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Abstract—Shuttle Radar Topography Mission data was used to investigate the Aorounga and Gweni
Fadaimpact structuresin Chad as part of anew remote sensing study. We believetheresults of various
data treatments provide extensive new perspective on the macro-structural and topographic divisions
for these two impact structures. Our remote sensing studies indicate revised diameters of Aorounga
and Gweni Fada of 16 and 22 km, respectively. We selected samples from these two structures for
their petrographic, geochemical, and Rb-Sr and Sm-Nd isotopic characteristics. In samples from both
structures, evidence for shock metamorphism was found in the form of single or multiple sets of
planar deformation features in quartz, which confirms the impact origin for both the Aorounga and
Gweni Fada structures. The crystallographic orientations of PDFs indicate maximum shock levels of
20-30 GPa for samples from the central parts of both structures. The PDF orientations are
characteristic for the orientations observed elsewhere in shocked sandstones, with the higher angles
in the orientation histograms being fairly abundant. Geochemically, the rocks are typical upper-

crustal sandstones.

INTRODUCTION

In 1994, only 15 confirmed impact structures were
known in Africa (Koeberl 1994). Since then, three new
African impact structures have been identified (Master and
Reimold 2002): the 14 km in diameter Gweni Fada complex
crater in Chad (see below), the 3.4 km in diameter Kgagodi
basin structure in Botswana (Brandt et al. 2003), and the large
(~80 km in diameter) Morokweng impact structure in South
Africa(e.g., Reimold et al. 2002; K oeberl and Reimold 2003).
In addition, the 220 m in diameter Sinamwenda structure in
northern Zimbabwe has been proposed to be of impact origin
(Master and Reimold 2000), but a confirmation of its impact
originisstill outstanding.

Aorounga and Gweni Fada are the only impact craters
known so far in Chad (Fig. 1). No detailed geological
mapping has been performed yet at either of the two
structures. The availability of samples is extremely limited,
and a civil war raging in northern Chad in the 1990s has
prevented more detailed field studies. In this paper, we
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contribute the results of a new remote sensing study and
report, for the first time, petrographic and geochemical data
for the only accessible rock suite from these two crater
structures (samples collected by P M. Vincent). A
preliminary report of some of our data was published in an
abstract form (Koeber| et al. 1998).

BACKGROUND ON THE GEOLOGY OF AOROUNGA
AND GWENI FADA

To summarize the geology of the two craters, we rely on
published geological information for Aorounga (Becg-
Giraudon et a. 1992) and Gweni Fada (Vincent and
Beauvilain 1996). The circular depression of Aorounga,
which appears on some regional geographic maps (cf. Roland
1976; Becg-Giraudon et al. 1992), has a visible present-day
diameter of ~13 km and is located in northern Chad about
110 km southeast of the Emi Koussi volcano in the Tibesti
Massif (Fig. 2d). It is centered on 19°06” N and 19°15’ E, and
is situated in an area of the desert that is characterized by
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Fig. 1. Schematic map of central Africa showing the location of the
two impact structures, Aorounga and Gweni Fada, in Chad (after
Vincent and Beauvilain 1996).

strong wind erosion, which is expressed in the form of
yardang-like sandstone ridges and depressions, as is clearly
visible in shuttle imagery (Fig. 2a) and aeria photographs
(Fig. 2b). Aorounga was originadly studied in a
photogeological investigation of Gemini, Apollo, Landsat,
and aerial photographs by Roland (1976), who suggested an
origin either as a granite diapir or an impact crater. However,
this author favored the granite diapir hypothesis as the more
likely explanation, but did not present any detailed arguments
to support hisidea. The structure was mentioned by Grieve et
al. (1988) as a possible impact crater. About 15 years ago, a
French expedition to the area succeeded in collecting a few
samples from the structure and reported the first observation
of shock deformation in the form of possible shatter cones and
“shock-affected quartz” (Becg-Giraudon et a. 1992)
(although the pictures given of these features in Becg-
Giraudon et al. [1992] are not necessarily convincing).

The crater is formed in a fine-grained, well-sorted,
slightly carbonate-bearing sandstone thought to be possibly of
Upper Devonian age (Wacrenier et a. 1958). The structureis
characterized by an outer and an inner ring (diameters of ~11
and 7 km, respectively), which both rise about 100 m above
the mean level of the surrounding plain (Figs. 3a, b). The two
rings are separated from each other by a depression of
uniform width. A hill, or possible uplift structure, of ~1.5 km
in diameter islocated near the center of the central depression.
The ring walls were described to consist of steeply outward
dipping sandstone layers, with dips of 40-50° seen at the
outer wall and 80° at the inner wall (Becg-Giraudon et al.
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1992). Some breccia, described by Becg-Giraudon et al.
(1992) as consisting of a coarse-grained siliceous matrix with
fine-grained, beige clasts (cm- to dm-size) with fluidal
texture, was apparently found on top of the inner rim wall.
These same authors also described conical features that they
interpreted to be shatter cones. Similar features are shown in
Fig. 3c, but, due to the lack of laboratory studies on these
samples, it is not entirely clear if they represent bona fide
shatter cones or just wind erosion features, which can have a
very similar appearance (e.g., Miller and Reimold 1986).

No reliable age dating exists for Aorounga. Based on the
limited 14C isotopic studies, Becg-Giraudon et al. (1992)
estimated the age of the structure at only 12,000 to 3500
years, which appears to be incorrect, considering the
seemingly strongly eroded nature of the structure (Figs. 2a-).
No melt-bearing samples that might provide a key for dating
of the impact event have been identified among the limited
sample suite available.

Bourles et a. (1995), who applied cosmogenic nuclides
to in situ exposure dating, arrived at a minimum age of
0.5 Ma, and arange of 0.5-1 Mawasderived by Miallier et al.
(1997) using thermoluminescence and electron spin
resonance dating of quartz from Aorounga, again likely
indicating a minimum age for this impact event. Thus, to
conclude the available age information, it can only be said
that, if the deformed target rocks were indeed of Upper
Devonian age, then this provides the only real constraint on
the upper age limit for the impact age currently available.

The second impact crater in Chad, the Gweni Fada
structure, has been estimated to be ~14 km in diameter
(Vincent and Beauvilain 1996). It islocated about 320 km SE
of Aorounga and 30 km NE of the Fada pam grove in the
Ennedi district of northern Chad. A French team first noted it
on Landsat images and aerial photography (Figs. 4a and b),
and later visited it and reported the results of a preliminary
petrographic study, which showed the presence of shock
metamorphic effects in quartz grains from sandstones
(Vincent and Beauvilain 1996).

The structure is centered at 17°25” N and 21°45" E. It
appears asymmetric, being dightly wider in the NW-SE
direction (cf. Fig. 6a), and deeply eroded. A broad depression
(with adiameter of 12 km) forms a crescent around two thirds
of the inner, seemingly structurally complex zone (see next
section). The outer limit of the depression is pronounced, with
steeply dipping (dip directions unknown) limestones marking
the edge of this broad syncline. The depression is surrounded
on the north side by an elevated outer ring of outward-dipping
sandstones. On the south side, the external depression is
absent, but tilted or folded sandstones are present (Vincent
and Beauvilain 1996). The inner zone (with a diameter of
about 10 km) consists of a rugged terrain with hills several
hundred meters in elevation (Fig. 4b), which may represent
the remnant of the central uplift, in which case the original
diameter of the crater could have been significantly larger
than 14 km (see below). Sandstones show irregular dips but
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Fig. 2. @) Northern Chad, with the Emi Koussi volcano in the upper left part and the Aorounga impact structure in the lower right part of the
image (space shuttle photograph STS 52-151-231). b) Oblique aerial photograph of theinner ring of Aorounga (view isfrom the north towards
the south). Prominent light and dark streaks indicate wind erosion and sedimentation.

tend to dip towards the outside of the crater. The structure
occurs in sandstones of probable Upper Devonian age
(Waecrenier et al. 1958). Precambrian basement was not found
exposed in the central uplift. Similar to Aorounga, no age
information is known for this structure, aside from an upper
limit derived from the possible Upper Devonian age of the
target rocks.

REMOTE SENSING ANALYSIS

Shuttle Radar Topography Mission (SRTM) data (Farr
and Kobrick 2000) were available for this study. Global
SRTM single pass radar interferometry data (Farr and
Kobrick 2000) were obtained from the NASA Jet Propulsion
Laboratory. SRTM digital elevation model data have a
horizontal resolution of 1 arc second (equivalent to 30 m at
the equator) and a vertical resolution of 10 m, for the C-band
redar. Global 3 arc second data have been released to date;
larc second data are only available for North America

Cowan and Cooper (2003a) made an initial comparison
between 3 arc second SRTM and an older GTOPO DEM
(Global Topography 30 arc second Digital Elevation Model)
of the USGS and showed that the resolution of SRTM DEM is
asignificant improvement and will be particularly valuablein
areas for which limited topographic data are available. For
comparison with SRTM data, the Thematic Mapper (TM)
Landsat 5 data (27 m resolution) for the Aorounga and Gweni
Fada areas could be applied. Several enhancement methods,
including fractional order sunshading (Cooper and Cowan
2003b, ¢) and a technique that enhances circular anomalies
(Cooper 2003), were also utilized.

Aorounga

Figure 5a shows the Landsat 5 band 7-4-2 image for the
Aorounga region. The area shown measures 54 and 52 km in
E-W and N-S directions, respectively. The crater structure is
well defined, with a broad, near-circular central area of an
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Fig. 3. Field photographs (by P. M. Vincent) of the Aorounga
structure: a) aview from theinner ring (foreground) looking towards
the north, across the middle depression; the outer ring is in the
background. b) NW limit of outer depression; rock strata dip toward
theinterior depression. ¢) Fracturing phenomenon resembling shatter
cones (40 cm long hammer, for scale).

obvious hilly terrain, of ~9 kmin diameter. It is surrounded by
aflat annulus (maximum 3 km wide), which shows at its outer
edge disturbance from circular geometry, most likely through
a series of faults that trend obliquely to the circumference of
the structure. Especidly in the western and southwestern
sectors, a distinctly hummocky (mountainous) ring encloses
the flat annulus. It is, however, difficult to identify how far
out this ring structure extends, especially in the northeastern
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Fig. 4. @) The Gweni Fadaimpact structure (space shuttleimage STS
62-90-105). b) Oblique aerial photograph of the central uplift of the
Gweni Fada structure, looking towards the southwest.

and southwestern sectors where the crater structure is
surrounded by complex terrain. Regional trends are poorly
defined, as the entire region is transgressed by an extensive
system of NE-SW trending sandstone ridges and dunes.
These ridges and, in the flatter parts, dunes also transgress
across the crater structure and obscure much of the detail of
the inner complex and the outer ring.

Figure 5b representsthe SRTM raw topography data. The
crater area is demonstrably complex in terms of topographic
relief, and some more subdued topography is noted in the
southwestern part of this image. This southwestern pattern
resembles a drainage pattern. Similar patterns are also noted
in some areas around the crater structure, and, in particular in
the north, this could beinterpreted as somefossil drainage off
the crater rim. The longitudinal dunes are very subdued over
much of this region, in particular in and around the crater
structure. The crater interior showsasmall, irregularly shaped
central peak area surrounded by a somewhat flatter ring, in
turn surrounded by a broad and topographically strong ring.
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Fig. 5. Remote sensing analysis of Aorounga. a) Landsat 5, bands 7-4-2 image (resolution 27 m), with regional structure largely obscured by
the impressive pattern of regional dunes. In this and the following images, northis up. b) Raw SRTM data providing a detailed representation
of fossil-drainage at and in the environs (especialy to the SW) of the Aorounga structure. c) Topography based on the SRTM data, with
sunshading from the NE (which effectively removes the strong pattern of NE-SW trending longitudinal dunes). d) Two topographic profiles
in N-S and E-W direction across the Aoroungaimpact structure (see text for detailed discussion).

A sunshaded (from the NE) image of the radar
topography at and around Aoroungais shown in Fig. 5¢. This
enhancement results in a complete loss of the dune effect and
provides a very detailed topographic impression. Aorounga
impact structure isrecognized as a multi-ring structure, which
comprises a central, somewhat hummocky area, surrounded
by a near-circular and 2 to 3 km wide ring feature of strong
elevation, followed by the flat annulus and then by an outer
ring, which isnow recognizable as afeaturethat surroundsthe
entire crater structure—presumably the actual crater rim zone
(compare Fig. 5d). In particular in the northeast and in the
southwest, a series of ridges can be noted, and one is tempted
to interpret this as a series of sedimentary strata.
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Figure 5d illustrates two elevation profiles along the N-S
and E-W lines acrossthe crater structure and its environs. The
profiles define significant relief of up to 230 m. A centra
complex of 7.5-8 km in width also contains a central peak of
2-2.5kmin diameter. The depression (aflat terrain around the
central complex) is about 2 km wide and of even elevationin
all four sectors of the crater structure. This feature is
surrounded by a 3 to 3.5 km wide zone (outer ring) of variable
but always significant relief. This ring feature probably
represents the apparent crater rim of 16-17 km maximum
diameter. Consequently, the previously accepted apparent
crater diameter of 13 km may need to be revised.

Circular sunshading results (Fig. 5€) in an enhancement
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Fig. 5. Continued. Remote sensing analysis of Aorounga. €)
Aorounga SRTM image after application of circular sunshading.
This method confirms the maximum extent of this impact structure.
f) Fractional order horizontal derivative sunshaded SRTM data
overlain on the SRTM data (in 3-D). The sun inclination used was
30° from the horizontal, and the sun azimuth wasin the northwest. g)
A further 3-D perspective of the Aorounga crater structure produced
by superposition of the Landsat image (compare to Fig. 5a) onto the
SRTM topographic data.

of the NE-SW trending dune system, but depresses those in
perpendicular orientation. The crater itself is enhanced, and it
is now possible to speculate about the maximum outer
diameter because, in the southwest, the ridges of the crater
rim are clearly separated from the surrounding terrane.
However, in the northeast, this is not achieved. If this had
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been caused by the pre-impact presence of a mountainous
region that was (at least partialy) impacted and thus
structurally complicates the rim section to the northeast, then
thiswould be anal ogous to the southern parts of the Bosumtwi
impact crater. In the latter case, the crater is superposed onto
the Obuom mountain range along the southern/southeastern
margin of this structure (Wagner et al. 2002).

This effect is adso noted in Fig. 5f, which shows the
result of a calculation, in which gradients of 0.75, 1.00, and
1.25 were used in the reflectance agorithm. The resulting
RGB color image was then superimposed onto a three-
dimensional surface, the elevations of which were based on
the original SRTM data. The result of this transformation is a
detailed DEM image, where the various structural elements of
the crater structure are much enhanced. This also enhances
the small, though topographically well-defined, central peak
in the centermost part of the structure. Seemingly, the ring
structure surrounding this center is quite broad and could also
be made of severa upturned sedimentary strata, similar to the
stratigraphy of the outer ring. The crater rim (outer ring) is
well defined from south to northwest. Based on this image
and the profiling of Fig. 5d, a maximum diameter for the
Aorounga structure of 16 km is proposed. This image aso
illustrates that the drainage system visible in the raw radar
datais related to the complex topography in the southwestern
sector of the scene.

Finally, superposition of the Landsat 5 scene onto the
SRTM data provides a realistic 3-D perspective of the crater

region (Fig. 5g).
Gweni Fada

The nearly circular Gweni Fada structure stands out
prominently in the Landsat 5 (band 7-4-2) image of Fig. 6a. It
comprises an off-center (offset towards the south), apparently
structurally complex, terrain that is surrounded in the western,
northern, and eastern sectors by an apparently flattish terrain.
Radial trends of both ridges and apparent drainage outward
the elevated terrain surrounding the flat ring zone is quite
obvious. However, there is also evidence of radially oriented
drainage and sedimentation into the flat interior of the crater
structure, which is especialy noticeable in the western/
northwestern sector. A well-defined drainage channd is
visible in the eastern part of the flat zone, and the centra
complex terrain drains visibly towards the southeast. Strong
drainage from the north and associated sedimentation into the
crater isalso indicated.

The SRTM raw data are shown in Fig. 6b. This image
confirms the overall topographic impression obtained from
the Landsat image, but in addition demonstrates the entirely
different patterns of regional structure in the sectors to the
north of the impact structure, within and around of the crater,
and to the south/southwest. Apart from some drainage from
the north and east, the immediate environs of the crater are
dominated by quite featureless terrain. The sunshaded image
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Fig. 6. Landsat and SRTM data and perspectives of the Gweni Fada impact structure. @) Landsat 5 bands 7-4-2 image. Note the limited
topography indicated over the actual crater, but in contrast to the Aorounga case (Fig. 5a), detailed fossil and recent drainage is documented.
b) SRTM raw data confirming much of the drainage pattern of Fig. 6a. ¢) This sunshaded (from the NE) topographic image based on the SRTM

dataindicates that the interior of the crater structure has complex terrain, which is not centered but offset towards the southern sector. d) Two
elevation profiles across the Gweni Fada structure, in the N-S and E-W directions.
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of Fig. 6¢ has a sun azimuth of 45 degrees E and an elevation
of 30 degrees. Sunshading results in a considerable
enhancement of the structural detail of the region. The central
hilly terrain of the crater and the surrounding flat zone of very
subdued topography are evident. Because of the complex
structure of the crater environs, it remains difficult to define
the crater rim zone. About 2 km into the environs, some vague
indications of annular, radial, and tangentia structure are
noted. Two elevation profiles across the structure (Fig. 6d)
illustrate that the maximum relief comprises 280 m. The
close-to-circular shape of the structure is confirmed, but it is
also noted that the topographically compressed zone is
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significantly narrower on the S and W sides than in the N and
E. The broad central complex—presumably the collapsed
central uplift—has a width of about 9 km, and complex
geometry is also indicated in these profiles, as already noted.
Maximum elevation in this terrain reaches 200 m above the
ring basin. This“moat” is about 2-3 km wide. A broad outer
ring comprising a series of ridgesis best defined in the north.
Because of the complex terrain of the surroundings of the
crater, it israther difficult to determine the width of this outer
zone, and our best estimate is only some 4-5 km. If this
estimate is correct, the actual apparent crater diameter would
increase from the previous 12 km to 22-23 km. Based on the
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Fig. 6. Continued. Landsat and SRTM data and perspectives of the Gweni Fada impact structure. €) circular sunshading provides a definite
placement and extent for this impact structure. Distinct NNE, NNW, and NW trends in the regional structure are also enhanced. f)
Superposition of Landsat and SRTM data sets provides aredlistic 3-D perspective, which particularly emphasizes the strong elevation in the

south-central part of the crater structure.

relationship between apparent crater diameters and the
corresponding central uplift diameters by Therriault et al.
(1997; their Fig. 3), a structure of such diameter will have a
likely central uplift diameter of 7-9 km, which is consistent
with our observations for Gweni Fada.

An attempt to enhance geological structure in the Gweni
Fada area by circular sunshading is shown in Fig. 6e. This
clearly enhances the circularity of the actual crater structure,
in contrast to the remaining area. In particular, there is a
strong circular aspect to the northeastern to northwestern
sector of the crater rim. Figure 6f was produced by
superposition of the Landsat data onto the SRTM data. This
three-dimensional perspective gives a strong impression of
the presence of the outer ring, especialy in the north where
relief ishighest in this zone, but also in the more subdued ring
topography of the eastern and southern sectors surrounding
the ring depression. Thus, we conclude that the likely
diameter of the eroded Gweni Fada impact structure was
about 21-23 km.

PETROGRAPHY
Samplesand M ethods

Fifteen samples from the Aorounga impact structure and
six samples from the Gweni Fada impact structure were
collected by P. Vincent during a visit to the field area in the
mid-1990s (cf. also Vincent and Beauvilain 1996). Sampling
locations for the Aorounga samples (in the central parts of the
structure) are shown in Fig. 7. The Gweni Fada samples all
represent target rocks; GF-3 and GF-6 are quartzitic
sandstones from the center of the structure; GF-8 is crushed/

AO-1a,2,3 5,7
IOR-3,4,6

Fig. 7. A close-up of a shuttle image of Aorounga with locations of
samples investigated in the present study.

brecciated sandstone from the outer limit of the outer
depression; GF-9 is crushed quartzite from the SW part of the
central uplift; and GF-11 and GF-12 are quartzitic sandstones
from the N part of the central uplift.

Thin sections of these samples were studied by optical
microscopy to classify the rock type and to investigate any
evidence of shock metamorphism. Crystalographic
orientations of planar deformation features (PDFs) in quartz
were measured on the optical microscope using a universal
stage with four axes. Major element oxide and some trace
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Fig. 8. Microphotographs of textures of typica target rocks. a) Sample AO-7; rounded to subrounded detrital quartz grains in quartzite,
cemented with iron oxides; no apparent shock deformation (crossed polarizers, width of image 3.5 mm). b) Sample OR-3; patch of crushed
quartz grains in finer-grained matrix (possibly some recrystallization after local melting), some alteration, remnants of PDFs in some of the

grains (crossed polarizers, width of image 1.1 mm).

element concentrations were determined on powdered
samples by X-ray fluorescence (XRF) spectrometry. Details
on procedures, precision, and accuracy are similar to the
account given by Reimold et al. (1994). Other trace elements,
including the rare earth elements (REEs), were determined
using instrumental neutron activation analysis (INAA). The
quality of the data was monitored by the simultaneous
analysis of international geological reference materials.
Details of analytical procedures (instrumentation, standards,
data reduction, accuracy, and precision) are given by Koeberl
(1993). Rb-Sr and Sm-Nd isotopic compositions of some
samples were determined by mass spectrometry according to
the methods detailed by Reimold et al. (1999).

Results

Our samples from the Aorounga structure are derived
from the top of the central part or the outer slope of the inner
ring structure (see Fig. 7). In contrast to the appearance in the
field, which led to the belief that some of these samples may
represent impactites with fluidal textures, we conclude from
our petrographic studies that all these samples represent
quartzite or sandstone, some of which could represent
monomict breccias. Lithologically, a number of rock types
have been sampled, including pure orthoquartzite, less
mature quartzites, and sandstones of variable grain size and
grain shape, hematite-cemented sandstone, as well as arenites
of variable degrees of recrystallization (two examples are
shown in Figs. 8a, b). The cause of this recrystallization is
not clear.

Most of our samples are shock-metamorphosed to
variable degrees, ranging from dlight fracturing to quartz
with PDFs. Besides unshocked rocks, there is evidence of
low (only displaying elastic deformation in the form of short
microfractures in quartz), moderate (single sets of PDFs in
only afew quartz grains per thin section), and high degrees of

shock metamorphism (for details, see Table 1). In the latter
case, a single sample (AO-2) shows at least one set of PDFs
in every quartz grain, but many have up to five sets of PDFs
of different crystallographic orientations. Two to three sets of
PDFs are most abundant. However, this sample is
exceptional in our suite and all other available Aorounga
samples are characterized by significantly lower shock
metamorphic degrees. Most of them only display planar
fractures and no, or only rare, PDFs (compare Table 1).
Examples of shock deformation in Aorounga samples (some
planar fractures and abundant PDFs) are shownin Fig. 9. Ina
few barely deformed samples, no shock-characteristic
deformation effects were found. However, at a number of
grain boundaries short (less than 1520 um) fractures
emanate, sometimes in a nice radial fashion, from the contact
points between adjacent quartz crystals, which demonstrates
compressional stress.

Unfortunately, only a very limited number of samples
from Gweni Fadawere available for our study. These samples
also represent a suite of arenitic lithologies, including
guartzite, hematite-stained sandstone, a pebbly sandstone,
and a quartz conglomerate. These samples are derived from
the central disturbed area, aswell as from the outer margin of
the ring depression. Some limited alteration is indicated by
hematite staining and cementation. Some samples are
apparently unshocked (i.e, no characteristic shock
deformation relating to pressures in excess of 5 GPa were
observed), but display minor deformation such as radial
cracks emanating from points where adjacent quartz grains
abut against each other. Other samples contain grains with
single or multiple sets of PDFs, with two sets of PDFs per
grain being the most common, at variable frequency. In
addition, local brecciation in the form of micro-veins, or in
some samples rather pervasive brecciation, was noted. It
appears that the presence of such cataclastic zones is limited
to samples that have very few or no PDFs. Thus, the
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Fig. 9. Microphotographs of shock featuresin basement rocks and monomict breccias of the Aoroungaimpact structure (all photos taken with
crossed polarizers). @) Sample AO-2; quartz grain in mature orthoquartzite, showing three sets of PDFs (image 355 pm wide). b) Sample OR-
7a, monomict impact breccia; quartz grain with abundant planar fractures and PDFs (2 sets visible in image between fracture planes) (image
355 um wide). ¢) Sample OR-9b; at least two, possibly three sets of PDFs between subplanar fractures in large quartz grain (image 355 um
wide). d) Sample AO-2; three sets of PDFs in large quartz grain (image 565 um wide). €) Sample AO-2; two sets of well-defined PDFsin
quartz grain, which aso shows toasting (image 365 pm wide). f) Sample OR-4, several quartz grains with two to three sets of PDFsvisiblein

photo; some planar fracturing is visible aswell (image 1.1 mm wide).

deformation level for these samplesis estimated at <15 GPa,
in accordance with the limited manifestation of PDFs in
samples experimentally shocked to this level (e.g., Huffman
and Reimold 1996). From the limited number of samples
available, we cannot reliably distinguish differences in the
degree of shock versus sample location.

The results of the orientation measurements on 38 planes
in 22 quartz grains from four samples from Aorounga show
clearly that the shock-characteristic orientations (0001),
{1013},{1012},{1122},{1011}, and {2131} are present

(e.g., Stoffler and Langenhorst 1994; Grieve et a. 1996). A
histogram showing the orientation of the poles of the PDF
planes relative to the c-axis of the quartz grains is given in
Fig. 11a. Only 16 planes in 10 grains from one sample of
Gweni Fada were measured for their crystallographic
orientations (Fig. 11b). With the exception of the {1012}
orientations that are missing in the Gweni Fada case, the two
histograms are very similar. The histograms show the usual
impact-characteristic  orientations with a significant
proportion of the higher angles. Similar orientation patterns
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Table 1. Shock petrographic description of samples from Aorounga (AO, OR) and Gweni Fada (GF), including shock
level estimates.

AO-1A: Very rare PDFs, but abundant grains with one set or multiple sets of PFs. Estimated shock level (based primarily on our past shock
experimentation with Hospital Hill quartzite (Reimold and Hoerz [1986]; Huffman and Reimold [1996]): ~8-12 GPa.

AO-2: Strongly shocked sample: nearly every grain hasat least one set of PDFs, many up to three, and numerous sets of PFswere observed,
many of which are rather narrow-spaced (~20-25 GPa).

AO-3: No PDFs, only afew grains with one or two sets of widely spaced PFs (~5-8 GPa).

AO-5: A handful of grains with one set of PFs, one grain with two sets of PFs, and one grain with one set of PDFs (~8-10 GPa).

AO-7: No characteristic shock deformation. Unshocked sample. Only rare, irregular fracturesand fluidinclusion trails, very little undul atory
extinction.

E)Iiolil? rggg)r to OR-4, but has a small humber of grains with one set of PDFs and several grains with clearly reduced birefringence
OR-4: Numerous grains with undulatory extinction and up to two sets of PFs per grain. Many quartz crystals display the short and dense,
often divergent shock extension fractures that we have previously described from anumber of impact structures and that signify shock pres-
sures <8 GPa. No PDFs (~6-8 GPa).

OR-6: Some undulatory extinction and a few grains with one set of generally widely spaced PFs (~5-8 GPa).

OR-7A: Some undulatory extinction in the form of waves or rare, subangular domains. A large number of grainswith quite densely spaced
and short extension fractures, as produced in 5 GPa shock experiments with quartzite. Considerable number of grains with one or two sets
of PFs. A comparatively very large grain (~1 mm long) with three sets of densely spaced and well-developed PFs (~6-8 GPa).

OR-7B: Basically unshocked sample—only minor irregular fracturing. At maximum, ~1-3 GPa (?).

OR-8B: A large number of grains with 1-3 sets of PFs (three sets very rare), and a mere handful of grains with one set of short, decorated
PDFs (~8-10 GPa).

OR-9A: Similar to OR-9B, but far fewer (actually only afew) grains with PFs and shock extension fracture arrays (~5 GPa).

OR-9B: Abundant grains with up to 3 sets of PFs; no PDFs noted. Grains often have dense and closely spaced arrays of short, generally
slightly curved and often divergent extension fractures (~6-8 GPa).

OR-9D: Many grains with subplanar fractures, but only afew with well-devel oped, straight PFs. No PDFs observed. However, there are a
few grains with two sets of PFsthat are very densely spaced (~3—6 micrometers) (~8 GPa).

OR-10: Some grains with extensive, irregular fracturing, including several with single or multiple sets of short extension fractures. In
addition, abundant grains with 1-3 sets of widely-spaced PFs, aswell as arelatively small number of grains with single but very well-
developed sets of more densely spaced PFs. Also, three grainswith two sets of PDFs, al of which arerather large clasts entirely surrounded
by fine-grained clastic groundmass (likely the specific setting is responsible for thislocal increase in shock deformation) (~8-12 GPa).
GF-3: Only irregular fracturing, never densely spaced, but sometimes enhanced at grain boundaries and grain contact points. No PFs or
PDFs. If shock overprint present at all, <3 (?) GPa.

GF-6: Even lessirregular fracturing than in GF-3: at most a few irregular fractures per grain. Sometimes enhanced at grain contacts (indi-
cating strong compressional strain) Some (minor) undulatory extinction and deformation bands (<3 (?) GPa).

GF-8: Similar to GF-6, but even less deformation. Basically unshocked (<3 GPa).

GF-9: Entirely lacking deformation, besides very rare irregular fractures. No indication that this would be shock derived (<1 GPa).
GF-11: Lotsof strongly fractured grains, with often well-devel oped single sets of subplanar fractures across entire crystals. Many relatively
large grains with one or two sets of short PDFs (~15-20 GPa).

GF-12: Many grainswith short shock extension fracture arrays and single sets of PFs. These hardly even crossentiregrains. Raregrainswith
one set of PDFs, some of which are decorated. Like PFs, PDFs are generally short and only occur sporadically in selected areas of acrystal.

Minor kinkbanding in the minor muscovite component of thissample. Planar and subplanar fracturing are enhanced along grain marginsand
local (point) contacts (~8—10 GPa).

General scaling of estimated shock pressures after, e.g., Stoffler and Langenhorst (1994); Huffman and Reimold (1996):
1-3 GPa: basically unshocked, only some irregular fracturing as result of shock overprint.

~5 GPa onset of significant development of arrays of short shock extension fractures.

5-8 GPa: significant development of extension fracturing and planar fractures.

8 GPa: onset of PDF development, PFs prominent.

8-15 GPa: PFs prominent and 1-2 sets of PDFs significant.

15-20 GPa: two sets of PDFs prominent.

20-30 GPa: multiple sets of PDFs prominent and beginning isotropization at upper end of this range.

for shocked quartz of sedimentary rocks have been reported
by others (e.g., Grieve and Therriault 1995; Grieve et al.
1996; French 1998), and it remains to be seen whether thisis
characteristic of shock deformation of sandstone and related
sedimentary rocks. It is obvious from this work that sample
textures play an important role regarding the development of
shock features. In inequigranular samples, the relatively rare,
larger particles seem to be consistently shock-deformed at
higher levels than the smaller grain size fractions. Variable
amounts of groundmass and degrees of clast packing aso
seem important.

GEOCHEMISTRY

The chemical compositions of the Aorounga and Gweni
Fada samples are very similar (Tables 2 and 3), whichisnot a
surprise given that both structures are thought to expose the
same Upper Devonian stratigraphy. The maor element
compositions are silicarich and correspond to typical
sandstone compositions. With the exception of some samples
that show hematite-staining, the SiO, contents range from
about 88.4 to 97.7 wt%. The other major elements show a
somewhat wider range in abundance, which is mainly due to



Table 2. Major and trace element composition of 15 samples from the Aorounga impact structure, Chad.

AO-la AO-2 AO-3 AO-5 AO-7 OR-3 OR-4 OR-6 OR-7a OR-7b  OR-8b OR-92 OR-9 OR-9d OR-10
SO, 94.32 96.95 97.19 98.68 88.46 95.75 95.85 94.65 88.44 8173 96.11 90.41 95.36 96.85 97.66
TiO, 0.19 0.26 0.07 0.07 0.12 0.16 0.10 0.14 0.62 0.44 0.09 0.22 0.09 0.17 011
Al,03 3.03 1.46 142 0.27 0.61 142 2.22 0.51 6.87 4.96 2.20 3.57 1.99 0.90 122
Fe,0O3 0.18 0.26 0.09 011 8.97 0.70 0.42 357 0.66 9.43 0.23 322 1.09 0.88 0.14
MnO 0.09 0.05 0.02 0.02 0.01 0.04 0.02 0.02 0.02 0.02 0.02 0.05 0.09 0.03 0.02
MgO 0.23 0.02 0.11 0.04 0.07 0.14 0.09 0.11 0.14 0.07 0.05 0.12 <0.02 0.03 0.02
Ca0 0.23 0.11 0.04 0.09 0.03 0.49 0.05 0.09 0.09 0.09 0.05 0.19 0.04 0.16 0.05
P,Og 0.14 0.02 <0.02 <0.02 0.03 <0.02 0.02 0.02 0.03 0.07 0.02 0.14 0.04 0.05 0.04
L.O.l. 134 0.70 0.79 0.26 1.54 113 1.16 0.44 2.85 2.86 112 194 1.05 0.97 0.57
Total 99.75 99.83 99.73 99.54 99.89 99.83 99.93 99.55 99.72 99.67 99.89 99.86 99.75 100.04 99.83
Na 7 64 54 38 36 82 101 130 187 78 57 232 68 52 56
K 81 180 140 38 85 125 140 210 848 397 124 123 80 75 53
Sc 215 2.55 1.02 0.29 0.98 1.37 1.77 1.28 7.24 8.32 117 177 0.95 1.26 1.46
\% <20 <20 <20 <20 <20 <20 <20 <20 33 57 <20 29 <20 <20 <20
Cr 17.3 185 122 235 225 218 152 238 338 328 123 332 26.4 253 279
Co 1.02 0.74 0.34 0.17 181 0.39 0.23 7.98 1.87 155 0.29 0.73 0.76 0.41 0.22
Ni 11 6.2 3.9 2 20 8.8 58 213 23 38 7.2 27 10 54 11
Cu 21 24 7 10 6 10 9 57 30 49 8 15 25 31 15
Zn 11 51 33 31 17 4.7 32 20 88 319 25 7.2 45 4.9 25
Ga 24 21 0.9 0.3 19 15 0.9 4.2 14 79 09 14 52 0.7 25
As 3.02 531 0.41 0.69 2.48 2.37 211 175 2.96 142 0.73 484 161 221 0.67
Se 0.25 0.18 0.12 0.11 0.24 0.36 0.18 193 0.65 139 0.14 1.09 0.32 0.19 0.06
Br 0.31 0.27 0.32 0.26 0.35 0.39 0.39 0.28 0.38 0.58 0.37 0.71 0.29 0.38 0.42
Rb 0.68 114 0.27 0.22 161 0.79 111 231 4.49 2.25 0.51 112 0.98 0.54 138
Sr 45 15 23 4 11 23 47 23 36 20 28 39 55 46 30
Y 9 26 23 17 <8 9 10 25 21 33 13 <8 <8 27 24
Zr 199 268 11 79 128 155 134 200 426 350 122 202 91 175 146
Nb 9.0 7.0 8.0 <6 <6 6.0 12.0 9.0 14.0 10.0 11.0 9.0 <6 8.0 6.0
Sb 0.12 0.21 0.088 0.046 0.41 0.25 0.15 2.49 0.29 0.85 0.06 0.17 0.07 0.11 0.07
Cs 0.026 0.086 0.045 0.013 0.045 0.029 0.12 0.033 0.11 0.036 0.017 0.036 0.029 0.013 0.02
Ba 134 88 43 29 88 81 85 353 140 100 42 85 88 72 59
La 31.2 131 21.2 0.82 121 22.7 28.9 10.5 33.8 22.8 22.4 21.4 345 38.4 20.3
Ce 46.7 231 318 1.29 18.4 384 40.7 141 59.5 431 30.6 30.6 49.1 511 314
Nd 25.7 10.9 141 0.72 8.6 149 171 6.5 27.8 22.8 13.2 13.9 17.6 211 16.7
Sm 3.87 1.84 2.29 0.16 1.28 211 215 0.98 5.05 411 1.91 1.54 181 248 2.89
Eu 0.63 0.31 0.44 0.024 0.28 0.33 0.37 0.31 0.85 0.68 0.38 0.28 0.34 0.45 0.55
Gd 217 124 1.73 0.18 131 1.85 2.09 0.65 4.58 291 1.49 131 1.67 1.75 2.27
Tbh 0.35 0.24 0.18 0.033 0.23 0.19 0.23 0.15 0.64 0.53 0.25 0.23 0.17 0.23 0.22
m 0.14 0.15 0.076  0.025 0.092 0.094 0.1 0.1 0.33 0.24 0.081 0.12 0.071 0.11 0.079
Yb 0.91 0.93 0.46 0.17 0.54 0.47 0.51 0.75 248 179 0.57 0.85 0.43 054 051
Lu 0.14 0.14 0.058 0.026 0.084 0.069 0.081 011 0.34 0.25 0.071 011 0.056 0.075 0.071
Hf 5.39 7.31 2.96 215 3.67 411 3.55 5.86 11.8 8.98 321 591 234 4.65 3.76
Ta 0.31 0.36 0.14 0.034 0.23 0.19 0.16 0.27 0.93 0.59 0.15 0.37 0.17 0.23 0.17
w 0.62 0.93 0.22 0.084 0.11 0.76 0.56 0.13 2.27 1.85 0.32 0.46 0.32 0.57 0.19
It (ppb) <04 <0.5 <0.1 <0.05 0.05 0.06 <0.2 <0.2 <0.3 <04 <0.1 011 0.05 <0.2 <0.1
Au (ppb) 04 04 0.6 0.1 04 0.1 0.1 0.5 0.5 0.4 01 0.4 0.3 0.1 04
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Table 2. Continued. Mgjor and trace element composition of 15 samples from the Aorounga impact structure, Chad.

AO-la AO-2 AO-3 AO-5 AO-7 OR-3 OR-4 OR-6 OR-7a OR-7b OR-8b OR-9a OR-99 OR-9d OR-10

Th 4.32 3.17 3.75 0.32 3.43 4.89 4.48 1.68 117 9.33 3.44 4.35 3.27 5.42 3.75
U 111 0.87 0.36 0.25 0.63 0.72 0.56 0.91 3.19 431 0.34 0.75 0.31 0.51 0.49
K/U 73 207 389 152 135 174 250 231 266 92 365 164 258 147 108
Zr/Hf 36.9 36.7 375 36.7 34.9 37.7 37.7 341 36.1 39.0 38.0 34.2 38.9 37.6 38.8
La/Th 71.22 413 5.65 2.56 3.53 4.64 6.45 6.25 2.89 244 6.51 4.92 10.55 7.08 541
Hf/Ta 174 20.3 211 63.2 16.0 21.6 22.2 21.7 12.7 15.2 21.4 16.0 13.8 20.2 22.1
Th/U 3.89 3.64 10.4 1.28 5.44 6.79 8.00 1.85 3.67 2.16 10.1 5.80 10.5 10.6 7.65
Lay/Yby 232 9.52 311 3.26 15.14 32.6 38.3 9.46 9.21 8.61 26.6 17.0 54.2 48.1 26.9
EuwEu* 0.66 0.63 0.68 0.43 0.66 051 0.53 119 0.54 0.60 0.69 0.60 0.60 0.66 0.66

Note: all major elementsin wt%, trace elementsin ppm (except as noted), al Fe as Fe,Os.
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Table 3. Major and trace element composition of six samples from the Gweni Fada impact structure, Chad.

GF-3 GF-6 GF-8 GF-9 GF-11 GF-12
SO, 89.85 93.76 97.71 92.24 95.38 92.31
TiO, 0.19 0.13 0.09 0.45 0.14 0.58
Al,O3 3.00 125 1.04 2.86 231 4.49
Fe,03 4.96 3.30 0.21 2.20 0.69 0.19
MnO 0.19 <0.02 0.03 0.07 0.02 0.02
MgO 0.07 <0.02 0.07 0.04 0.07 0.04
Cao 0.12 0.04 0.07 0.09 0.04 0.07
P,Osg 0.02 0.06 0.03 0.07 <0.02 0.02
L.O.l. 1.59 0.90 0.73 1.60 1.05 1.85
Total 99.99 99.44 99.98 99.62 99.70 99.57
Na 29 31 35 41 20 82
K 60 79 115 210 570 1120
Sc 1.82 0.77 0.5 22 0.77 3.61
\% <20 <20 <20 230 <20 <20
Cr 141 189 13 65 13.2 245
Co 0.95 293 0.7 18 0.88 0.38
Ni 5.6 13 25 25 4.8 11
Cu 1 40 10 139 <3 <3
Zn 2.8 14 38 24 4.2 38
Ga 11 25 0.8 23 15 28
As 0.25 0.55 0.49 2.36 0.81 0.79
Se 0.05 0.19 0.05 0.16 0.07 0.07
Br 0.35 0.34 0.37 0.44 0.35 0.39
Rb 0.85 0.39 0.96 2.85 0.86 3.59
Sr 8 8 3 9 3 10
Y <8 22 23 44 24 24
Zr 152 116 128 460 82 530
Nb 6.0 <6 7 15 10 17
Sb 0.03 0.03 0.04 0.11 0.07 0.12
Cs 0.01 0.025 0.022 0.010 0.051 011
Ba 28 10 39 82 11 57
La 5.35 9.87 5.68 22.1 841 27.4
Ce 9.69 212 9.46 36.9 13.6 50.9
Nd 49 9.7 49 17.8 6.2 233
Sm 0.69 153 0.76 3.25 1.05 3.52
Eu 0.065 0.25 0.11 0.51 0.21 054
Gd 0.63 161 0.63 321 0.82 3.35
Tb 0.083 0.15 0.089 0.38 011 0.43
Tm 0.078 0.071 0.065 0.21 0.062 0.24
Yb 0.52 0.51 0.44 1.33 0.39 1.79
Lu 0.089 0.078 0.054 0.21 0.053 0.28
Hf 412 3.23 351 133 221 14.7
Ta 0.25 0.19 011 0.52 011 0.75
W 0.47 0.16 0.19 0.85 0.16 1.08
Ir (ppb) <0.2 <0.3 <0.2 <0.5 <0.2 <0.3
Au (ppb) 0.2 0.3 0.1 0.6 0.2 0.2
Th 347 3.49 217 9.31 1.46 104
u 112 0.66 0.53 1.99 054 257
K/U 54 120 217 106 1056 436
Zr/Hf 36.9 35.9 36.5 34.6 371 36.1
LalTh 154 2.83 2.62 2.37 5.76 2.63
Hf/Ta 16.5 17.0 319 25.6 201 19.6
Th/U 3.10 5.29 4.09 4.68 2.70 4.05
Lay/Yby 6.95 131 8.64 11.2 14.6 10.3
EwEU* 0.30 0.49 0.49 0.48 0.69 0.48

Note: all major elementsin wt%, trace elementsin ppm (except as noted), all Fe as Fe,Os.
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Fig. 10. Microphotographs of shock features in sample GF-12 (fine-grained quartzite) from the Gweni Fada impact structure: a) large quartz
grain with up to three different orientations of PDFs (crossed polarizers; width of image: 2.3 mm); b) a close-up of asmall quartz grain with

one set of decorated PDFs; crossed polarizers, width of image 250 pm.
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Fig. 11. a) Crystallographic orientations of PDFsin quartz from samples AO-2, OR-3, OR-7a, and OR-9d, from the Aorounga structure; 38
planesin 22 grains; b) crystallographic orientations of PDFs in quartz from sample GF-11 from the Gweni Fada structure; 16 planesin 10

grains.

the degree of hematite-staining and the presence of alteration
products, including some carbonate. The overal limited
chemical variation is reflected also by the trace element
compositions, which are typical of crustal rocks (e.g., Taylor
and McLennan 1985). The chondrite-normalized rare earth
element patterns are also typical for upper crustal rocks, with
Lan/Y by ratios of about 10 and minor to moderate negative
Eu anomalies. Rb-Sr and Sm-Nd isotopic compositions were
measured for three Aorounga and two Gweni Fada samples.
The results for e for AO-2, OR-7a, and OR-8b are +182.2,
222.0, and 201.7, and for GF-6 and GF-8 are +176.7 and
+121.7; g\g datafor AO-2, OR-7a, and OR-8b are —7.6, -6.6,
and —13.9, and the value for GF-8 is —6.4 (GF-6 was not
measured). These values agree with upper crustal
compositions (Taylor and McLennan 1985). No obvious

siderophile element anomalies have been observed in any of
the samples. Due to the quartz-rich nature of the samples,
long counting times allowed to reach detection limitsfor Ir of
0.1 to 0.05 ppb. Only one sample (OR-9a) from Aorounga (a
highly shocked rock, possibly a breccia) shows an Ir
concentration of about 0.1 ppb, which is barely above the
detection limit, but with a Ni value of only about 3 ppm,
among the lowest of the range displayed by our samples.

CONCLUSIONS

We evaluated Shuttle Radar Topography Mission datafor
the Aorounga and Gweni Fada impact structures. We
observed both radial structural complexity and topographic
detail. Aorounga comprises an 9 km wide, structurally
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Fig. 12. Chondrite-normalized rare earth element abundances in
three samples of the Aorounga and two samples of the Gweni Fada
impact structure, Chad, showing the range of REE abundances
encountered in the samples from both structures. The patterns are

typical of upper crusta sedimentary rocks. Normalization factors
from Taylor and McLennan (1985).

complex central zone, which is surrounded successively by a
2-3 km wide ring feature of low topography and an outer ring
of about 3.5 km width, which could represent the crater rim. It
appears that the previously accepted diameter for the
Aorounga impact structure ought to be revised to about
16 km.

For Gweni Fada, the SRTM data allow usto distinguish a
central, structurally complex and hilly terrain of about 9 kmin
diameter, which is surrounded by a much flatter terrane of 2—-
3 kmindiameter. A broad, ~5 km wide, complex, zone forms
the outer ring. Despite the difficulty to define the actual crater
rim zone, a diameter of 22-23 km is now indicated for the
Gweni Fada impact structure, which is significantly larger
than the original estimated diameter of 14 km. The revised,
larger diameter is, however, in good agreement with the
scaling relationship (diameter versus central uplift diameter)
for terrestrial impact structures proposed by Therriault et al.
(1997).

Fifteen samples from the Aoroungaand six samples from
the Gweni Fada impact structures were studied to determine
their petrographic and chemical characteristics. All samples
represent target rocks, some of which have been brecciated
(monomict breccia). Most of our samples show evidence of
shock metamorphism in the form of PFs as well as PDFs in
guartz grains. We found up to five PDF orientations per grain
in one sample from Aorounga. Most other samples are
characterized by ample development of PFs and a limited
development of PDFs. For these reasons, at this stage,
crystallographic orientations of PDFs cannot be evaluated
spatialy until further samples will become available.
Orientation measurements on PDFs do show a predominance
of the higher angles of the shock-characteristic orientations,
which is in agreement with observations from shocked
sedimentary rocks from other impact structures. The PDF
statistics indicate maximum shock pressures of 2025 GPa,
based on abundance of multiple sets of PDFs, but mostly less

C. Koeberl et al.

than 10-15 GPa, based on the prominence of PFs and the
occurrence of relatively rare, single sets of PDFs. These data
quantify earlier indications of the occurrence of shock
features (Becg-Giraudon et a. 1992; Vincent and Beauvilain
1996) and confirm the impact origin of both structures.

It is obvious that more thorough sampling of both impact
structures is required to allow an in-depth study of shock
degree versus PF and PDF development and their spatial
distribution. Thiswork would be very important in the light of
the overal scarcity of shock deformation studies on
sedimentary lithologies.

The chemical and isotopic compositions of all analyzed
samples are typical for upper crustal silica-rich sedimentary
rocks. No melt rocks or clasts, which might have been used in
radiometric dating, were found in any of our samples. Both
structures are well exposed in the field and should become
subject of detailed ground-based investigations.
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