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Abstract

Using orbital imaging radar, we detected a double circular structure, located in the southeastern part of the Libyan Desert,
which is partially hidden under sandy sediments. Fieldwork confirmed it to be an unknown double impact crater, each crater
having a diameter of about 10 km, younger than 140 Ma. Sampling on the site enabled the observation of quantities of shatter
cone structures and impact breccias containing planar fracflmeste this article: P. Paillou et al., C. R. Geoscience 335
(2003).

0 2003 Académie des sciences. Published by Elsevier SAS. All rights reserved.
Résumé

Découverte d’'un double cratére d’impact en Libye : I'astrobléme d’Arkenu. A partir d'images spatiales issues de
systemes radar, nous avons pu détecter une structure circulaire double dans le Sud-Est du désert libyen, partiellement recouverte
par des dépdts éoliens. Il apparait, au vu des résultats obtenus sur le terrain, que la structure est un cratére d'impact double,
chaque cratere ayant un diametre d’environ 10 km, d’'un age maximum de 140 Ma. La collecte d’échantillons sur site a permis
d’'observer un grand nombre de cones de percussion et de bréches d'impact, dans lesquelles des quartz choqués a structures
planaires ont été trouvéBour citer cet article: P. Paillou et al., C. R. Geoscience 335 (2003).

0 2003 Académie des sciences. Published by Elsevier SAS. All rights reserved.

Keywords: impact; crater; Libya; radar; Arkenu

Mots-clés: impact; cratere ; Libye ; radar ; Arkenu

* Corresponding author.
E-mail address: paillou@obs.u-bordeauxl.fr (P. Paillou).

1631-0713/$ — see front mattér 2003 Académie des sciences. Published by Elsevier SAS. All rights reserved.
doi:10.1016/j.crte.2003.09.008


http://

1060 P. Paillou et al. / C. R. Geoscience 335 (2003) 1059-1069

Version francaise abrégée BP (N25°19, E2420) a été découvert par Mar-
tin [13] et présente deux anneaux d’un diametre maxi-
mum de 3 km. L'impact s’est produit dans un gres
Les impacts météoritiques ont joué un rf)'e essen- nubien du CrétaCé inférieur et est égé de moins de
tiel dans I'histoire de la Terre [16,25]. Cependant, la 120 Ma. Oasis (N22B5, E24°24) a un diamétre de
plupart des astroblémes ont été effacés par le volca-18 km et présente un anneau central de 5 km [6]. Il est
nisme, la tectonique et I'érosion. Il existe actuellement aussi localisé dans les grés nubiens et son age est éga-
plus de 160 cratéres d’'impact reconnus [9] et on es- lement estimé a moins de 120 Ma. Ces deux crateres
time que seulement 10% des astroblémes d'un dia- d'impact pourraient étre associés avec les verres li-
métre supérieur & 10 km et agés de moins de 100 Mabyens trouvés a proximité [1]. Gweni-Fada (N28,
sont connus [8]. E21°45) est un cratére complexe d’'un diametre de
Le Sahara compte parmi les régions les plus favo- 14 km présentant un soulevement central [27]. On le
rables & la préservation des cratéres d’'impact et I'on situe dans des grés du Dévonien et son &ge est de
recense actuellement 17 astroblémes en Afrique [11, moins de 350 Ma [17]. Enfin, Aorounga (N135,
28]. Alors que I'exploration de grandes étendues a E1915) est une dépression circulaire de 12 km de
l'aide de techniques géophysiques classiques reste li-diamétre, observée initialement par Roland [21] et
mitée, I'usage de I'imagerie spatiale permet d’auscul- confirmée ensuite comme impact [2]. Il est situé dans
ter facilement de vastes régions. L'utilisation de cap- un grés fin du Dévonien supérieur et est 4gé de moins
teurs optiques classiques ne donne acces qu’a la coude 350 Ma [11]. Il présente une structure de doubles
verture de surface du désert; en revanche, le radar d&anneaux séparés par une dépression sableuse. Il a été
ouverture de synthése (ROS) permet d’'imager les pre- observé par le radar de la mission SIR-C [15] et pour-
miers métres du sous-sol [4], comme cela a été dé- rait faire partie d’'un impact multiple [18].
montré dans le désert Egyptien & I'aide de données

SIR-A [14]. 4. Les nouvelles structures circulaires observées par
JERS-1 et LANDSAT 7

1. Introduction

2. Cartographie étendue a partir de radars orbitaux

Les missions orbitales radar ont produit & ce jour Les nouvelles structures découvertes sont locali-

des couvertures partielles des régions désertiques, £¢€S & 110 km al'ouest de Djebel Arkenu et a 250 km
Iexception de la plate-forme JERS-1 de I'agence spa- U sud de I'oasis de Koufra, au point de coordonnées
/ -/ H y ;s .
tiale japonaise (NASDA). Nous avons réalisé, dans un N22°04, E2345' (cf. Fig. 1). C'est une région plane
premier temps, une mosaique radar en bande L du Sa-£t hyper-aride, présentant une formation de gres du
hara oriental & une résolution de 50 m [20], qui sera Cr_etace, recouverte par des dépots éoliens du Quater-
suivie dans une seconde phase par une mosaique com?aire. _ _
pléte du Sahara et de la péninsule arabique & partir du L@ Fig. 2 montre une image satellite Landsat 7 et
satellite ALOS de la NASDA qui sera lancé en 2004. une scene radar JERS-1 de la région, les deux struc-
Notre premiére mosaique radar a permis de révélertures circulaires €tant clairement révélées par l'image
deux structures circulaires dans le Sud-Est de la Libye, radar. La Fig. 3 montre le site a une résolution de 50 m,
structures qui pourraient étre le résultat d’impacts mé- le radar permettant d'identifier un premier cratere au
téoritiques. Nous présentons dans la suite les résultatssud-ouest, d’'un diametre de 10,3 km, accolé a un se-
d’une campagne de terrain, qui confirment cette hypo- cond cratere au nord-est, d’'un diametre de 6,8 km. Le

thése. cratére nord-est est composé de deux anneaux sépa-
rés par une dépression remplie de sédiments et pré-
3. Astroblémes connus dans le Sahara oriental sente une morphologie trés semblable a I'astrobléme

d’Aorounga au Tchad. Le cratére sud-ouest présente

Seuls quatre cratéres d’impact sont actuellement également une forme circulaire avec, semble-t-il, trois
reconnus dans le Sahara oriental, deux localisés enanneaux concentriques. Les structures sont localisées
Libye et deux au Tchad. dans un grés grossier a conglomérats du Crétacé infé-
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rieur [7], impliquant que I'impact serait, au plus, 4gé correspondanta une gamme de pressionde 5 a 20 GPa
de 140 Ma. [10].

La Fig. 4 montre le relief de la région en fausses  Au vu des résultats de I'étude sur site, nous pou-
couleurs issu du modéle numérigue de terrain (MNT) vons affirmer que les structures circulaires découvertes
global produit par la mission SRTM [5]. La variation dans le Sud-Est de la Libye ont été formées par I'im-
totale en élévation dans 'image est de moins de 20 m, pactd’une paire de météorites d'un diameétre de I'ordre
et les bords du cratére nord-est culminent 5 & 10 m de 500 m. Nous proposons de nommer ces astroblemes
au-dessus de la plaine environnante. Les structures du<Arkenu 1» pour le cratére nord-est et « Arkenu 2 »
cratére sud-ouest sont a peine visibles, indiquant unepour le cratére sud-ouest.
topographie plane.

5. Premiersrésultats dela mission sur sites 1. Introduction

Impact cratering is now recognized as a major ge-

l_Jne mission d’explqration sur sites a été réalisée en ological process on Earth [16]. In particular, giant im-
avril 2003. Comme prevu par le MNT SRTM, le pay- 4 cts had a fundamental influence on the geological

sage présente peu de relief, eton peut observer des déz 4 piglggical evolution of our planet. Bodies with di-
pots eoliens recouvrar]t le gres du Crétace (Cf-_F'Q- 5)- ameters larger than 1 km, which create impact craters
Les anneaux du cratere nord-est sont constitues deIarger than 10 km in diameter, collide with the Earth

blocs de grés, parfois recouverts de dépdts Sableux*atafrequency of about once peB4 1(P years [25].

s'élevant entre 5 et 10 m au-dessus de la plaine cen-yn¢ortunately, most impact craters have been erased
trale du cratere. Les structures concentriques du Cra-from the Earth’s surface due to volcanism, tectonics,

tére sud-ouest correspondent a des talus de grés subgqsjon and deposition. Remaining structures are gen-
affleurants. _erally eroded and recovered by sediments. There are

Nous avons pu .observer des c@qes de percussionyore than 160 confirmed impact craters on Earth [9],
en quantité (cf. Fig. 6), tous localisés le long de p it is estimated that only 10% of impact craters
'anneau interne du cratére nord-est. La mesure de larger than 10 km and younger than 100 Ma are known
la direction de I'axe des cones le long de I'anneau [g] j.e. most of them are still to be discovered (e.g.,
interne du cratére montre qu'’ils pointent tous vers le [22]). The most favorable regions for finding well-
centre du cratere. Ceci s'explique par la cohérence apreserved craters are arid deserts, such as the Sahara
grande échelle de la fracturation primaire induite par and the Antarctic, where very low erosion and deposi-
un impact [23]. tion rates prevail.

Des affleurements importants de breches alloch-  There are currently 17 known impact craters in
tones [26] ont pu étre observés dans les deux cra- Africa, most of them located in northern or southern
teres. Le haut de la Fig. 7 montre une suévite prélevée desert regions [11,28]. The Sahara is a particularly fa-
a proximité de I'anneau interne du cratere nord-est, vorable region to host young impact craters but, ac-
a environ 1,2 km du centre. Des observations pétro- cording to cratering rate estimates, most of them still
graphiques suggérent qu’elle contient de grands frag- remain to be discovered, hidden under dry sandy sedi-
ments irréguliers d’anciens verres de fusion emballés ments. As exploration of such large and arid regions
dans une matrice sombre riche en oxyde de fer (Fig. 8). by ground-based techniques is both demanding and

La partie inférieure de la Fig. 7 correspond a une limited to point measurements, remote sensing tech-
bréche polymicte, qui contient des fragments de grés. niques were used to cover vast areas with high spa-
Un grand nombre de structures planaingsuitar frac- tial resolution. While optical sensors can only image
tures ou PFs) ont été observées dans cet échantillon :the desert's surface, it was shown twenty years ago
la Fig. 8 (en bas) montre une photographie au micro- that orbital Synthetic Aperture Radar (SAR) could re-
scope polarisant d’un grain de quartz choqué présen-trieve subsurface information hidden under a few me-
tant des structures planaires espacées d’environ 15 pumters of dry sand [4]. In particular, radar images at L-
De telles structures sont la signature d’effets de choc band (1.25 GHz/24 cm) from the first Shuttle Imaging
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Radar experiment (SIR-A) revealed sand-buried pa- in quartz at Gweni-Fada [27], and shatter cones and

leodrainage channels in the southern Egyptian desertPDFs in quartz at Aorounga [2].

[14]. The B.P. structure (N249, E2420) was first
discovered by Martin [13] and consists of two eroded
and discontinuous annular ridges of hills, with a

2. Regional-scale mapping using space-borne diameter of about 3 km. Shocked rocks are from the

radar Early Cretaceous Nubian sandstone formation, and the
impact is younger than 120 Ma [11].

While the Shuttle Imaging Radar series has demon- ~ Oasis (N2435, E24#24) has a diameter of 18 km,
strated the potential of mapping subsurface structuresWith @ 5 km in diameter central annular ridge sur-
using L-band radar, the missions were nevertheless_rou”ded by an annular depression [6]. Itis also located
limited in time and did not produce a full geographic

in the Nubian sandstone formation, and its age is also
coverage of the land surface. We present here the firsteStimated to be less than 120 Ma. These two craters

results of an international effort — dubbed SAHA- could be associated with the occurrence of the Libyan

RASAR — for mapping of the near subsurface of the D€sertglass found in t/he nelgh/b(_)rhood [1].

Sahara and Arabian regions using satellite-borne L-  GWweni-Fada(N1725, E21°45) is a complex crater
band radar, to reveal the existence of paleohydrolog- 14 km in diameter, with a pronounced central uplift. It
ical networks, tectonic features, and impact craters. ~ Was firstrecognized through the study of aerial photos,

As a first step, a regional-scale image mosaic at and its impact origin was later confirmed by fieldwork
50 m resolution over the eastern Sahara has been[27].Thetarget rocks are Devonian sandstones and the

generated from fine resolution L-band SAR data from MPactage is less than 350 Ma [12,17].
the Japanese Earth Resources Satellite (JERS-1) that

was operated by NASDA from 1990 to 1998 [20]. The N
second phase will be a continuation of the mapping of + -
the entire Sahara region and Arabian peninsula using / '

the next-generation Japanese L-band SAR onboard the
ALOS platform (due for launch in 2004), which will
have improved polarimetric capabilities for scattering
characterization and subsurface penetration.

As a first result using the JERS-1 mosaic over |
the eastern Sahara, a double circular structure has
been detected in the southeastern part of the Libyan
Desert. This formation is likely to be an unknown
double impact crater with a diameter around 10 km,
and we present here field observations and shock
metamorphism evidences that support this hypothesis.

3. Known impact craters in eastern Sahara

Only four confirmed impact craters are currently
known in eastern Sahara. Two are located in easternFig. 1. Known impact craters in East Sahara on a Spot Vegetation
Libya: B.P. (British Petroleum) structure and Oasis ™m29¢- ® B-P., @) Oasis, §) Aorounga, §) Gweni-Fada. The star
. indicates the position of the discovered double structure.

crater, and two are located in northern Chad: Aorounga _ ; ) _ o

nd Gweni-Fada craters (Fi 1) Confirmations of an Fig. 1. Cratéres d'impacts connus au Sahara Oriental visualisés
_a o g. 1) ) . sur une image Spot Végétatiorl) B.P., ¢) Oasis, 8) Aorounga,
impact origin for Fhese craters are: Planar Qeformatlon (4) Gweni-Fada. L'étoile indique la position de la structure double
features (PDFs) in quartz at B.P. and Oasis [6], PDFs découverte.
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Aorounga (N1906, E1915) is a nearly circu- is a fine-grained sandstone of Upper Devonian age
lar depression with a diameter of 12.5 km, which containing plant fossils, and the crater age is esti-
was first observed by Roland [21] and later confirmed mated at less than 350 Ma [11]. The structure con-
as an impact crater [2]. The host rock of the crater sists of two concentric ridges, rising 100 m above
the surrounding plain, separated by a depression. It
was observed by the orbital radar of the SIR-C ex-
periment [15] and could have formed as part of a

Fig. 2. Landsat 7 ETM- optical image (top) and extract of the  Fig. 3, Landsat 7 ETM-image of the double circular structure (top),
JERS-1 L-band radar mosaic (bottom). The double circular structure gnd the corresponding JERS-1 L-band radar image (bottom) at a
is located at the center of the images. resolution of 50 m.

Fig. 2. Image optique Landsat 7 EFM(haut) et extrait de la Fig. 3. Image Landsat 7 ETM de la structure circulaire double
mosaique radar en bande L JERS-1 (bas). La structure circulaire (haut) et image radar JERS-1 en bande L correspondante (bas) a
double est au centre des images. une résolution de 50 m.
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multiple impact event, as at least another crater-like
structure appears to the northeast of the Aorounga
crater [18].

4. New circular structures observed by JERS-1
and LANDSAT 7

The newly discovered structures are located 110 km
west of Djebel Arkenu and 250 km south of Kufra oa-
sis in Libya, at coordinates N204', E2345. It is a
flat and hyperarid area, presenting a Cretaceous sand-
stone formation covered by active Aeolian deposits
and Quaternary soils, located tens of kilometers away
from any track, in a hazardous zone due to the prox-
imity of Second World War minefields. Satellite im-
ages of the region are presented in Fig. 2. The opti-
cal Landsat 7 image (top of Fig. 2) shows a sandy re- 2k
gion with Iar_ge sand dunes trgndlng SW-NE, while the Fig. 4. Color-coded shaded relief image of the region, derived from
corresponding L-band radar image extracted from the the SRTM DEM (source JPLINASA). The total elevation change in
JERS-1 radar mosaic (bottom of Fig. 2) reveals two the image is less than 20 m.
circular structures partially hidden by Quaternary de- Fig. 4. Image du relief de la région en fausses couleurs issue du
posits. MNT SRTM (source JPL/NASA). La variation totale en élévation

Fig. 3 shows an enlargement of the images in Fig. 2 dans limage est inférieure a 20 m.
at a resolution of 50 m. The radar scene clearly re-
veals a double circular structure composed of a south- Fig. 2 (bottom) shows that the proposed impact zone
western crater 10.3 km in diameter and a northeast- is surrounded by a region of bright radar response, es-
ern crater of diameter 6.8 km. The northeastern crater pecially to the southwest of the southwestern crater.
is composed of concentric inner and outer rings sep- It corresponds to a rougher surface than the surround-
arated by a depression filled with sediments, also ob- ing sandy plains [3], correlated to the darker sandstone
served in the optical scene (Fig. 3, top). Its morphol- formation visible in the corresponding optical image
ogy is very similar to the Aorounga crater in Chad, (Fig. 2 top).
corresponding to a typical complex crater. The south-  Finally, Fig. 4 presents a color-coded shaded relief
western crater also presents a circular shape with pos-image of the region, derived from the Digital Elevation
sibly three concentric annular ridges. Model (DEM) obtained by the Shuttle Radar Topog-

The optical Landsat image barely reveals the outer raphy Mission (SRTM) [5]. Black patches are voids,
parts of the craters because of the sand cover, butwhere the radar signal was too low to allow an eleva-
clearly shows the center of both craters as depressiongion value to be derived, and correspond to the large
filled with darker sediments. Considering a penetra- sand dune observed in the Landsat image of Fig. 3
tion depth of about one meter for L-band signals in dry (top). The total relief in the DEM is less than 20 m.
sandy sediments [19,24] leads to the conclusion that The northeastern crater ridges (brown-white color in
the outer ridge walls of the two craters are exposed at Fig. 4) rise 5 to 10 m above the surrounding plains
the surface, or are at most covered by a few centime- (yellow color in Fig. 4). The southwestern crater rims
ters of dry sand. The host rock of the double circu- are hardly visible, the DEM confirming that this cir-
lar structure is a cross-bedded coarse-grained to con-cular structure is almost completely flat and covered
glomeratic sandstone of Lower Cretaceous age con-by sandy sediments: only the subsurface imaging ca-
taining plant fossils and thin shale interbeds [7], lead- pabilities of the L-band SAR could clearly reveal the
ing to an estimated impact age of less than 140 Ma. buried structures.
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Fig. 5. Landscape as seen from the center of the northeastern crater, facing to the northeast. Horizon corresponds to the inner ridge of the crater.
The structure in the middle of the image is an outcrop of breccia close to the crater center.

Fig. 5. Paysage vu depuis le centre du cratére nord-est, en faisant face au nord-est. L’horizon correspond a I'anneau interne du cratere. La
structure au centre de I'image est un affleurement de bréches proche du centre du cratére.

5. First results of fieldwork investigations We observed quantities of shatter cone structures
on the site (cf. Fig. 6), all located close to the inner

A field survey was carried out during April 2003 in ridge qf the nor'Fheastern crater. Fig. 6 (top_ left) shows
order to obtain definitive proof of the impact origin N Particular a big sandstone block presenting fully de-
of the observed structures (i.e. shatter cones, high veloped cones. We regularly measured the orientation

shock pressure metamorphism, planar microstructuresOf the shaf[ter cone axes along the southeastern part of
in quartz grains, high pressure polymorphs such as the inner ridge of the northeastern crater, and observed

coesite and stishovite, iridium enrichment). that they all point towards the crater center. This can be

As expected from the SRTM DEM, the landscape at €xplained by the large-scale geometry induced by the
the site is flat and mainly presents Aeolian sandy de- Primary tensile fractures produced by an impact event
posits and Cretaceous sandstone (cf. Fig. 5). The inner[23].
and outer ridges of NE crater are made of sandstone Quantities of allochthonous impact breccia out-
blocks, covered at some places by a superficial sandcrops [26] could be observed in both craters. Top of
sheet of Aeolian sediments. We could confirm that the Fig. 7 shows one of these outcrops and a polished
annular ridges rise 5 to 10 m above the crater cen- sample collected close to the inner ridge of NE crater,
ter. The southwestern crater presents much smootherabout 1.2 km away from its center. The yellowish frag-
ridges that appear on the field as flat sandstone out-ments, embedded in an iron oxide-rich dark matrix,
crops. As observed on Landsat images, both crater exhibit subisotropic regions consisting in submicron
centers are covered with darker sandy sediments. grains and recrystallised areas with 10 to 50 um elon-
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Fig. 6. Shatter cone structures in shocked sandstone blocks along the inner ridge of the northeastern crater.
Fig. 6. Cones de percussion dans des blocs de grés chogués le long de I'anneau interne du cratére nord-est.
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Fig. 7. Two impact breccias sampled on the site: left images present breccias in place while right images show sawed and polished surfaces.
Top: impact melt breccia sampled close to the inner ridge of NE crater, about 1.2 km away from the crater center. Bottom: polymict breccia

sampled about 3 km southern of the center of southwestern crater.

Fig. 7. Deux échantillons de bréche d'impact ramassés sur site : les images de gauche présentent les breches in situ, alors que les images de
droites montrent des coupes polies. Haut : breche de fusion prélevée a proximité de I'anneau interne du cratére nord-est, a environ 1,2 km du

centre du cratére. Bas : bréche polymictique échantillonnée a environ 3 km au sud du centre du cratére sud-ouest.

gated and undeformed feldspars (Fig. 8, top). These asteroids. Because of the proximity of Djebel Arkenu,

textures suggest a recrystallisation after partial amor- we propose to name the two new impact craters as

phization or melting during the impact: the breccia in follows: ‘Arkenu 1’ for the northeastern crater and

Fig. 7 (top) is then very likely to be a suevite. Bot- ‘Arkenu 2’ for the southwestern crater.

tom part of Fig. 7 presents a polymict impact breccia

containing angular sandstone fragments. Quantities of

planar fractures (PFs) could be observed in this sam-

ple: Fig. 8 (bottom) shows a photomicrograph (crossed Acknowledgements

polars) of a quartz grain exhibiting clear parallel PFs
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Fig. 8. Top: photomicrograph (crossed polars) of a grain showing a subisotropic area next to a recrystallized region observed in the breccia
sample presented in Fig. 7 (top). Bottom: photomicrograph (crossed polars) of PFs observed in a quartz grain from the breccia sample, presented
in Fig. 7 (bottom).

Fig. 8. Haut : photographie au microscope polarisant (polariseurs croisés) d’'un grain présentant une région guasi isotrope accolée a une zone
de recristallisation observé dans I'échantillon de breche présenté Fig. 7 (en haut). Bas : photographie au microscope polarisant (polariseurs
croisés) de PFs observées dans un grain de quartz de I'échantillon de bréche, présenté sur la Fig. 7 (en bas).

References [2] J.-F. Becg-Giraudon, O. Rouzeau, E. Goachet, S. Solages,
Impact hypervéloce d'une météorite géante a l'origine de la
[1] B. Abate, C. Koeberl, F.J. Kruger, J.R. Underwood, BP and dépression circulaire d’Aorounga au Tchad (Afrique), C. R.
Oasis impact structures, Libya, and their relation to Libyan Acad. Sci. Paris, Ser. I 315 (1992) 83-88.
Desert Glass, in: B.O. Dressler, V.L. Sharpton (Eds.), Large [3] W. Dierking, Quantitative roughness characterization of geo-
meteorite impacts and planetary evolution 1l, Geol. Soc. Am., logical surfaces and implications for radar signature analysis,

Spec. Pap. 339 (1999) 177-192. |EEE Trans. Geosci. Remote Sensing 37 (1999) 2397-2412.



P. Paillou et al. / C. R. Geoscience 335 (2003) 1059-1069

[4] C. Elachi, L.E. Roth, G.G. Schaber, Spaceborne radar subsur-
face imaging in hyperarid regions, |IEEE Trans. Geosci. Re-

mote Sensing GE-22 (1984) 383-388.
[5] T.G. Farr, M. Kobrick, Shuttle Radar Topography Mission

produces a wealth of data, AGU EOS 81 (2000) 583-585,

http://www.jpl.nasa.gov/srtm/

[6] B.M. French, J.R. Underwood, E.P. Fisk, Shock metamorphism
features in two meteorite impact structures, south-eastern

Libya, Bull. Geol. Soc. Am. 85 (1974) 1425-1428.
[7] Geological Map of Libya, 1st edition 1:1 000000, Industrial

Research Center of Tripoli, Esselte Map Service (Eds.), Stock-

holm, 1985.

[8] R.A. Grieve, Impact cratering on the Earth, Scientific Ameri-
can 262 (1990) 66-73.

[9] R.A. Grieve, J. Rupert, J. Smith, A. Therriault, The record of
terrestrial cratering, GSA Today 5 (1995) 194-196.

[10] R.A. Grieve, F. Langenhorst, D. Stoffler, Shock metamorphism
of quartz in nature and experiment. Il. Significance in geo-
science, Meteor. Planet. Sci. 31 (1996) 6-35.

[11] C. Koeberl, African meteorite impact craters: characteristics
and geological importance, J. Afr. Earth Sci. 18 (1994) 263—
295.

[12] C. Koeberl, W.U. Reimold, P.M. Vincent, D. Brandt, Aorounga
and Gweni Fada impact structures, Chad, Central Africa:
Petrology and geochemistry of target rocks, in: Proc. 29th
Lunar Planet. Sci. Conf., Houston, USA, 1998.

[13] A.J. Martin, Possible impact structure in southern Cyrenaica,
Libya, Nature 223 (1969) 940-941.

[14] J.F. McCauley, G.G. Schaber, C.S. Breed, M.J. Grolier, C.V.
Haynes, B. Issawi, C. Elachi, R. Blom, Subsurface valleys

and geoarchaeology of the eastern Sahara revealed by Shuttle

Radar, Science 218 (1982) 1004-1020.
[15] J.F. McHone, R. Greeley, K.K. Williams, D.G. Blumberg,

R.O. Kuzmin, Space shuttle observations of terrestrial impact

structures using SIR-C and X-SAR radars, Meteor. Planet.
Sci. 37 (2002) 407-420.

[16] H.J. Melosh, Impact Cratering: A Geologic Process, Oxford
University Press, New York, 1989.

[17] D. Miallier, S. Sanzelle, C. Falgueres, J. Fain, T. Pilleyre, P.-
M. Vincent, TL and ESR of quartz from the astrobleme of

1069

Aorounga (Sahara of Chad), Quaternary Sci. Rev. 16 (1997)
265-274.

[18] A.C. Ocampo, K.O. Pope, Shuttle Imaging Radar images
reveal multiple impact craters at Aorounga, Northern Chad, in:
Proc. 27th Lunar Planet. Sci. Conf., Houston, USA, 1996.

[19] P. Paillou, G. Grandjean, N. Baghdadi, E. Heggy, T. August, J.
Achache, Sub-surface imaging in central-southern Egypt using
low frequency radar: Bir Safsaf revisited, IEEE Trans. Geosci.
Remote Sensing (in press).

[20] P. Paillou, A. Rosenqvist, A JERS-1 radar mosaic for sub-
surface geology mapping in East Sahara, in: Proc. Int. Symp.
Geosci. Remote Sensing, Toulouse, France, 2003.

[21] N.W. Roland, Die Ringstruktur Aorounga (Borkou, Sud-
Sahara), Geol. Jahrb. 33 (1976) 117-131.

[22] P.A. Rossi, Seven possible new impact structures in western
Africa detected on ASTER imagery, in: Proc. 33th Lunar
Planet. Sci. Conf., Houston, USA, 2002.

[23] A. Sagy, Z. Reches, J. Fineberg, Dynamic fracture by large ex-
traterrestrial impacts as the origin of shatter cones, Nature 418
(2002) 310-313.

[24] G.G. Schaber, J.F. McCauley, C.S. Breed, G.R. Olhoeft,
Shuttle Imaging Radar: physical controls on signal penetration
and subsurface scattering in the eastern Sahara, IEEE Trans.
Geosci. Remote Sensing GE-24 (1986) 603-623.

[25] E.M. Shoemaker, R.F. Wolfe, C.S. Shoemaker, Asteroid and
comet flux in the neighborhood of Earth, in: V.L. Sharpton,
P.D. Ward (Eds.), Global Catastrophes in Earth History, Geol.
Soc. Am., Spec. Pap. 247, 1990, pp. 155-170.

[26] D. Stoffler, R.A. Grieve, Classification and nomenclature of
impact metamorphic rocks: a proposal to the IUSG sub-
commission on the systematics of metamorphic rocks, Eu-
ropean Science Foundation Network on Impact Cratering
Newsletter 2 (1994) 8-15.

[27] P.M. Vincent, A. Beauvilain, Découverte d’un nouveau cratéere
d'impact météoritique en Afrique : I'astrobleme de Gweni-
Fada (Ennedi, Sahara du Tchad), C. R. Acad. Sci. Paris, Ser.
lla 323 (1996) 987-997.

[28] http://www.unb.ca/passc/impactDatabase/africa.html


http://www.jpl.nasa.gov/srtm/
http://www.unb.ca/passc/ImpactDatabase/africa.html

	Discovery of a double impact crater in Libya:  the astrobleme of Arkenu
	Version française abrégée
	Introduction
	Cartographie étendue à partir de radars orbitaux
	Astroblèmes connus dans le Sahara oriental
	Les nouvelles structures circulaires observées par JERS-1 et LANDSAT 7
	Premiers résultats de la mission sur sites

	Introduction
	Regional-scale mapping using space-borne radar
	Known impact craters in eastern Sahara
	New circular structures observed by JERS-1 and LANDSAT 7
	First results of fieldwork investigations
	Acknowledgements
	References


