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Abstract

Optical and infrared remote sensing may provide first-order clues for the identification of potential impact structures
on the Earth. Despite the free availability of at least optical image data at highest resolution, research has shown that
remote sensing analysis always remains inconclusive and extensive groundwork is needed for the confirmation of
the impact origin of such structures. Commonly, optical image data and digital terrain models have been employed
mainly for such remote sensing studies of impact structures. With the advent of imaging radar data, a few excursions
have been made to also employ radar datasets. Despite its long use, capabilities of imaging radar for studying surface
and subsurface structures have not been exploited quantitatively when applied for the identification and description
of such features due to the inherent complexity of backscatter processes. In this work, we make use of higher-level
derived radar datasets in order to gain clearer qualitative insights that help to describe and identify potential impact
structures. We make use of high-resolution data products from the ALOS PALSAR-1 and ALOS PALSAR-2 L-band sen-
sors to describe the heavily eroded Oasis impact structure located in the Libyan Desert. While amplitude radar data
with single polarization have usually been utilized to accompany the suite of remote sensing datasets when interpret-
ing impact structures in the past, we conclude that the integration of amplitude data with HH/HV/HH-HV polarization
modes in standard and, in particular, in Ultra-Fine mode, as well as entropy—alpha decomposition data, significantly
helps to identify and discriminate surface units based on their consolidation. Based on the overarching structural pat-

tern, we determined the diameter of the eroded Oasis structure at 15.6 4= 0.5 km.
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Introduction and background

Remote sensing data analyses have advanced to an
important and commonly utilized tool for the surface
investigation and characterization of potential or already
confirmed impact structures (e.g., Garvin et al. 1992;
Wagner et al. 2002; Koeberl 2004; Koeberl et al. 2005a,
b; Buchner and Schmieder 2007; Folco et al. 2010, 2011;
Schmieder et al. 2008, 2013; Reimold and Koeberl 2014).
They are often the only method to potentially identify
new impact structures, in particular in areas of limited
accessibility. However, not always has the application
of remote sensing data analyses been rewarded with

*Correspondence: svangasselt16@uos.ac.kr
Department of Geoinformatics, University of Seoul, 163, Seoulsiripdae-ro,
Seoul 02504, Korea

@ Springer Open

and indicate if changes were made.

success, and the lack of diagnostic criteria has caused
substantial debate in the past (e.g., Papagiannis 1989;
Paillou et al. 20064, b; El-Baz and Ghoneim 2007; Buch-
ner and Schmieder 2007; Schmieder et al. 2008, 2013;
Orti et al. 2008; Cigolini et al. 2012; Daneshvar 2015).
Some of the false detections found—at least tempo-
ral—entry into the literature and databases, over which
scientific debate ensued (see, e.g., discussion in Reimold
2007; Pati and Reimold 2007; Crésta and Reimold 2015).
Despite their generally mega-scale size, impact structures
are eventually identified on the level of microscales (e.g.,
French and Koeberl 2010; Reimold et al. 2013, 2014;).
While most large bolide impacts, bar very low-angle
impacts, produce quasi-circular crater forms when
impacting on planetary surfaces, not all circular fea-
tures are caused by impacts. The lack of clear diagnostic
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geomorphic or morphometric criteria in remote sens-
ing data does not allow to consider impacts as a neces-
sary requirement for the formation of such morphologies
(e.g., Abels et al. 2000; Reimold and Koeberl 2014). On
the usually densely cratered and vegetation-free surfaces
of other terrestrial planets, the forward argumentation is
sometimes reversed and usually convincing arguments
need to be found against an impact origin (e.g., van
Gasselt et al. 2007; Michaelski and Bleacher 2013). And
even there, this might cause considerable debate despite
the usually simple stratigraphic target environment and
availability of super-resolution image data down to sub-
meter scale from recent sensors on the Mars or Lunar
Reconnaissance Orbiters.

The list of search criteria for detection of possi-
ble impact structures by remote sensing data analysis
includes the presence of obvious and large-scale mor-
phologies such as a sub-circular shape, remains of a
potentially elevated rim or a central uplift or ring struc-
tures, and for higher-resolution data, target-specific
shape criteria, drainage system layout, fault arrangements
or target characteristic layering properties caused by the
impact (e.g., Garvin et al. 1992; Abels et al. 2000; Koeberl
2004; Buchner and Schmieder 2007). Alternatively, either
comparison with confirmed impact structures or exclu-
sion from other morphologically similar features (Buch-
ner and Schmieder 2007) provided additional criteria.
Eventually, however, extensive field and laboratory work
are required to confirm any initial detections of possi-
ble impact structures (e.g., Reimold et al. 2014; French
and Koeberl 2010). It is thus evident that remote sensing
image and hyperspectral data analysis and investigation
of topographic characteristics only form the first step in
building a case for confirmation of impact origin either
by identifying potential structures or by establishing the
context for detailed field analysis.

With the advent of radar data as a dataset additional to
optical data, a powerful toolkit was provided for potential
additional arguments about compositional and structural
characteristics of the surface and the near subsurface
independent of weather conditions and cloud coverage.
The advantages of L-band radar imaging in arid regions
were emphasized early in the literature (e.g., Elachi et al.
1984) when the detection of hidden subsurface structures
by Shuttle Imaging Radar (SIR) made considerable scien-
tific impact (McCauley et al. 1982; Schaber et al. 1986).
Subsequent analyses made use of the Japanese JERS-I
L-band radar in order to map the subsurface structure
at resolutions down to 18 m/px. The JERS-1 dataset was
qualitatively used to show some of the structural inven-
tory of an alleged impact crater, and while it provided
much more detail on the structural imprint when com-
pared to optical image data, it did not add much to what
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was seen already in a SRTM-based terrain model (Pail-
lou et al. 2003). The Canadian Radarsat-1 SAR payload
operating in the C-band at 5.3 GHz received wide inter-
est during the last two decades, also for investigating the
structure of eroded impact craters and the structural fin-
gerprint and lithological settings (Abels et al. 2000; Smith
et al. 2014).

Until 2013, Radarsat-1 provided up to 10-m-resolution
data in Fine mode. Resolutions of up to 1 m are obtained
in Ultra-Fine mode for the Radarsat-2 system launched
in 2007 with full polarimetric data that have been used,
also qualitatively, for impact crater investigations (Mader
2015). Radarsat and ESA’s ERS-1 amplitude data of the
BP and Oasis structures were compared to optical data by
Koeberl et al. (2005b), and it was found that the observed
ring structures of the BP and Oasis impact craters were
generally more pronounced in the radar data.

Our work is aimed at investigating the Oasis impact
structure by making use of high-resolution ALOS PAL-
SAR-1 and ALOS PALSAR-2 observations and derived
data products. Multi-polarization amplitude image,
phase coherence representations, as well as full polari-
metric decomposition techniques complement the con-
ventional SAR amplitude image data and are investigated
in order to characterize Oasis’ near-subsurface structure.
Due to longer wavelength, L-band radar observations
achieve greater penetration depths, which allows us to
potentially map more subsurface features (e.g., Rich-
ards 2009: 152). We here demonstrate the potential use
of performing a technically more complex data analy-
sis and discuss potential benefit for the analysis of such
landforms.

Geologic and geomorphologic settings

The Oasis impact structure is a highly eroded structure
located in southeastern Libya at 24°24E, 24°34/N, south
of the BP impact crater (Fig. 1a, b; Kohman et al. 1967;
Martin 1969; French et al. 1972; Koeberl et al. 2005b;
Reimold and Koeberl 2014 and references therein). The
diameter of the Oasis structure is still debated. Estimates
have ranged from 5.1 to 11.5 km (French et al. 1974),
18 km (Koeberl et al. 2005b) or even up to 25-36 km
(Gibson et al. 2011), variably based on fieldwork and
remote sensing studies.

The age of Oasis is poorly constrained to less than
120 million years (e.g., Reimold and Koeberl 2014). The
impact occurred into likely sub-horizontal sandstones
and subordinate siltstones/shales of the Paleozoic Kufrah
basin, specifically involving the lower Cretaceous Nubian
Sandstone Formation (Reimold and Koeberl 2014).
Today, the highly eroded structure comprises an inner
ring with a diameter of approximately 5.1 km that is sur-
rounded by a flat depression (Reimold and Koeberl 2014;
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Fig. 1 a Location of the Oasis and BP impact structures in eastern Libya (GMTED at 240 m/px, colorized shaded relief) and b topographic setting of
the Oasis impact crater (SRTM at 30 m/px, colorized shaded relief). € Landsat 8 ETM pan-sharpened PC representation with principal components
1-3 represented as RGB (15 m/px). Location of subfigure d marked by white box. d Same image basis with close-up of the Oasis impact structure,
labels IB and IR refer to occurrences of inselbergs and remnants of the inner ring structure, respectively. The center of the impact structure is located

at 24°24'E, 24°34'N

Fig. 1a—d).The topography reflects underlying lithology,
and thus, the inner ring is mainly composed of relatively
resistant sandstones, while the surrounding plains and
the innermost depression are underlain by Carbonifer-
ous sediments (Reimold and Koeberl 2014; Gibson et al.
2011). Also, local hydrothermalism has been considered
conceivable based on limited field sampling (Gibson et al.
2011).

Marine transgression caused by the Early Cretaceous
opening of the Atlantic and basin subsidence as a conse-
quence of the stress exerted on the African Plate caused
deposition of massive sandstone deposits in the Kuf-
rah basin (Pachur and Altmann 2006: 157). The basin

is delimited to the south by the Ennedi Plateau and the
Ouaddai highlands as well as the southeastern Darfur
Basin (Chad), toward the east by the Dakhla Basin in
Egypt and toward the west and southwest by the Tibesti
mountain plateau, which provided material for the basin
fill. To the north, the Syrte basin connects the Kufrah
Basin to the Mediterranean Sea (e.g., Pachur and Alt-
mann 2006: 22). That connection has long been studied
to investigate a mid-Miocene paleohydrological river net-
work (Paillou et al. 2009, 2013; Griffin 2002, 2006; Pachur
and Altmann 2006; Drake et al. 2008). The basin’s paleo-
hydrology played a major geomorphic role in the late
Miocene when north Africa underwent the Messinian
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Salinity Crisis (MSC) and the desiccation of the Mediter-
ranean Sea caused formation of extensive valley networks
and transport pathways toward the north and the south-
ern Chad Basin (Barr and Walker 1973; Paillou et al.
2009).

Relatively recently, image data from the PALSAR sen-
sor were used over the Libyan Desert to delineate buried
fluvial features in more detail and discuss their extent
toward the Mediterranean Sea (Paillou et al. 2009, 2013).
This has extended work of the 1980s based on SIR and
Landsat optical image data to delineate the paleoriver
systems of the southern Dakhla basin to the east and the
northern Dharfur basin to the south (McCauley et al.
1982).

Methods and data processing

Vegetation canopy and sedimentary deposits are the
main barriers to detect and trace eroded and buried geo-
morphologic features. Remote sensing approaches in the
optical and infrared wavelength domain provide only
limited insights into such features for obvious reasons,
and they can provide only indirect information about the
subsurface if combined with topographic data. The SAR-
based imaging potential to investigate surface and shal-
low subsurface structures has been noticed after Shuttle
Imaging Radar (SIR) A to C imagery was successfully
used to map geomorphic features over less vegetated
topography (McHone et al. 2002). There has been a sub-
stantial amount of research work exploiting geometrical
properties of surfaces including slope and roughness esti-
mates using patterns and contrasts in SAR image tone
and texture (e.g., Abdelsalam et al. 2000; Adams et al.
1981; Blom et al. 1984; Berlin et al. 1986; Grandjean et al.
2001; Paillou et al. 2006a, b). In particular, the potential
of the low frequency domain (1-2 GHz) of L-band spa-
ceborne SAR, when compared to applications of shorter
wavelengths of C, S and X band SAR, is obvious for the
purpose of subsurface mapping. This is mainly caused by
larger penetration depth into the canopy or dry soils and
the extensive coverage that enables monitoring of target
areas.

With the deployment of spaceborne L-band SAR on
the Japanese Earth Resources Satellite (JERS)I (Nemoto
et al. 1991) which was followed up by the Advanced Land
Observing Satellite (ALOS) Phased Array type L-band
Synthetic Aperture Radar (PALSAR) 1 and 2 (1270 MHz)
in 2002 and 2010, respectively (Rosengvist et al. 2007;
Kankaku et al. 2009; Shimada and Osawa 2012), the
capability of spaceborne long-wavelength SAR has been
widely exploited to monitor hidden subsurface geomor-
phologic features by amplitude image analysis, as shown
in the work by, e.g., Paillou et al. (2007) and Paillou and
Rosengvist (2003).
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Although there are dependences concerning mainly
dielectric properties, Grandjean et al. (2001) calculated
a penetration depth of airborne L-band SAR of up to
4 m using a two-layer subsurface scattering model and
ground penetration radar over Pyle Dune, France. This
is in some agreement with experiments conducted using
SIR-A L-band radar (Schaber et al. 1986).

In this study, we aim to demonstrate the considerable
potential by using SAR imaging not only for single-ampli-
tude analysis of L-band SAR but also for making use of
(1) multi-temporal/polarization amplitude and (2) polari-
metric signatures that are acquired through multiple SAR
imaging passes.

Different ALOS PALSAR-2 image data products such
as amplitude, phase coherence and polarimetric informa-
tion were processed to investigate the shallow subsurface
of the Region of Interest (ROI) in more detail.

Polarimetric signatures such as amplitude ratios
between HH, HV, VH and VV and their decomposition
are likely related to the subsurface scattering and physi-
cal characteristics as shown in a sequence of studies by
Gong et al. (2014) and Li et al. (2016) over Lop Nur lake
employing ALOS PALSAR L-band polarimetric images, a
field survey and a two-layer scattering model.

The anisotropy which is a polarimetric parameter that
can be extracted by eigenvector—eigenvalue decompo-
sition is a highly sensitive estimator of surface rough-
ness. However, the studies by Liu et al. (2016) employing
model-based target decompositions implied that sub-
surface properties such as the depth of a heterogeneous
subsurface layer can contribute to the polarimetric sig-
nature, although the effects of the surface roughness are
still more significant. Therefore, we expected subsurface
volume scattering contributions especially considering
the target area’s condition where the surface is homo-
geneous and smooth as it is covered mostly the sand.
Assuming such possibilities, the Pauli and eigenvector—
eigenvalue decompositions (Cloude and Pottier 1996)
were employed to potentially distinguish signatures from
surface structures as well as surface conditions.

Although it is difficult to assess subsurface character-
istics quantitatively using SAR/InSAR/polarimetric SAR
techniques, interferometric/polarimetric  signatures
will support discriminating subsurface structures (e.g.,
Grandjean et al. 2001; Lasne et al. 2005; Touzi et al. 2009).

The ALOS PALSAR-2 data products used for this study
are composed of Spotlight data with a ground resolu-
tion of 3 x 1 m in single polarization mode. The swath
width is about 25 x 25 km. Additionally, we made use
of Stripmap data in Ultra-Fine, High-Sensitive and Fine
modes with ground resolutions of 3, 6 and 10 m, respec-
tively. While data obtained in Ultra-Fine mode are avail-
able in single/dual polarization mode only, data from
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High-Sensitive and Fine modes are available in single,
dual and full polarization (see also Kankaku et al. 2009).

Among these, data obtained in (1) Stripmap Ultra-Fine
mode with single polarization (2) high-sensitive dual
model polarization (HH and HV) and (3) Fine mode full/
dual polarization (HH and HV) were used for further
investigation. In each case, amplitude images in dual and/
or full polarization modes and polarimetric decomposi-
tion data from the full polarization mode were extracted
and integrated into a spatial analysis platform. We aimed
at investigating the extent and the origin of features in
the region of interest (ROI) by fusing and comparing
amplitude and polarimetric signatures from the dual
polarization mode, as well as decompositions from full
polarization modes from varying resolutions and under
varying acquisition conditions.

Datasets for this work include processed yearly ampli-
tude image mosaics obtained by PALSAR-2 (2015), for
which RGB representations based on HH, HV and HH/
HV polarization ratios were calculated. As penetration
depth is a function of geologic materials and different
polarization modes, the RGB band combination pro-
vides direct but qualitative information about different
geological materials in the subsurface. ALOS PALSAR-1
(2008-2009-2010) amplitude mosaics were processed to
potentially identify temporal surface changes over that
time period.

Finally, Fine mode InSAR pairs as obtained on June 25,
2015, and October 29, 2015, were used to create a high-
resolution HH, HV, HH/HV as RGB band combination
in order to investigate the subsurface properties at higher
spatial resolution.

These datasets were complemented by full polarization
images from ALOS PALSAR-2 using the components
from eigenvector—eigenvalue and Pauli decompositions
in RGB representations and an Ultra-Fine mode ampli-
tude mosaic map composed of images taken between
July 2015 and February 2016 in HH polarization with a
ground resolution of 6 m, in order to allow tracing sur-
face and potentially subsurface features and structures in
more detail.

We analyzed the Oasis impact structure by combining
the ALOS PALSAR-1 and ALOS PALSAR-2 radar prod-
ucts described above with optical data and topography
information. We integrated radiometrically, geometri-
cally and atmospherically corrected multispectral Land-
sat 8 data in the optical and near-infrared wavelength
range using a principal component (PC) representa-
tion and made use of a number of topographic products
obtained from the USGS EarthExplorer platform. These
include the photogrammetrically derived Global Digital
Elevation Model Version 2 (GDEM V2, NASA/JPL 2009)
at a resolution of 1 arcsec (~30 m/px) from the Advanced
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Spaceborne Thermal Emission and Reflection Radiometer
(ASTER) onboard NASA’s Earth Observing System Terra
satellite platform. Because of the ASTER GDEM’s signifi-
cant noise in desert areas, we made additional use of data
from the Shuttle Radar Topography Mission (SRTM) with
a resolution of 3 arcsec (~90 m/px, Farr et al. 2007). Gaps
were filled by downsampled ASTER GDEM data.

Observations and discussion

The region of investigation covers parts of the Kufrah
basin and foothills of the granite intrusions of the Jebel
Al Awaynat (Jebel Uweinat). On Landsat ETM+ princi-
pal component representation, we can clearly identify the
inner ring/central uplift (CU) of the Oasis impact struc-
ture (Fig. 1c, d) and circular arrangements of at least two
other ring structures, which confirms earlier work by
Koeberl et al. (2005b). Based on these data, the diameter
of the impact structure can be estimated at 15-16 km on
average, with a 8.1 km maximum in NNW-SSE direc-
tion. The Landsat-8 principal component analysis gives
relatively high values for the first and third component
resulting in dominantly red-blue units representing
lower hillslope areas surrounding topographic heights
and high-relief areas (Fig. 1c, d, IB and O). A relative
dominance of the first and second principal component
(orange) appears where paleoriver pathways leading from
the SW to the NE—west of the Oasis impact structure—
can be observed. These are generally only faintly visible
in optical wavelength data. Finally, the Jebel Al Awynat in
the eastern part of the ROI (J in Fig. 1c) is represented
by a relative dominance of the third principal component
(blue), while surrounding sandstone bedrock appears
bluish greenish, with a higher relative dominance of the
second principal component.

Using the 25 m ALOS PALSAR-2 amplitude image in
HH and HV polarization modes (Fig. 2a—d) represent-
ing HH/HV/HH-HV as RGB, we can distinguish three
major units in dark violet, brighter violet and yellow
colors. Higher radar reflectance represented in HH/
HH-HYV (violet) is found in semi-consolidated and con-
solidated rocky material, where lower backscatter in
HH/HH-HV polarization (dark violet) appears where
erosional deposits and material related to fluvial ero-
sion are abundant (label pr in Figs. 2¢, d, 3a, b). Brighter
colors are dominant where distinct bedrock layering
(Fig. 2b—d) can be observed. Units in bright yellow are
typically caused by strong backscatter and HV polariza-
tion modes with HH/HYV represented as blue approaches
zero. They clearly show and delineate consolidated
material and bedrock exposed at the surface. As they
are clearly distinguishable from the sand-covered lay-
ered bedrock, they help to trace the outline of the Oasis
impact crater structure.
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0 1 2
Fig. 2 ALOS PALSAR-2 polarimetric amplitude RGB composite in HH/HV/HH-HV polarization modes (27 m/px). a Is a broader overview with the
Qasis structure in the image center. Purple colors represent high (on a relative scale) radar reflectance in HH polarization, yellow colors show high
reflectance values also in HV polarization indicating exposed bedrock units; center of impact structure located at 24°24’E, 24°34'N. b Insights into
the near-subsurface structure with pronounced horizontal layering not visible in Landsat ETM image data (center at 24°31'E, 24°32'N). ¢ A paleoriver
system (pr) is clearly visible and distinct in polarimetric data but diffuse in optical image data. Possible folding with fold axes in NW-SE direction for
elongated ridges in the southern part (center at 24°24’E, 24°28'N). d Complex layering and paleodrainage (pr, center at 24°17’E, 24°39'N)

3 km

1 2 3 km

A paleoriver system delineates the inner ring structure
(Figs. 2¢, d, 3a, b, 4 and 5) and intersects distal parts of
the outer ring; it, therefore, postdates the impact event.
Abundant elongated bedrock outcrops striking NW-SE,
as well as the inselbergs north of the Oasis impact struc-
ture, seem relatively pristine and undisturbed at this
scale. This was also suggested by Underwoord and Fisk
(1980) as referenced in Koeberl et al. (2005b). On radar
datasets, we derive an average diameter of 15.6 km for
the impact structure, for this erosional level, but we can-
not rule out that its pre-erosional size was larger. How-
ever, given the arrangement of the delineating paleoriver

system clearly delineating the structure, it must have
been eroded to this level when the Messinian Salinity
Crisis (MSC) took place some 5.5 Myr ago (e.g., Gautier
et al. 1994).

The polarimetric decompositions performed on the
Oasis impact crater observations (Fig. 3a) using the Pauli
decomposition (Fig. 3b) and the entropy—alpha—ani-
sotropy decomposition (Fig. 3c) both provide qualita-
tive information for image interpretation and are useful
in particular for the differentiation between unconsoli-
dated sediment cover and bedrock units, and some of the
larger-scale structural inventory. Considerable noise in
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Fig. 3 alandsat 321 as RGB overview of the Oasis impact structure with its inner and outer ring as reference (30 m/px). b, ¢ ALOS PALSAR-2 derived
data representations (25 m/px). b Polarimetric Pauli decomposition with even-bounce/dihedral rotated/odd-bounce components represented as

RGB. ¢ Entropy (H)-alpha (a)-anisotropy (A) decomposition represented as RGB. The center of the impact structure is located at 24°24E, 24°34'N. d,
e H-a-plane scatter plot for the Qasis impact structure (d) and a region covering the Libyan Desert centered at 25°03’N, 21°55’E (e)
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the Pauli decomposition allows mapping of major units
only, while the entropy—alpha—anisotropy decomposition
allows observing the overarching structural regime as
indicated in Fig. 3c. The contribution of subsurface scat-
tering in the Oasis area is negligible based on the point
distribution in H/a-plane (e.g., Lee and Pottier 2009),
as we find a maximum in the low-H and low-a range
(Fig. 3d) indicating dominant low and random surface
scattering (Lee and Pottier 2009). For other areas in the
Libyan Desert, medium entropy of both surface and vol-
ume scattering terms seems dominant (Fig. 3e).

Most valuable for interpretation purposes of fine-scaled
structures is the ALOS PALSAR-2 radar image taken
in Ultra-Fine mode with a resolution of 3 m/px (Fig. 4).
Due to considerable noise it was filtered and resampled
to 10 m. It provides the backscatter amplitude in HH
polarization and is therefore similar to the data presented
in Fig. 2a—d (red component). The potential to map the
structural and depositional inventory (faults, folds, lay-
ering along with thicknesses), as well as the potential to
easily differentiate between consolidated and unconsoli-
dated material in the near (sub-) surface, remains iden-
tical (Fig. 5). However, the high-resolution image poses
some challenges, in particular in convoluted areas near

the inner ring where strata are more chaotically arranged
and postimpact fluvial erosion overprints the original set-
tings [see streamlined island (sb) in Fig. 4b]. The returned
radar backscatter is composed of surface and near-sub-
surface reflectance. As shown in Fig. 4c, d, the exposed
inner ring shows distinct layering (Fig. 4c), whereas the
northern inselbergs (Fig. 4d) appear not layered at this
image scale. The layering attitude, however, cannot be
quantified due to radar foreshortening effects, but it is
considered relatively steep in the inner ring structure. In
Fig. 4d, the contact between impact-deformed bedrock
with potential folding and undisturbed units of differ-
ent origin just to the north is exposed, which potentially
helps to delineate the impact structure as it is observed
today. Using these boundaries, we estimate a diameter
of 15.6 &+ 0.3 km depending on the location of measure-
ment profile as the overall shape of the outermost ring is
slightly asymmetric, which could be caused by erosional
effects rather than being due to a specific angle of impact.

Based on observations on amplitude data in different
polarization modes, we observe three different bedrock
units (Figs. 2a—d, 5).

The first unit (ring remnant unit in Fig. 5) is com-
posed of numerous exposed sub-circular or elongated
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crater (center at 24°24’E, 24°39'N)

Fig.4 a Overview of the ALOS PALSAR-2 amplitude image in Ultra-Fine mode with a resolution of 3 m/px. HH polarization (filtered and resampled
to reduce noise). The center of the impact structure is located at 24°24'E, 24°34’N; b complex arrangement of impact-related layering and fluvial
overprint, center at 24°27'E, 24°33/N. ¢ Layering at the inner ring (center at 24°24’E, 24°34'N) and d layering exposed north of the Oasis impact

features that are arranged in a circular way around what
is interpreted as the central uplift, including the inner
ring (Fig. 4). The primary middle ring has a diameter of
approximately 4.6 km but seems to be variable as also
stressed by Koeberl et al. (2005b). A second middle ring
with a diameter of 10.9 km, on average, is topographi-
cally less prominent but can be traced by the distribu-
tion of surface rock units. Units of the outermost ring
are exposed at a distance of up to 8.1 km from the center
(Fig. 4). These units border isolated circular bedrock
units described as second unit below. Based on radar
amplitude data, the outer units seem to be highly inclined
(Figs. 2 and 4) and partially folded (Fig. 4b).

The second unit (clustered remnant unit in Fig. 5) con-
sists of isolated and clustered, partly coalescing, circular

inselbergs in the northern part of the ROI, north of the
Oasis impact structure (IB in Figs. 1d, 2a, and southern
parts in Fig. 5). The distribution does not seem to follow
any particular direction but features seem to be grouped
into five major clusters. They have been described as
clastic plugs by Underwood and Fisk (1980) and were dis-
cussed later by Koeberl et al. (2005b) and interpreted as
potential remains of fold cores. Whether they are asso-
ciated with the Oasis impact event remains open. Based
on an analysis of the spectrally relatively limited Land-
sat sensor data, we cannot distinguish lithologies of ring
units from units forming these remnant knobs. Both
origins discussed in the literature would cause the same
spectral signal, even at higher spatial and spectral resolu-
tion, and are therefore conceivable.
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The third unit (NW-SE ridges in Fig. 5) is relatively
common across the area and can be traced toward the
east and west of the ROL. In particular to the west, these
features extend for several tens to hundreds of kilometers
and are consequently not impact-related. The unit con-
sists of straight and well-defined ridges with a segment
length of tens of meters to kilometers. They are distrib-
uted in NW-SW direction and were cut by the impact.
Spectrally, these units cannot be distinguished from other
rock units in the ROI, which might suggest that they
are eroded remnants of older Kufrah basin units. Their
alignment corresponds to the general alignment of sub-
basins in the Kufrah basin (Pachur and Altmann 2006),
which might imply a dominant tectonic control. Circu-
lation and rise of alcalic solutions along fractures and
faults might have caused a higher resistance to erosion,

although other mechanisms seem to be conceivable as
well (Pachur and Altmann 2006: 395). The origin of these
features remains unknown, and although they have been
labeled by Koeberl et al. (2005b: 172), they have not been
described in any detail.

Interpretations and conclusions

Little is known about the Oasis impact structure, as the
detailed structural inventory, its exact spatial extent and
formation age are not well constrained. Field studies are
hampered by the political situation (see also description
in Koeberl et al. 2005b) and currently, remote sensing
studies remain the only way to shed new light on some
of the open questions. We here studied the Oasis impact
structure using optical and radar data, and derived prod-
ucts from ALOS PALSAR-2.
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Based on the available radar data products, it is not
possible to distinguish different lithologies in the larger
area but it is possible to clearly separate bedrock units
from unconsolidated materials based on the respective
radar backscatter with high radar reflectance for bedrock
units and low reflectance for unconsolidated material.
H/a-plane analysis showed that the radar backscatter is
derived from surface units mainly and that the subsur-
face component is of minor relevance. The combination
of various primary and secondary radar datasets helped
to look into the overall geologic and geomorphologic set-
tings in more detail than currently freely available optical
image data could provide.

In particular, Ultra-Fine resolution polarimetric ALOS
PALSAR-2 data are helpful for more confident structural
and geologic mapping, and the radar data form a useful
addition for investigating prospective impact structures
in remote environments. Using high-resolution Ultra-
Fine radar imaging (3 m/px), we can estimate the diam-
eter of the Oasis impact structure at 15.6 & 0.5 km at the
current erosion level. This is supported not only by the
sub-circular arrangement of structural units but also by
the presence of postimpact paleoriver systems delineat-
ing and partially crossing the ring structures. There is a
slight ring asymmetry which might be caused by ero-
sional effects rather than oblique impacts (see also Gib-
son et al. 2011).

Based on radar and optical imagery, we cannot observe
any deformation outside the mapped outer ring, in par-
ticular as the remnant unit in the north (unit 2 in Fig. 5)
seems completely undisturbed. In the south, elongated
remnant ridges (unit 3) delineate what we interpret the
maximum extent of the Oasis impact structure. Both
units are in consistent agreement, although we cannot
rule out a much larger size as discussed briefly in the lit-
erature (Gibson et al. 2011).

At this stage, we cannot provide much detailed
insights into the impact age that was determined to be
90-120 Myr as upper maximum by Gibson et al. (2011).
Given that the observed paleohydraulic network formed
after the impact event, the impact must have occurred
before the MSC and therefore formed before 5.5 Myr
ago. The impact also truncates NW-SE ridges that could
be considered remnants of a Paleozoic basement (Pachur
and Altmann 2006).

For structural and geomorphic mapping, polarimetric
ALOS PALSAR-2 data can help significantly if the set-
tings are not too complex. The function of backscatter
depends largely on material properties and the mixed
return signal rules out any quantitative assessment at the
time of writing. In geologically complex areas with signif-
icant overprint, it might become impossible to interpret
the structural settings properly.
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We believe that for canopy-free desert areas the anal-
ysis of SAR data would significantly improve the possi-
bility to interpret the structure and geologic settings of
impact structures, in particular if they are heavily eroded
or covered by material, despite relatively high demands
on data processing. In combination with field observa-
tion and additional remote sensing datasets from opti-
cal sensors, radar data analysis provides a broad range of
derived data products that might help to diminish false
detections of impact structures.
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