadow.
Near-vertical faults in the Keraf suture appear as sharp, linear feaures in the SIR-CIX-SARimages (Figure 2C). This corresponds to a narrow (-5-m wide) ridges of mylonitized granite
(Figure 2E) but is clearly imaged by SIR-CIX-SAR data (Figure
2D). Strike-slip faults mark sharp boundaries, the planar fabric
on either side is either sharply truncated or sheared off (Abdelsalam et al., 1995;Abdelsalam et al., 1998;Abdelsalam and
Stern, 1996)(Figure2D).
Morphologically-Defined Structures
The Afar Depression has a well-developed topographic expression where 20 Ma and younger volcanic and tectonic features
are associated with on-land "seafloor spreading" (Berberi et al.,
1972; Berckhemer et al., 1975; Hayward and Ebinger, 1996)
(Plate 1).The triangular-shaped, 200,000-km2 depression
extends south from the Gulf of Zula in Eritrea to the Main Ethiopian Rift (Plate 1).The Afar Depression is situated at the complex Red Sea - Gulf of Aden - Main Ethiopian Rift ridge-ridgeridge triple junction above a mantle plume that has been
inferred from geochemical and geophysical data (McKenzie et
al., 1970;Mohr, 1983).NW-trending, normal-slip faults parallel
to the Red Sea trend are defined by an obvious, west-facing
fault escarpment (Hayward and Ebinger, 1996). SIR-CIX-SAR
images with an easterly look direction show these faults with a
series of radar illumination/shadows due to double-bounce,
normal-reflection, and edge-effect (Figure 4). Hayward and
Ebinger (1996) used Landsat TM images to trace faults in the
Afar Depression, but found that it is difficult to locate those
which are less than 1km long and have surface expression of
less than 30 m. They concluded that many important relationships between structural trends are overlooked because of the
spatial limitation of Landsat TM data. However, faults with surface expression smaller than the spatial resolution cell of the
SIR-C/X-SAR system can be located from these images (Figure4).
Geomorphologlcal Mapping
We discuss geomorphological mapping with SIR-C/X-SAR
images as applied to (1)ground-water exploration and (2)
understanding the evolution of the Nile in Nubia.
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Figure 4. C-HH image of part of the Afar
Depression in northern Ethiopia showing a
series of radar layovers coinciding with NW to
NNW-trending, Wdipping normal faults. For
location, see Plate 1.The abbreviations in the
arrows indicate north (N), radar illumination
direction (I), and shuttle flight direction (F).

Ground-Water Exploration
SIR-A and SIR-CIX-SAR images reveal a number of paleo-drainage

systems in the eastern Sahara. Dry channels constituting these
drainage systems are referred to as radar rivers and are believed
to be relicts from Tertiary (McCauleyet al., 1982)to Pleistocene
(Szabo et al., 1995) drainage systems and might represent part
of the so-called Trans-African Drainage System (McCauley et
al., 1982).Older and wider radar rivers were formed during the
Tertiary, probably when the running surface water was exceedingly high (McCauley et al., 1982). This created radar rivers
with wide peneplained valley floors. Running surface water in
the eastern Sahara might have been scarce during late-Tertiary
times but significantly increased during the Pleistocene (Szabo
et al., 1995).This resulted in the formation of systems of braided
rivers within the wider Tertiary valley floors (McCauley et al.,
1982; Szabo et al., 1995).
Radar river morphologies and their distribution can be
used to infer paleo-flow direction. Geomorphologicalstudies in
the eastern Sahara suggests that the paleo-flow direction was
generally towards depressions such as the Kharga in the Great
Salima Sand Sheet (Robinson et al., in press) and the Great
Sand Sea (Plate 1;Figure 5). These depressions were probably

Figure 5. An L-HH mosaic showing paleo-drainage in northern Sudan and southern Egypt. For location, see Plate 1.
The distribution of the paleodrainage (drainage is shown by
white lines) suggests that it was flowing towards the landlocked depression of the Salima Sand Sheet.

dry conditions prevailed, the wind began to rework the sand
into dunes and sand sheets.

Plate 1. Digital elevation map of the eastern Sahara derived
from the USGS global 30 arc seconds (1km) elevation data
Set (GTOPOSO).

once endorheic (closed basin fluvial systems) as opposed to
exorheic systems that would lead to a sea or ocean. As an example, we discuss the morphology of the radar rivers constituting
the sub-surface land-locked drainage system in the Great Salima Sand Sheet. Well-defined channels and high drainage
density of radar rivers indicate pronounced water erosion on
the steepest slopes in the upper reaches of the system as seen in
NW Sudan (Figure 5). In the middle reaches of a given river system, the valley, enlarged by floods, becomes wide enough to be
associated with large volumes of alluvium. These flood plains
appear as wide dark bands in the radar images (Figure 5). In the
lower reaches, the valley is so wide that the traction force
decreases and the deposits become finer. This part of the drainage system has the youngest braided channels superimposed
(Figure 5).
When the water reaches an inland depression like the
Great Salima Sand Sheet, it would initially form a lake (EL-Baz
and Robinson, 1997;Robinson et al., in press). Over time, much
of the lake water would seep into the underlying rocks to be
stored as groundwater (El-Baz, 1988; El-Baz and Robinson,
1997),either in shallow unconfined to semi-confined aquifers,
or in deeper fractured bedrock aquifers. Evaporation of the surface water produces playa deposits, observed in many trenches
dug through the sand of the eastern Sahara as well as on the surface (El-Baz et al., submitted). After the climate changed and

Evolution of the Nile i n Nubia
In northern Sudan and southern Egypt (Nubia)the Nile forms a
great bend, first flowing north from Khartoum, then sw for over
300 krn before it resumes its northward course (Plate 1; Figure
6A) where is called the Cataract Nile. Here, the Nile follows a
contorted path through crystalline Precambrian basement
rocks and Cretaceous sedimentary cover.
SIR-CIX-SAR
images reveal how structures of different age
control much of the course of the Nile in Nubia (Stern and Abdelsalam, 1996). Many of these structures are defined by subdued relief and could have been mapped by geologists on the
ground. However, the vastness and harsh climate of Nubia have
inhibited such studies. Other structures are covered by sand,
and SIR-cIX-SAR images have revealed them for the first time.
These images show two sets of structures controlling the Cataract Nile: (1)NNW-trending strike-slip shear zones, such as
those coinciding with the Keraf suture (Abdelsalam and Stern,
1996;Abdelsalam et al., 1998) (Figure 6B);these formed about
600 Ma and strongly control the river along the third and fifth
cataract (Figures 6B and 6C); and (2) E-W steep, normal or strikeslip faults of late Cretaceous or younger age, common along the
third cataract (Figure 6B).
A recent change in the river's course is demonstrated by a
paleo-channel, 25 krn long, lying as much as 10 km north of the
Nile (Figure 6D). This indicates that the Nile along the fourth
cataract has recently shifted to the south (Stern and Abdelsalam, 1996).The Nile at the fifth cataract follows structures associated with the Keraf suture (Figure 6B). These structures
continue north of Abu Hamed, yet the Nile turns sw to form the
Great Bend (Figure 6A). This deflection is probably due to
recent uplift of the Nubian Swell (Stern and Abdelsalam, 1996)
as Late Cenozoic E-W faults in northern Sudan and southern
Egypt indicate. Before uplift of the Nubian Swell, the drainage
now flowing along the fifth cataract may have continued north
through what is now Wadi Gabgaba (Figure 6A). Quaternary
uplift diverted the Nile to the sW, through the fourth cataract,
perhaps to join a tributary of the Nile to the west (Stern and
Abdelsalam, 1996).
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Figure 6. (A) The Nile in Nubia. For location, see Plate 1.
(B) L-HH image showing the course of the Nile at the fifth
cataract controlled by NNW-trending shear zone (indicated
by white arrows) associated with the Neoproterozic Keraf
suture. (C) L-HH image showing the course of the Nile at
the third cataract controlled by N-trending Neoproterozoic
structures (indicated by white arrows)as well as E-W trending
Cretaceous and younger structures (indicated by black
arrows). (D)L-HH image of the Nile at the fourth cataract
showing an abandoned channel (black band) indicating that
the river has recently shifted southward. The abbreviations
in the arrows indicate north (N), radar illumination direction
(I), and shuttle flight directjon (F).

MWExproraUon

We discuss the usefulness of orbital imaging radar for (1) direct
identification of mineral deposits, specifically massive sulfide
deposits of the Beddaho alteration zone in northern Eritrea
(Plate I), and (2)understanding geologic controls on mineral
deposits.
Direct Detection
Massive sulfide deposits in the Nubian Shield in the eastern
Sahara have surface expression in the form of hydrothermally
altered zones containing distinctive clay and iron minerals.
These sometimes enclose bodies in which iron-oxide minerals
concentrate to form rough crusts referred to as gossans. Gossans
have rough surfaces compared to the surrounding hydrothermally altered supracrustal rocks, hence, can be distinguished
This is true for the Tebih gossan that
with sm-c/x-s~~irnages.
comprises part of the Beddaho alteration zone in northern Eritrea (Abdelsalamet al., submitted) (Plate 2).
The iron (A in Plate 2) and clay (B in Plate 2) alteration
index maps produced hom band-ratios 311 and 517 Landsat TM
images reveal the Tebih gossan as a horseshoe-shaped structure
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Plate 2. Images of the Tebih gossan in northern Eritrea (A)
Iron index map draped over 3/1 Landsat TM image. (B) Clay
index map draped over 5/7 Landsat TM image. The red color
indicates density slicing at top 5 percent of the digital number (DN) of the ratio image, orange indicates top 10 percent,
and yellow indicates top 15 percent. These images show
the Tebih gosson have high iron but no clay alteration (C)
C-HH, L-HH, L-HH/C-HH SIR-C/X-SAR
image showing the Tebih
gossan as characteristically red due to back-scattering
enhancement of the C band. (D) Results of parallelepiped
supervised classification based on L-HH, L-HV, C-HH, and
C H V bands draped over GHH SIRC/X-SAR
image. These
results confirm the visibility of the Tebih gossan in the
radar image.

with high iron concentration and lacking clay alteration as
would be expected. Comparing iron and clay alteration index
maps with the SIR-CIX-SARimage (Cin Plate 2) confirms the visibility of the Tebih gossan in the latter (D in Plate 2) where the
bright appearance is due to enhancement of backscattering of
the radar signal by the gossan's rough surfaces (Abdelsalam et
al., submitted] and probably secondary dielectric effects
because of iron enrichment.
Geologic Controls
Orbital imaging radar data have been integrated with Landsat
TM images ~dgeophysicaldata to understand lithological and
structural controls on ore bodies (Rheault et al., 1989:Harris et
al., 1989;Rowan and Bowers, 1995).This is uskful in understanding the regional distribution of ore deposits and their geologic controls, given the importance of orbital imaging radar
for lithological and structural mapping in the eastern Sahara.

Dlscusslon and Conclusion
Application of orbital imaging radar for geologic studies in the
eastern Sahara results in significant advances of geologic
knowledge of the region.
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It is not generally possible to directly identify rock types with
orbital imaging radar. These images can however be useful in
lithological mapping if various rock types have different surface
roughness due to varying susceptibility to weathering. Different
surface roughness result in intensity variation of backscattering
manifested by various tones on the radar images. Hence, the
tone (controlled by microscale roughness (Lewis et al., 1988))
and texture (controlled by mesoscopic and macroscale
roughness (Lewis et al., 1988)) in the SIR-CIX-SAR images can be
used to distinguish between different rock types. Farr and
Chadwick (1996]used this approach to map alluvial fan deposits
of different ages in the Kun Lun Mountains of China. Similarly,
radar images were used to map volcanic flows of different ages
because older flows have smoother surfaces compared to
younger ones (Zebker et al., 1996). Results from the eastern
Sahara extend the application of orbital imaging radar for lithological mapping.
In the eastern Sahara, Neoproterozoic ductile structures such
as folds and shear zones are defined by the trends of alternating
lithological units. Neoproterozoic brittle structures instead are
defined by truncation of layering (Figure 2). Hence, both types
are lithologically defined structures. Orbital imaging radar is
not as useful as orbital WIRimages in mapping lithologies and
lithologically defined structures. However, in areas with lowlying relief, the morphology often follows lithological layering.
This produces mesoscale roughness that is manifested as textural difference in radar images. In this case, orbital imaging
radar is superior to orbital VNIR images in structural mapping
where lithologic variations appear as subtle textural differences
on the latter (Figure 2). Cretaceous and younger structures in
the eastern Sahara Desert, on the other hand, deform both Neoproterozoic crystalline basement rocks and Cretaceous and
younger cover. They are dominantly brittle and defined by
morphological features such as escarpments, cliffs, and silicified ridges, Orbital radar is effective in imaging these because
of radar double-bounce, normal-reflection, and edge-effect.
These structures are best imaged by orbital radar when they
are oriented at a high angle to the radar look direction. In areas
with subdued relief, however, edge-effect dominates because
outcrops are too low-lying to cause radar double-bounce and
normal-reflection (Figure 2). However, in these areas, backscattering interferes with edge-effect at steep (more than 30") radar
look angles. At low radar look angles (less than 30°), the perceived roughness level decreases and normal-reflection and
edge-effect dominate. This allows imaging of low-lying topographic features such as fault scarps that are hard to detect on
orbital W I R images. For example, the San Andreas Fault is
invisible in VNIR images over part of its length, but is clearly
delineated by radar images (Sabins et a]., 1980). This becomes
important in the eastern Sahara for delineating potential areas
with ground-water resources by defining fracture bedrock aquifers (Bisson and El-Baz, 1991).
Orbital imaging radar has become increasingly important in
mapping geomorphological features in arid regions such as the
eastern Sahara. Images of sub-surface features buried under the
sand of the eastern Sahara have been important for a number
of geomorphological studies (Berlin et al., 1985; Berlin et al.,
1986; McCauley et al., 1986a; McCauley et al., 1986b; E1-Baz,
1988; Stern and Abdelsalam, 1996 EL-Baz and Robinson, 1997).
Low-lying morphological features are imaged by orbital radar
better than by orbital \rNm images because of radar side-looking
geometry. Sand dunes and surface paleo-drainage are best
imaged with radar look angles smaller than 30" because this
allows normal-reflection and edge-effect to dominate over penetration. On the other hand, sub-surface geomorphological features are best imaged when the radar look angle is greater than
30". Based on orbital radar images alone, however, it is difficult
to determine whether the imaged feature is exposed on the
surface or buried under sand. Hence, it is important to compare
radar with VNIR images in order to determine whether the
imaged feature is surface or sub-surface.
Orbital imaging radar is not widely used for mineral exploration.
This is because, unlike !JN
' ?E data, radar does not measure spectral features directly related to the mineralogy of geologic material. SIR-CIX-SAR data were successfully used to image the Tebih
gossan in northern Eritrea because of its surface roughness. This,
however, might not be applied for other mineral deposits in

the eastern Sahara. Nevertheless, the orbital imaging radar has
been used to understand geologic controls of mineral deposits.

Orbital imaging radar has tremendous advantages in
imaging the eastern Sahara over VNIR images. It can be especially useful in outlining regional geologic and geomorphologic
features. The SIR-CIX-SAR data are experimental and do not have
complete coverage of the Earth's surface. Nevertheless, these
data have been used by us and other scientists in important
studies in the eastern Sahara. Moreover, SRTM data will cover
the Earth's surface between 60°N and 54"s with C-HH radar
data (Table 1).These data will provide relatively inexpensive
orbital radar images to explore the entire eastern Sahara as well
as producing high-resolution (30-m) digital elevation models
(DEM). Other orbital radar systems also promise to contribute
significantly towards better understanding of the eastern
Sahara.
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