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Abstract

Using orbital imaging radar, we have detected a large number of circular structures in the southwestern Egyptian desert,
covering more than 4500 Iérclose to the Gilf Kebir plateau in sandstones of Upper Cretaceous. Fieldwork confirmed that it
is a new impact crater field: 13 craters from 20 m to 1 km in diameter were studied. The impact origin is confirmed by the
observation of shock-related structures, such as shatter codgsamar fractures in quartz gna of breccia. Considering the
extension of the crater field, it was possibly created by several meteorites that broke up when entering the atmospieere.
thisarticle: P. Paillou et al., C. R. Geoscience 336 (2004).
0 2004 Académie des sciences. Published by Elsevier SAS. All rights reserved.

Résumé

Découverte du plus grand champ de cratéres d'impact sur Terre dans la région du Gilf Kebir, EgypteA partir d'images
satellites issues de sigmes radar, nous avons détecté tand nombre de structures circulaires dans le Sud-Ouest du désert
égyptien, s'étendant sur plus de 4500%anl’est du plateau du Gilf Kebir, dans des grés du Crétacé supérieur. Une étude sur
le terrain a permis de vérifier qu'il s’agit d'un champ d’'impacts météoritiques jusque la inconnu : 13 structures, d’'un diametre
compris entre 20 m et 1 km, ont été reconnues comme crateres d’'impact. La présence d’un grand nombre de cones de percussion
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et de breches dans lesquelles des quartz choqués a structures planaires ont été observés confirment I'nypothése de I'impact.
Considérant I'extension du champ d’impact, il a probablement été créé par plusieurs météorites qui se sont fragmentées dans
I'atmosphere terrestr®our citer cet article: P. Paillou et al., C. R. Geoscience 336 (2004).

0 2004 Académie des sciences. Published by Elsevier SAS. All rights reserved.
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Version frangaise abrégée Tertiaire dans la partie nord-ouest. Issdi2] avait
étudié auparavant cette région : il a mentionné des
1. Introduction structures bréchifiées et déformées, ainsi que des col-

lines de gres ferrugineux (IeBlack Hills). Aucune

Plus de 160 structures d’impacts météoritiques sont €xplication claire n'a été proposee a ce jour quant a

neuf champs d'impacts : Kaa[B4,35] en Estonie, laires dans I'Ouest du désert Egyptien avaient déja
Rio Cuarto[27,28] et Campo del Ciel¢3,26] en Ar- attiré I'attention de plusieurs scientifiques, qui avaient
gentine, Machd9] en Yakoutie, Henbury1,16] en également_observé d_es ressemblances avec les pay-
Australie, Morasko[14,31] en Pologne, Odessg, sages lunaires et martiefs7].

29] au Texas, Wabaf10,23] en Arabie Saoudite et
Sikhote-Alin[15] en Sibérie. Deux autres champs de
crateres, Sirentd 8,19,30]en Italie et EIkqd17,36]au
Texas, font encore I'objet de débats quant a leur ori- . . s ) .

. . - . , dis que plusieurs autres ont été observés lors de trajets
gine. Nous présentons ici la découverte d’'un nouveau . s . .

R " en voiture a travers le site. LRig. 2 montre une

champ de crateres d’'impacts dans le Sud-Ouest de.

'Eavpte. aui dépasse de plusieurs ordres de arande r|mage Landsat-TM5 indiquant la localisation des cra-
gypte, quidep plusieu g Uieres étudiés, leur diametre variant entre 20 et 1300 m.
par ses dimensions, le plus grand champ d’impacts

connu & e jour lls présentent tous'une morphologie circulaire, leurs
' bords pouvant atteindre 80 m de haut : c'est le cas

du cratere GKCF13, présenté sur Fag. 3. L'état
de fraicheur des structures, ainsi que la présence de
petits cratéres, indiquent qu’elles sont probablement

L'imagerie par satellite radar permet d'explorer le rgcentes. De grandes quantités de bréches polymictes
sous-sol des régions arides jusqu’a quelques metres dg32] ont été observées le long des bords de tous les
profondeuf20]. Nous avons réalisé une mosaique ra- cratéres, formant des couches d’épaisseur métrique,
dar du Sahara oriental a partir des images du satellite parfois intercalées avec des grés. Les bréches sont
japonais JERS-1, qui nous a déja permis de découvrir constituées de fragments irréguliers de taille pluri-
deux nouveaux crateres d'impact dans le Sud-Est de lacentimétrique, dans une matrice contenant des grains
Libye [21]. Nous étudions ici un site localisé 115kma de quartz Fig. 4c et d). Ces bréches pourraient résul-
I'est du plateau du Gilf Kebir, s’étendant sur 4500%m  ter d'éboulis d’'éjectats. Des cbnes de percusf2ai
entre les latitudes 230N-23°40'N et les longitudes  ont également été découverts sur le bord des cratéres
26°50E-2735E. On observe, sur les images radar, GKCF01, GKCF02 et GKCF12 : Iaig. 4a montre des
plus de 50 structures circulaires d’un diametre maxi- structures caractéristiques borsetail [24] produites
mum de 2,5 km Eig. 1) dans une étendue de grés par I'onde de choc de I'impact. Nous avons pu aussi
grossiers du Crétacé supgur, la formation de Sabala, observer des structures tectonisées, qui ont pu étre
partiellement recouverts de dépdts éoliens du Quater-produites par des impactFi¢. 4d). D’autres indices
naire. Plusieursircular features sont mentionnées sur  d’'impact ont également étfburnis par les bréches
la carte géologique de Klitzsch et 4L3], accom- et gres échantillonnés sur le site, qui contiennent es-
pagnant des affleurements de basalte doléritique dusentiellement du quartz, associé a quelques zircons

3. Observationssur le terrain et preuves d’ un impact

Nous avons pu étudier 13 crater@alfleau }, tan-

2. Imagerie satellite radar du champ de cratéres
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et oxydes de fer. Plusieurs grains de quartz, issusfragments (chondritic impactor) were found on the
d’échantillons des sites GKCF02, 07, 08, 09, 12, et 13, site. The impact is younger than 3500 yr.

présentent des structures planaires ou [BR33], as- The Campo del Cielo crater fie[8,26]is also lo-
sociées parfois a une extinction roulanfég( 5a—d). cated in Argentina (S28B5, W61°40). It contains at

La plupart des grains de quartz présentent une seuleleast 20 small craters, the largest being 103 m in diam-
famille de PFs, mais quelques grains comptent deux eter, and covers a 19 km 3 km area. These craters

familles de structures planairgsig. 5e). were formed by fragments of an IA-type meteorite
_ _ about 4000 years ago.
4. Discussion The Macha impact crater fie[8] was discovered in

western Yakutia at the location (N806, E11735).

L'origine des champs de crateres d'impact est ex- |t is formed by five craters from 60 to 300 m in diam-
pliquée par la fragmentation d'une météorite a son eter, covering less than 10 BmShock metamorphic
entrée dans I'atmospheére terrestre : les fragments pro-gffects (planar fractures in quartz) were observed in
duisent alors un champ de crateres, orienté suivantp eccias and the age of the craters is around 7300 yr.
la trajectoire du bolid¢5]. Des modélisations numeé- They could have been produced by iron meteorites.
riques du phénomene indiquent que le champ d'im-  the Henbury field in central Australifl,16] is
pacts crée par un seul corps s'étend au maximum Surg, meq of 13 small craters, ranging from 5 to 145 m in
quelques dizaines de kilometres cafdé22] : c'est iz meter, which cover an area of 1.25rhey are
le cas des champs d'impacts connus jusqu'alors Sur yisyip ted in a scattering ellipse centered at coordi-

;I'etrr(\a, dont lje p,ltjs ?jrang Coﬁvre 63,Mta?t c(ijqnne tnates (S2434/, E13308). Iron meteorites and impact
a res grande e,‘?” ue‘ u champ dimpacts decouver glass were found on the site and the event is dated at
en Egypte (supérieure a 4000 ?()nl fautici invoquer 4200 yr[16]

I'hypothése de plusieurs météorites pénétrant I'atmo- The Morasko[14,31] crater field is located in

sphere terrestre. Poland, at coordinates (N520, E16°55). It is a

group of eight craters, covering 2.5 Rnthe largest

being 100 m in diameter, with a depth of 13 m. Iron

meteorites of octahedrite class have been found in the

area and the field is dated between 3500 and 5000 yr.
The Odessa crater fig]d] in Texas, USA (N3143,

1. Introduction

More than 160 impact structures are known on
Earth[11], among which most are single craters and pip : ¢ , £ di
very few impact fields. Impact crater fields result from W102'25), consists of one main crater of diameter

meteor showers that can produce tens of kilometer- 170 M, surrounded by four smaller craters of diame-
size impact structures in a single event. Nine impact (€' ranging between 6 and 21 m. It extends over less

fields are nowadays known on Earth, the impact origin than 0.5 knf and was produced by a 300 tons iron me-

of two being still unconfirmed. teorite of octahedrite class. Impactites were found on
The crater group of Kaa[B4,35]is located on the  the site[29]. _ _ _
Island of Saaremaa, in Estonia (N2&', E22°40)). It The Wabar crater fielfL0] is located in southern

covers 1 krd and consists of nine craters, the largest Saudi Arabia, in the Rub’al Khali desert (N2,
one having a diameter of 110 m and the others rang- E50°28). A group of four craters, of diameter between
ing from 5 to 44 m. They were formed about 3700 yr 17 and 100 m, lies in a 400 m200 m area. Fragments
ago and meteorite fragments (coarse octahedrite class)of meteoritic iron (octahedrite class) have been found

were found in the smallest craters. on the site. Luminescence dating allowed one to obtain
The Rio Cuarto field27,28]is located in central @ very young age of 290 years for the evi2g].
Argentina around coordinates (S32, W64°14). It The Sikhote-Alin strewn field15] was produced

is the first terrestrial example of oblique impact, form- by a meteorite fall on February 12th, 1947 in Siberia
ing a 30-km-long crater chain. Around 10 elliptic (N46°06, E13442). Thousands of iron meteoritic

impact structures were observed, the biggest coveringfragments were found in about 150 craters, ranging in
4.5 kmx 1.1 km. Impactites, breccias and meteorite diameter from less than one meter to 27 m. They cover
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a region of 1.7 krf and the total mass of the fall has
been estimated to be about 70 tons.

The Sirente field18,19] was recently discovered
in central Italy within the mountains of the Abruzzo
region (N4210, E1335). It covers 450 mx 400 m
and contains 17 small crateclose to a main crater of

P. Paillou et al. / C. R. Geoscience 336 (2004) 1491-1500

2. Space-borne radar imaging of the crater field

Radar remote sensing allows a unique access to
subsurface information down to a depth of several me-
ters in arid region$20]. We have produced a global
radar mosaic of East Sahara (Egypt, Libya, northern

diameter 140 m. Radiocarbon dating of the target sur- Sudan, northern Chad) using archives of the Japanese

face preserved below the rim gave an age of 1650 yr,

JERS-1 radar satellite, fonapping the hidden hydro-

but neither shocked material (shatter cones, breccias)logical and tectonic structures in eastern Sahara. This

nor meteoritic components were found until now. Re-
cent work shows that it could be of anthropogenic
origin [30].

About 300 crater-like depressions ranging from 5 to
250 min diameter are located in northern Elko County,
Nevada, USA. They cover an area of 10 kn25 km.
Although an impact origin was initially proposed, nei-
ther ejecta nor meteoritic material were found on the
site and inspection of the stratigraphy of the crater
rims did not reveal any evidence of disturbed layer-
ing. Subsidence by groundwater sappiigd,36] is
now proposed as an alternative to the impact ori-
gin.

We report here on the discovery of a new and large
impact crater field in southwestern Egypt, which in-

radar mosaic already permitted the discovery of a dou-
ble impact crater in southeastern Libf2d]. It was
used to explore Egypt where no impact craters have
been so far discovered.

We focused on a region located 115 km east of
the Gilf Kebir plateau, in the western Egyptian desert.
This region presents at least 50 small circular features
(maximum diameter of 2.5 km) in JERS-1 radar im-
ages Fig. 1) and extends over 75 km 60 km (i.e.
4500 knt) between latitudes 230N-23°40N and
longitudes 2650 E—2735E. The exposed rocks be-
long mainly to the Sabala Formation of Upper Creta-
ceous. It consists of medium- to coarse-grained fluvial
sandstone, interbedded with muddy paleosoil hori-
zons. The area is partially covered with Quaternary

creases by several orders of magnitude the size ofaeolian sand deposits. The southern limit of the stud-

strewn fields known on the Earth’s surface.

300 km

ied region also exhibits outcrops of the Aptian Abu

10 km

Fig. 1. Gilf Kebir crater field located on a map of Egypff) and observed by the imaging radar of JERS-1 (right).

Fig. 1. Champ de cratéres du Gilf Kebir localisé sur une adigypte (gauche) et vu par le radar de JERS-1 (a droite).
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Ballas Formation, constituted of shallow near-shore
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craters and the frequent presence of small ones indi-

marine to coastal siltstone and fine-grained sandstone.cate that these structures are probably quite young.

Several ‘circular features’ are mentioned on the geo-
logical map of Klitzsch et al[13], while few small
Tertiary alkali olivine basalt (59 M413]) outcrops
are reported in the northwestern part of the region.
Issawi[12] previously studied this area and reported
the brecciation, ferruginisi@n and deformation of the
bedding. No clear explanation for the iron origin in

Some crater depressions (e.g., GKCF13) are very
marked with little post-shock sedimentary deposits,
while others (generally the small ones with the lowest
rims) are filled with Quaternary Aeolian deposits.
Abundant polymict brecciag32] were observed
along the rim of all craters, forming pluri-decimetric to
metric beds, sometimes interbedded with sandstones.

ferruginous sandstone formations (the so-called Black They consist of centimeter- to decimeter-sized irreg-

Hills) was proposed so far. Crater structures in the

ular fragments, embedded in a fine-grained quartz

western Egyptian desert already attracted the attentionmatrix (Fig. 4c and d). Beds are systematically dip-

of several scientists who also noticed some similarities
with the Lunar and Martian landscapés7].

3. Fieldwork results and evidences for an impact
origin

We were able to study several circular structures on
the field, a few of them being of volcanic origin. We
could check 13 craters locatedHig. 2over a Landsat-
TM5 image and described ifable 1 but we observed
much more similar structures while driving on the site.
Their diameter ranges from 20 to 1300 m and they
present a circular morphology with low (a few meters)
to high rims: more than 80 m high for crater GKCF13
shown inFig. 3. The height of the rims of the largest

ping inwards the crater, with a steep dip close to
vertical on the highest rims down to about°30n

the lowest observable rims. Their exact mode of for-
mation is debatable, but they rather originated from
slope deposits of the rims of the newly formed crater
rather than from direct re-deposition of ejected mate-
rial, because of the interdding with sandstones and
rounded shape of some fragments, implying slight ero-
sional reworking. This idea is also supported by the
absence of impact breccias on the slopes of similar
size recent craters, such as Meteor Crater in Arizona.
Shatter conef5] were found on the border of craters
GKCF01, GKCF02 and GKCF1Eig. 4a shows shat-
ter cones found on site GKCFO1.: it presents conical
patterns, with ‘horsetail’ markingR4] produced by
the impact shock waves. Finally, faulted zones with

Fig. 2. The Gilf Kebir crater field imaged byandsat-TM5 with the 13 studied craters.
Fig. 2. Le Champ de cratéres du Gilf Kebir vu pandsat-TM5 avec les 13 cratéres étudiés.
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Table 1
List of the 13 craters studied (GKCF: Gilf Kebir Crater Field)

Tableau 1
Liste des 13 cratéres étudiés (GKCF : Gilf Kebir Crater Field)

Crater’'s name Latitude N Longitude E Diameter (m) Observations
GKCFO01 (Ahmed) 231437’ 27°2737" 630 breccia
shatter cones
GKCF02 (Nessim) 227107 27°1918” 1000 breccia
shatter cones
GKCFO03 (Gihan) 232833 27°1226" 1300 breccia
GKCF04 (Bruno) 2329057 2711127 950 tectonic
breccia
GKCFO5 (Virginie) 2332427 27°0933" 450 breccia
GKCF06 (Roxane) 231457 27°1705” 20 breccia
GKCFO07 (Nathan) 233149’ 27°10577 40 breccia
GKCFO08 (Sarah) 2B145" 271117 75 breccia
GKCFO09 (Jean-Marie) 23113’ 27°1059” 710 breccia
GKCF10 (Jean) 3201’ 27°1120” 370 breccia
GKCF11 (Aly) 232815’ 27°0238" 1200 breccia
GKCF12 (Ragab) 224507 26°5704" 500 breccia
shatter cones
GKCF13 (Rahman) 23823’ 26°5528" 950 breccia

decimeter-sized tilted domains of originally cross- these deformation features did not reveal the presence
bedded sandstones are sometimes observed in theof glassy material, whose occurrence cannot be ruled
vicinity of crater rims Fig. 4b). These deformations  out because of the low signal of glass in Raman spec-
may be related to an impact, although a classical tec- troscopy. Most of these grains contain a single family
tonic origin cannot be ruled out. of PFs, but a few grains present two different sets of
We prepared thin sections cut in the breccias and PFs (cf.Fig. %e).
sandstones from crater rims. These samples were Observation of shatter cones and breccias together
studied by optical microscopy and Raman micro- with the discovery of PFs in quartz grains of in situ
spectrometry. Both sandstones and breccias consist’OCk samples lead us to propose that the studied crater
mostly of quartz, with very few zircons and other ac- field has animpact origin.
cessory minerals. Grain size ranges from about 3 mm
down to very fine grains (about 50 um in average) in
the matrix of the brecciassaociated with minor iron
oxides and hydroxides, and possibly clay minerals.  the origin of impact crater fields is explained by
One of the sandstgnes consists of round qugrtz grainsihe preakup of a meteorite in the upper atmosphere of
cemented by continuous 100- to 300-um-thick layers the Earth: the fall of meteorite fragments produces an
of hematite and goethite. Quartz morphology is very impact field, usually distributed over an area elongated
varied from rounded to sharp angular grains. In sand- jn the direction of flight of the meteorite, the largest
stones and breccias from vaus craters (GKCF02,07,  craters being located near the downrange boundary of
08, 09, 12, and 13), several quartz grains, generally the field[5]. The resulting strewn field created from a
over the millimeter in size, contain parallel features single meteorite break up is commonly a few square
that are very likely to be planar fractures — ABS] kilometers in area. Numerical modeling of crater field
—, sometimes associated with undulatory extinction formation indicates that the maximum aerodynamic
(Fig. 5a—d). Such regular planar microstructures result separation of impactor components is in the order of
from shock metamorphism in a pressure range from 5 hundreds of meters for the Eafj. The extension of
to 20 GP48]. Micro-Raman profiles performed across the crater field mainly depends on the breakup altitude

4. Discussion
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(b)

Fig. 3. Pictures of crater GKCF13 of diameter 950 &).\(iew from outside. k) View from inside.
Fig. 3. Photographies du craté8&CF13 d’'un diamétre de 950 ma)(Vue depuis I'extérieur du crateren)(Vue depuis l'intérieur du cratere.

(generally between 12 and 30 km) and on the trajec-  Considering the very large area covered by the dis-
tory angle (significant separation is obtained for entry covered impact field — more than 4000 kmand the
angles less than 3pand impactor velocity22]. How- spatial distribution of the 13 observed impact craters,
ever, itis very unlikely to obtain impact field extension showing neither clear main direction nor alignment,
larger than a couple of hundreds of square kilometers it cannot have been produced by the fragmentation of
from a single impactor. Such large fields are produced a single body. Such a large strewn field could then
by meteorites with an entry angle less th&anlut the have been created by the fragmentation of several me-
resulting craters are then elliptical in shape and distrib- teorites that encountered the Earth atmosphere. More
uted over an elongated ellipse. All known crater fields detailed field characterization and modeling of the
on Earth do not extend over more than 60%and can impact process are needed in order to support this hy-
all be explained by the breakup of a single meteorite. pothesis.
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Fig. 4. Impact evidence observed on the fiel).hatter cones observed at site GKCF®} Raulted zones with decimeter-sized tilted domains
of originally cross-bedded sandstones found on site GKCF)£dlymict breccia sampled on site GKCFOd) Polymict breccia found on
site GKCFO05.

Fig. 4. Preuves d’impact observées sur le terraa).Qones de percussion observés sur le site GKCHi)1Blocs de gres présentant des
déformations décimétrigesetrouvés sur le site GKCFOZ)(Bréche polymicte récoltée sur le site GKCF0d) Breche polymicte trouvée sur
le site GKCFO05.
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Pt
AR " .'.\':'.‘Rn

e

(@) (b)

Fig. 5. Examples of shock metamorphism in quartz grain from breccia and sandstone cover of erdipGKCFO07, polarized lightd) and
partially cross-polarized light], quartz grain showing PFs associated to wavy extinctionGKCFO07, enlargement of the upper left part of
the quartz grain showed i) and p) (polarized light). ) GKCF12, quartz grain witl?Fs (polarized light).d) GKCF09, example of quartz
grain with two PFs families.

Fig. 5. Exemples de métamorphisme de choc alésdans des grains de quartz issus des ctunesr de breches et de gres des crateee®) (
GKCFO07, lumiére polarisée) et partiellement polarisée croisé®),(grain de quartz montrd des PFs associées a une extinction ondulatoire.
(c) GKCFO07, agrandissement du coin supérigauche du grain de quartz montré &net (b) (lumiére polarisée).d) GKCF12, grain de quartz
présentant des PFs (lumiére polarisée) GKCF09, exemple de grain de quartz avec deux familles de PFs.
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