AUFSATZE

Geodynamic Evolution of the Pan-African Orogenic Belt:
A new interpretation of the Hoggar Shield (Algerian Sahara)

By J. M. L. Bertranp & R. Casy, Montpellier *)
With 8 figures

Zusammenfassung

Der panafrikanische Orogen-Giirtel des Hoggar-Gebirges in Siidalgerien erstreckt
sich iiber eine Breite von ca. 800 km und entspricht einer extrem eingeengten, aus
komplexen geologischen Einheiten aufgebauten mobilen Zone. In seinem westlichen
Teil zeugen bereits die untersten michtigen metasedimentiren Ablagerungen sowie die
alkalischen und hyperalkalischen Intrusionen des mittleren Proterozoikums von der
frithen Mobilitit eines N—S streichenden ensialischen Bereiches. Vor ca. 800 M. J.
wurden die etwa 800—1000 M. J. alten Kratonsedimente von groflen Mengen basischen
und ultrabasischen Materials aus dem oberen Erdmantel intrudiert. VolumenmiBig
noch bedeutender sind Vulkanite und Vulkanoklastite von andesitischer bis rhyodazi-
tischer Zusammensetzung sowie zahlreiche batholitische Intrusivkérper kalkalkalischer
Natur. Als Ursprung dieser Gesteine wird eine Zone vom Typus Inselbogen auf
basischer (ozeanischer) Kruste sowie ein Orogen vom andinen Typus auf granulitischem
Untergrund in Betracht gezogen. Dieses der Kruste vor ca. 650—800 M. J. neu zu-
gefiihrte Material steht moglicherweise in Zusammenhang mit nach Osten einfallenden
Subduktionszonen, und wir nehmen daher die Existenz einer tief abgetragenen Sutur
am Ostrand des westafrikanischen Kratons an.

Der zentrale Hoggar besteht hauptsichlich aus prd-panafrikanischen Gneisen, die
dem eburnischen und teilweise auch dem kibaridischen Zyklus angehéren; ferner ent-
hilt er schmale ensialische, mit spitproterozoischen Schiefern aufgefiillte Grabenzonen.
Diese verschiedenen Elemente werden in unterschiedlichem MaBe von der panafrika-
nischen Tektogenese und Metamorphose beansprucht.

Der 6stliche Hoggar besteht ebenfalls aus Gneisen und Graniten pri-panafrikanischen
Alters, wogegen die schmale Kette des Tiririne-Gebirges withrend der Endphase der
panafrikanischen Faltung entlang einer N—S streichenden bedeutenden Scherzone
gebildet wurde.

Deckentektonik, liegende Falten, Anatexis sowie ca. 650 M. J. alte syntektonische
Granitoide charakterisieren die frithe Phase der panafrikanischen Orogenese im Hoggar
und kénnen als Resultat von Krustenverdickung und Krustenaufschmelzung infolge von
Plattenkollision interpretiert werden. Die spit-panafrikanische Tektonik beruht auf einer
O—W gerichteten Einengung der gesamten Hoggar-Gebirgskette, wodurch N-—§
streichende Falten entstanden, die geometrisch mit einem Mega-System von Scher-
zonen und Briichen in Verbindung stehen. Dabei wurden die alten Massive in lang-
gestreckte N—S orientierte Blocke zerschnitten, bei denen seitliche Verschiebungen
bis zu mehreren hundert km vorkommen. Dieses Strukturbild ist das Ergebnis eines
FuBerst starken O-—W gerichteten Zusammenschubs der mobilen Zone zwischen zwei star-
ren Platten: dem westafrikanischen Kraton und dem Ostsahara-Kraton, die unter Links-
drehung aufeinander stieBen. Wihrend dieser Phase (550—600 M. ].) trat ferner eine
quantitativ noch nicht abschitzbare O—W-Verkiirzung der Gebirgskette ein, die mog-
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licherweise durch seitliche Verschiebung entlang konjugierter Scherzonen mit dominie-
render Linkskomponente absorbiert wurde. Mineralalter sowie Diagenese-Alter der
panafrikanischen Molasseablagerungen stellen die letzte post-orogene Hebung im
Hoggar deutlich in das Post-Kambrium.

Abstract

The Pan-African orogenic belt of Hoggar, 800 km wide, represents an extremely
tightened complex and composite mobile zone. In the western part, the earlier thick
meta-sedimentary units and alkaline-peralkaline intrusives, both of middle Proterozoic
age, account for the early mobility of a N—S§ trending ensialic domain. Later, large
scale upper-mantle contribution was responsible for many magmatic complexes of basic
to ultrabasic rocks intruded at c.a. 800 m.y. in cratonic platform sediments 1000 to
800 m.y. old. A very important volume of volcanoclastic deposits, andesites to dacites,
and widespread calc-alkaline batholiths are supposed to derive from two assemblages
of island-arc type upon basic crust and of Andean type upon granulite basement and
this newly accreted material 800 to 650 m.y. old, may be related to subduction zones
dipping East. A cryptic suture ist postulated along the margin of the West African
craton. The central Hoggar is mainly composed of pre-Pan-African gneisses belonging
to the Eburnean cycle and pro parte formed during a “Kibaran” cycle, and ensialic
upper Proterozoic schist belts, which were subjected at varying degrees to the Pan-
African deformation and metamorphism. Eastern Hoggar includes also pre-Pan-African
gneisses and granites, and the narrow ensialic upper Proterozoic Tiririne belt formed
during the late Pan-African along a N—S trending major shear zone. High structural
level nappes, recambent folding, anatexis and syn-kinematic granites emplaced at c. a.
650 m. y. define the early Pan-African, related to crustal thickening and crustal melting
during the early stage of a continental collision. The late Pan-African E—W com-
pression produced in the whole shield N—S trending folds geometrically linked to a
mega-system of shear belts and strike-slip faults, which dissect the earlier edifices into
N—S trending branches and blocks of many hundred kilometres lateral displacement.
This pattern is the result of an extreme E—W tightening of the belt between two
rigid plates: the West African craton and the East Saharian craton colliding with a
sinistral confrontation. During this stage (600—550 m.y.) an unquantified E—W
shortening may have been absorbed by lateral movements along conjugate shear zones
with a main sinistral component. Mineral ages and diagenesis of molassic deposits
point out to a post-Cambrian uplift of the belt.

Résumé

La chaine Pan-Africaine affleure sur 800 km de large au Hoggar. Elle représente
une zone mobile complexe et composite extrémement raccourcie. Dans la partie Ouest,
les premiers dépdts méta-sédimentaires épais, ainsi que des intrusions alcalines et hyper-
alcalines d’4ge Protérozoique moyen témoignent de la mobilité précoce d’un domaine
sud-méridien ensialique. Plus tard vers 800 Ma, la contribution & grande échelle du
manteau supérieur est remarquable sous la forme d’intrusions basiques et ultrabasiques
mises en place dans des sédiments cratoniques déposés entre 1000 et 800 Ma. Plus
importants encore en volume, les dépéts volcano-détritiques, les roches volcaniques
allant des andésites aux rhyo-dacites et de nombreux batholites calco-alcalins peuvent
provenir de zones de type arc insulaire établies sur crotite basique et de type cordillére
andine sur crofite granulitique. Ce matérial témoigne d'importants phénoménes d’accré-
tion continentale probablement liés & des zones de subduction pentées a I'Est ayant
fonctionné entre environ 800 et 650 Ma. La bordure du craton Ouest-Africain corres-
pondrait & une suture océanique. Le Hoggar central est principalement constitué par
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des gneiss pré-Pan-Africains appartenant & I’Eburnéen, et en partie au cycle « Kibarien »
ainsi que par d’étroits sillons ensialiques de Protérozoique supérieur. Les déformations
et le métamorphisme Pan-Africain affectent ces unités de maniére variable. Le Hoggar
oriental comprend des gneiss et granites d’dge pré-Pan-Africain, et I'étroite chaine de
Tiririne plissée au Pan-Africain tardif est controlée par une zone majeure de cisaille-
ment. Chevauchements, plis couchés, anatexie et granites syn-tectoniques mis en place
4 650 Ma sont en relation avec les premiers stades de collision continentale pendant
le Pan-Africain précoce, engendrant un épaississement crustal important et des fusions
anatectiques profondes. Le Pan-Africain tardif implique une compression globale E—W
de la chaine qui a produit des plis Nord—Sud géométriquement liés & un méga-systéme
de cisaillements et de décrochements, qui découpent les édifices antérieurs en branches
et blocs longitudinaux Nord—Sud avec des déplacements latéraux de plusieurs centaines
de kilomeétres. Cette disposition résulte d’un serrage E—W extréme de la chaine entre
deux plaques rigides: le craton Ouest-Africain et le craton Est-Saharien qui s’affrontaient
avec une composante sénestre. Au cours de ce stade (600—550 Ma) un raccourcissement
E—W encore non quantifié a aussi été absorbé par le jeu de mouvements latéraux le
long des zones de cisaillement conjuguées. Les Ages des minéraux, et ceux de la dia-
genése des dépdts molassiques soulignent I'dge post-Cambrien du dernier soulévement
de la chaine.

KpaTkoe cojep:kanne

ITan-acdprranckuit oporenHeIl nosgc rop Hoggar B OKHOH YacTH AJDKHpA IIPO-
CTHpaercd B INHPOTHOM HanpapJeHHH Ha 800 KM H COOTBETCTBYET CHABJIEHHOH
HOABHIKHON 30HE, CJIOXEHHOM H3 CJIOMHBIX I'€0JIOTHYeCKHX cTPyKTyp. Ilomcruia-
IOIHEe MOIIHLIE METACEAHMEHTHBIE OTJIOMKEHBLI CO HIEJIOYHBIMH H YJBTPAILEIOYHbI-
MH HHTDY3HAMH CpPeQHEnaJIe030HCKOro BO3pacTa CBHAETENBCTBYHT O paHHel
IOABHKHOCTH ITPOCTHPAIOIIErOCA YHCHAJNHMYECKOro pafioHa 3ala{HOM 4YacTH Iosca.
ITpumepno 800—1000 MMJIJIHOHOB JIET TOMY Ha3aZ, BO BCAKOM ciy4dae A0 800 MHJI-
JIMOHOE JIET TOMY Ha3a[, HMEJIH MECTO HHTPY3HH GOJIBHIHX KOJIMYEeCTE 6a3HYECKOro
H yabTpaba3H4YecKoro MaTepHaJla BepXHeil MAHTHH B OCAJA0YHbIEC MOPOALI KPATOHA.
Emé 60spmumM 66171 06beM BYJIKAHHTOB H BYJKAHOKJIACTHTOB AHAE3UTHO-DHOAALIH-
TOBOT'O COCTaBa M MHOI'OYHCJIEHHBIX OATOJHTHBIX HHTPY3HBHBIX TeJ ILEJI0YHO-
KaJbUHUEBOr0 IPOHCXOXKACHUA. BhICKA3BIBAIOT NMPEANOJIONEHHA, UTO BTH IOPOALI
TIIPOHCXOAHUJIN H3 30HBI THIIA OCTPOBHBIX AYr Ha 0a3HM4eckoll OKEaAHHWYECKON Kope H
oporeHa THna AH/{ Ha TDAHYJIHTOBOM OCHOBaHMH. DTOT HORBIH MaTepHaJ, HHTDPY-
AUPOBAHHBIA NPHUMEPHO 650-—800 MHJIMOHOB JIET TOMY HA3aZJ B KODPY, BO3MOIKHO
CBA3AH C CHaJaIONUiell HA BOCTOK 30HOH cyOAaKIMM MaTepHKa, IIODTOMY IIPeIoiia-
ralT CYINeCTEBOBAHHE IIBa Ha BOCTOYHOM Kpae 3alajHO-adpHKAHCKOrO KPATOHA,
cefiyac yxe B 3Ha9HUTEJBHOH Mepe CHECEHHOIO.

IenrpasbHana yacTe rop Hoggar cocToHT TI'J. o6p. M3 THelicop no-naHadbpu-
KaHCKOI'0 OpOreHa, NPHHAAJNEHANHX 36YPHUTCKOMY H, YaCTHYHO, KHOADHICKOMY
OUKJIaM; KPOMe TOrO JTOT IIOAC HMeeT Y3KYyH, JHCHAJHYECKYH 30HY rpalbeHa,
3allOJIHEHHOI'0 IO03[1HE-NAJICO30HCKHMH CJAaHIAMH. OTH pa3JIHyYHblE JJIEMEHThI
HOABEPraJjIICh B PA3JIMYHON CTENEHH CTENEeHH BJIHSHHIO ITaH-a(pPHKAHCKOIO TeK-
TOreHe3a H MeTaMopdusma.

Bocrounas uacre rop Hoggar cOCTOMT Take U3 TCHEHCOB M DAHUTOB AO-TAaH-
a@pHKAaHCKOTO BO3pacTa, NpHYEM y3Kas Lelb THPHPHHCKHUX rop o6pa3oBajiach BO
BpeMdA 3aKJIFOYHTEJNPHOH (ha3bl NaH-a(hpUKAHCKOINO CKJIAAKOO6GpA30BAHHUS BOJb
30HBI CABHUTA, IIPOCTHPAIOLIEHCS a CEBePO-BOCTOUHOM HAIIPABJICHUH.

TeKTOHHKA NOKPOBa, 3aJieralollHe CKJAJKH, aHATAKCHC H CHHTEKTOHMYECKHE
TPaHHTOHABLI BO3PACTA IPHMEPHO B 650 MHJIIHOHOB JIET XapaKTEPH3YIOT PAHHION
CTAAUI0 MaH-a(PHKAHCKOIO OpOreHe3a B pafioHe Hoggar u MoOryr paccMaTpH-
BaTbhCH, KAK Pe3yJIbTaT YTOJIIEHHUA H PAaclJaBJIEHHA KOPBI B CJEACTBHE CTOJIKHO-
BeHHdA IibI6. ITo3qHAsA naH-adpUKaHCKAA TEKTOHHKA XAPAKTEPHIYETCH Cy)KeHHEM
Beelt e rop Hoggar, npocTHpalOIHXCA B BOCTOYHO-34l1a/{HOM HAIDABJICHHH, B
Pe3yabpTaTe 9€ro MOABHJINCH CKJIAJKH, HANPABJICHHLIE HA CEBepO-I0T, HAXOAAIIHECH
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B I'€OMETPHUYECKOM CBA3H C THMAaHTCKOH CHCTEMOH 30HBI CABHra M pasioMoB. Ilpu
9TOM ApPeBHHE MACCHBBI B GJI0KAX, BRITAHYThIE ¥ OPUEHTHPOBaHHBIE Ha CEBEpO-IOT,
pacnaymck B aJin GOKOBOe CMEIeHHe IO HECKOJBKHX CcOT KHJjioMeTpos. Takas
KapTHHA pacHpeficlIeHHA CTPYKTYP ABJSETCS CJICICTBHEM 4Ype3BhIYalHO MOIIHOM,
HaIIpaBJIGHHOH ¢ BOCTOKA Ha 3allaj] KOJJIM3HH ABYX 3aCTBIBINHX I'JILIO MOABHKHOMN
30HbBI: KpaToHa 3anajHol Adpuxu 1 BocTOYHOMH YacTH Caxapsl, KOTOPhIE IIPH 5TOM
COBEPIAJIHA IIOBOPOT BJIEEO. Bo BpeMs 3To# das3el — 550 10 600 MHIJIMOHOB JIeT —
HMeJI0 MEeCTO, eI KOJHYECTBEeHHO He OIeHeHHOe, YKOpOUeHHe TIOpHOH IenHu B
BOCTOYHO-34IIa/THOM TIPDOCTHPAHHH, KOTOpad, BO3MOMHO, OKa3ajlach abcopGUpoBaH-
HOM GOKOBBIMH CMELIEHUAMHE EJ(OJIb CONPAMKEHHON 30HBI CABHUTa € I'OCIHOACTBYIOIIEH
JIeBO KOMIIOHeHTOH. BodpacT MHHEPaJIOB M BPeMA NPOLECCOB AHAreHE3a OTJIOMEe-
HHUH ITaH-aQPHKAHCYHX MOJIICCOB Da3pemiaeT OTHECTH IIOCJIefiHee II0CJIe-OpOreHHoe
noguATHe rop Hoggar k nocje KeMOpHACKOMY IEPUOAY.

1. Introduction

The central saharian Hoggar shield situated immediately to the E of the West
African craton stable since about 1800 m. y. is composed essentially of crystalline
Precambrian rocks affected by the Pan-African orogeny (c.a. 600 m.y.) (Pic-
crorTo, 1965; Brack, 1966, 1967; Casy, 1970). The shield covers an area of
about 500000 square kilometres, is beautifully exposed, and is a key area for
studying multiple aspect of the Pan-African. In the last fifteen years many
detailed investigations have been carried out (BERTRAND et al., 1966; ARENE,
1968; GrAVELLE, 1969; Casy, 1970; ViteL, 1971; LatoucsE, 1972; BoissoNNas,
1973; BerTRAND, 1974; etc.) following the pioneering work of Kirian (1932),
Monop & Bourcart (1932), LELusre (1952) and Brase (1957, 1961). A re-
connaissance survey by geologists of the B.R.M.A led to the publication of the
geological map on the scale of 1 :500 000 compiled by ResouL et al. (1962). The
first general synthesis presented by LeLusre (1952) is a fundamental work on
the general geology of the Hoggar. With the advent of geochronology and recent
detailed structural studies, the time is now ripe to attempt an outline of the
geodynamic evolution of this segment of the Pan-African orogenic belt.

a) Geochronological data: main orogenic cycles and
lithostratigraphic sequences

The compilation of mineral ages given by BERTRAND & Lasserre (1976) shows
that, except for the older In Ouzzal block, all the figures fall in the range
600—500 m.y. with some younger ages indicating that the Hoggar belongs
to the Pan-African mobile belt. However recent dating by Rb/Sr whole rock and
U/Pb on zircons allow us to define a sequence of orogenic events which can be
indirectly used to date lithological units ranging from the Archean (> 2700 m.y.)
to the late Proterozoic. Archean ages are reported from the In Ouzzal block
(FERRARA et al., 1966; ALiiGreE & Casy, 1972) and from the Oumelalen area
in northeastern Hoggar (LATOUCHE & VIDAL, 1974).

Three main orogenic cycles have been distinguished:

— The Eburnean (2000 = 100 m.y.) is well dated in several places
(Tassendjanet, In Ouzzal, Aleksod, Oumelalen) (ALLEcrE & Caspy, 1972; BEr-
TRAND & LASSERRE, 1976; LaToucHE & VIDAL, 1974);

— The “Kibaran event” (1000 * 100m.y.) was reported from the
central Hoggar (BERTRAND, 1974; BErTRAND & LASSERRE, 1976). It is not so well
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Fig. 1. Map of West Africa showing the location of the Hoggar shield. 1. Pharusian belt.
2. Polycyclic province of central Hoggar. 3. Eastern Hoggar including the margin of
the East Saharian craton.

documented as the previous one and requires checking by the U/Pb method on
zircon;

— The Pan-African s I (800—550 m. y.) which may be subdivided into:

1. Pre-tectonic magmatic events (800—650 m. y.);

2. The early Pan-African (c.a. 650 m.y.) which is well defined in the western
part of Hoggar where it is mainly supported by the age of syn-tectonic granites
(Picciorro et al., 1965; ALLicrE & Casy, 1972, and unpublished results);

8. The late Pan-African (c. a. 600 m.y.) dated in Eastern Hoggar (BERTRAND
et al., in press) and post-tectonic granites yielding even younger ages by Rb/Sr
scattered across the whole shield (BoissoNnas et al., 1969; BoissonNas, 1973).

On the basis of geochronological and field evidence, the following lithostrati-
graphical units have been distinguished:

1. Units of Archean age (> 2700 m. y.): Ouzzalian (LevuBrE, 1969; ALLEGRE
& Casy, 1972), oldest basement of the Oumelalen area (LLAToucHE & ViDAL, 1974),
Arechchoum unit pro parte (BERTRAND, 1974);

2. Units of lower Proterozoic age (2000 << 2700 m. y.): Tassendjanet Formation
(Cagy, 1970), Arechchoum Formation (BERTRAND, 1974), Oumelalen Formation
(LAtoucHE, 1972);
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3. Units of middle Proterozoic age (1000 < 2000 m.y.): Aleksod Formation
(BErTRAND, 1974), Ahnet Quartzite Formation (Casy, 1970), Toukmatine Forma-
tion (LAToucHE, 1972);

4. Units of Upper Proterozoic age (1000—800 m. y.): “Série & stromatolites”
(Casy, 1970), “Pharusien I” (BERTRAND et al., 1966);

5. Units of late Proterozoic age (800—850 m. y.): “Série verte” of western
Hoggar (Casy, 1970), “Pharusien 1I” (BERTRAND et al., 1966; GRAVELLE, 1969),
Tiririne Formation (BERTRAND et al., in press);

6. Units of Eocambrian to Cambrian age: “Série pourprée” (Casy & Moussv,
1967) and “Séries intermédiaires” (GRAVELLE, 1969).

b) Definition of structural provinces

Detailed structural studies carried out since 1965 have shown a complex story
of sedimentation, volcanism, folding, metamorphism, often initiated in the
Archean area. It is possible to distinguish irrespective of the metamorphic grade,
areas where the structural history is: monocyclic and due only to the Pan-African
orogeny, polycyclic with a Pan-African imprint on older structures, and zones
devoid or weakly affected by the Pan-African (Fig.5). In this paper three
provinces have been distinguished on the basis of the following criteria:

— the proportion and lithology of the upper Proterozoic,

— the type and grade of Pan-African folding and metamorphism,

— the presence or absence of an assumed Kibaran event,

— the age of syn-kinematic granites,

— the presence or absence of molassic deposits.

The three provinces from W to E are as follows (Fig. 1):

— The Pharusian belt that is mainly constituted by upper Proterozoic
sediments and volcanics, divided in two branches by the In Ouzzal granulite
block;

— The polycyclic central Hoggar which on the contrary consists
of pre-Pan-African basement rocks folded and metamorphosed during the Kibaran
and Eburnean events and reactivated to varying degrees during the Pan-African
orogeny:

— The eastern Hoggar which is characterized by two different base-
ment blocks of pre-Pan-African age, separated by a narrow linear belt (the
Tiririne belt) folded and metamorphosed during the late Pan-African.

2. The Pharusian belt of central western Hoggar

The Pharusian belt lies between the edge of the West African craton and the
polycyclic central Hoggar (Fig. 2). This belt comprises mostly rock units formed
between c.a. 1750 m.y. and 600 m.y. which outcrop in two branches which
show an almost similar evolution, separated by an older longitudinal block of
granulite facies rocks, the “In Ouzzal block”. Within these two branches, only
a few basement remnants of 2000 m.y. age are exposed. Five main lithostrati-
graphic units can be defined in central western Hoggar: basement units, middle

Proterozoic, upper Proterozoic, late upper Proterozoic, and molassic deposits
(Fig. 2).
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molassic deposits partly Cambrian

late Proterozoic rocks

middle t6 upper Proterozoic meta— Western branch
sediments affected by Pan- African
Barrovian type metamorphism

id. with superimposition of late Pan
African HT/ LP metamorphism

Eburnean basement

Eburnean granulites of the In Quzzal
block

late Proterozoic rocks including

pre - tectonic calc - alkaline

batholiths

Il vasic and uitrabasic  complexes
V27
B
==
=

Central branch

upper Proterozoic rocks
Fig. 2. Pharusian belt. Syntectonic and post-tectonic granites are not represented.

a) The border of the West-African craton: a possible
paleo-rift system

Granites and gneisses refoliated during Pan-African greenschist facies meta-
morphism outcrop in the extreme West. They are considered to be of Eburnean
age and are intruded by various dykes and plutons. North-South trending dyke
swarms also characterize this zone. The earlier dykes are diabases and porphyritic
andesites and are cut by a later generation mainly composed of alkaline to per-
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alkaline rhyolites and various types of syenites including nepheline syenites and
pegmatites. Subsequently folded and mylonitised under lower greenschist facies,
these dykes have built linear zones sometimes entirely composed of dyke
material. Gravimetric highs associated with some dyke swarms may imply a
connection with more mafic rocks at depth (REcHENMANN, 1973).

All these pre-metamorphic dykes suggest a palaeo-rift system along the margin
of the West African craton,

b) Pre-Pan-African basement units

I. The In Ouzzal block: case of a cold and unreactivated
granulitic crust

The In Ouzzal block elongated North-South comprises mainly granulite
facies rocks (Giraup, 1961), the zircon U/Pb ages of which indicate a 2100 m. y.
granulite facies metamorphic event (LaNcevror et al, 1973; Lanceror, 1975).
Various Pan-African s. l. dykes and granites cut the granulites. Both longitudinal
margins are vertical mylonite zones, and the granulites are in tectonic contact
with all metamorphic and tectonic levels of the Pharusian belt, from upper
greenschist to lower amphibolite facies. Their trend is sharply cut by the mylonite
and they are only affected by a partial greenschist facies retrogressive meta-
morphism and cataclasis in a zone from a few metres up to one hundred metres
wide, The weak Pan-African imprint in the northern part of the block is shown
by undeformed andesite and basalt flows and their feeder dykes of upper to
late Proterozoic age, which are preserved in a faulted graben near the Akofou
hill and have only been affected by zeolite facies metamorphism prior to the
late Pan-African intrusive granites (Casy, 1970). Towards the South, the intensity
of Pan-African retrogressive greenschist facies metamorphism progressively in-
creases as the width of the block decreases, and at the southern extremity near
the Malian border the In Ouzzal rocks are entirely composed of vertical refoliated
granulites and mylonites showing a strong regular horizontal stretching lineation.

II. The Tassendjanet Pan-African nappe

This nappe structure was proven by detailed mapping (Casy, 1970, fig.3).
This structural unit is mainly composed of granites of Eburnean age (ALLEGRE
& Casy, 1972; Lanceror, 1975) intruded in the Tassendjanet Formation, which
comprises a meta-sedimentary sequence of meta-quartzites, alumina-schists,
marbles, a gneissic formation of acidic volcano-detrital origin and amphibolite
sills. The “Série 4 stromatolites” was deposited upon this basement, and has been
thrusted with it.

¢) Lithostratigraphic units of the Pharusian belt

These lithostratigraphic units are defined in the western branch, but they also
constitute the rocks of the central branch, as reconnaissance work has shown
(GrAVELLE, 1969; BERTRAND €t al., 1966; Casy, unpublished results).

I. Units of middle (?) Proterozoic age

These units have been previously described in north-western Hoggar as
possible lateral equivalents to the “Série a stromatolites” (Capy, 1970), but
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recent geochronological work in progress suggests that they are much older.
These units mostly build up the deepest tectonic level of the Pharusian belt, and
except in the Ahnet region, they were affected by polyphase deformation during
metamorphism of upper to lower amphibolite facies grade. It is suggested that
they represent a thick accumulation of terrigeneous material over a wide sub-
siding ensialic area.

The Ahnet Formation (AriNE, 1968) constitutes a thick accumulation
(> 3000m) of typically fine-grained orthoquartzites with rare pelitic inter-
calations. The well preserved sedimentary features may reflect a fluviatile or
deltaic environment. Marine quartzites with pelitic schists and stromatolite-
bearing dolomites occur on the top of the succession.

The meta-quartzite units are thought to be the equivalent of the
Ahnet Formation. They are well exposed in the western branch where they form
the main reliefs (Taoudrart, Tideridjaouine) and are mainly composed of kyanite
or sillimanite white meta-quartzites with pelitic schists, some marbles bands, and
amphibolitised basic sills.

Pre-tectonic alkaline to peralkaline layered intrusions.

Widespread igneous activity occurred after the deposition of the quartzites.
These magmatic rocks have been converted everywhere into gneisses and have
been studied in some detail in two areas:

1. The Tideridjaouine complex offers the best preserved plutonic-
volcanic suite only partly recrystallized in the chloritoid-kyanite zone (Casy,
1970). Felsitic alkaline meta-rhyolites with phenocrysts of blue quartz and
perthite may represent either flows or thinly banded sills. They are intruded by
sills of banded K,;O rich (5—8%) microgranite showing granophyric structure,
which typically contains iron-rich dark green biotite and/or ferro-hastingsite,
fluorite, and frequently sphene, allanite, zircon and other rare-earth minerals.
Albitic leucocratic granites have also intruded these layered rocks. A Rb/Sr whole
rock isochron on meta-rhyolites and associated microgranites has given an age
of c.a. 1850 m.y. (ALLEGRE, pers. communication, 1974) whereas zircons from
the microgranites have given U/Pb ages in the range of 1750 m.y. (LANCELOT,
pers. communication, 1974, work in progress). Plutonic rocks of an adjacent area
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associated with these rocks are porphyritic gneissose granites containing ferro-
hastingsite, and some alkaline pegmatoids.

2. Close to a North-South vertical mylonite zone, another complex is gradually
affected northwards by lower amphibolite to L. P. granulite facies metamorphism.
It is entirely composed of layered to banded gneisses of alkaline to peralkaline
composition with some syenite gneisses. The intrusive character of these rocks
is shown by their sharp, and often oblique contacts with meta-sedimentary rocks
(impure quartzites and calc-silicate rocks) interlayered with the complex. The
original magmatic layering, defined by compositional variations, and especially
well developed in the fine-grained strongly alkaline rocks, is often preserved
despite the strong metamorphic recrystallization and the discrete mobilisation.
The ferro-magnesian minerals observed are: ferro-augite, ferro-hastingsite, iron-
rich biotites, aegyrine-augite and oxydes. Aegyrine and amphiboles of the
riebeckite-arfvedsonite series are frequently found in bands a few centimetres
thick.

II. The upper Proterozoic shelf deposits

In the Pharusian belt, typical shelf deposits showing various degrees of meta-
morphism are found. The similarity of facies and the stromatolite associations
strongly support the existence of a single stratigraphic unit in this area, which
can now be correlated with the Atar Group of the West African craton
(BERTRAND-SARFATI, 1969; Casy, 1970), deposited between 1000 and 800 m.y.
(CLaveg, 1973).

The “Série a stromatolites” was defined in western Hoggar (Casy, 1970)
where it overlies the Tassendjanet basement, or rests concordantly upon the
Ahnet quartzites. In the Tassendjanet area, the series is 4000 m thick. Typical
fluviatile quartzites (50—500 m) with intraformationnal conglomerates are found
at the base. To the North-East, the basal conglomerate contains quartzite
boulders showing typical polished striated faces of glacial origin. This quartzite
unit rests unconformably upon alkaline rhyolites of Adrar Ougda which gave
a whole-rock Rb/Sr isochron of 1100 m.y. (ALLEGRE & CaBy, 1972). The over-
lying limestones and dolomites contain many stromatolite biostromes, the most
characteristic of which is a Conophyton marble layer which can be traced over
more than 50 km without significant lateral change, some other stromatolite
beds are characterized by Tungussides (BERTRAND-SARFATI, 1969). The rest of
the series comprises alternating limestones, dolomites, siltstones and quartzites,
which become more abundant on the top. The upper beds are brecciated and
silicified dolomites with jaspers probably deposited at the onset of basic magma-
tic activity. This series is correlated with the Tin Aberda series, also resting upon
an old granitic basement NW of the Iforas (Casy, 1970) and in the eastern
branch, the marbles of the Timesselarsine Series (GRAvELLE, 1969) and the
Conophyton marbles of Timgaouine (GraveLLE & LELuBrg, 1957) also overlying
basement gneisses and granites, may represent the same beds, Thus, these shelf
deposits of cratonic type may have been deposited over large areas both on the
West African craton and within some areas incorporated in the Pharusian belt.
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III. The upper Proterozoic magmatic cycle and the con-
version at ¢. a. 800 m.y. of a sialic crust to a basic or
intermediate crust

This major magmatic cycle is well defined in the Tassendjanet area of NW
Hoggar. Basic to ultrabasic rocks were emplaced into the shelf deposits of the
“Série a stromatolites”. Gabbroic sills from a few metres up to 300 m thick,
were intruded in the pelitic and siltstone horizons and now form about 40% in
volume of the frontal part of the Tassendjanet Nappe. Hornfelses close to thick
sills yield Rb/Sr whole rock ages of c.a. 800 m.y. (Craver, 1976), a figure
which is interpreted as the age of intrusion. The Ougda layered lopolith (about
400 km?) was also emplaced within the “Série a stromatolites” which now is
only preserved as hectometric size pendants. Partly serpentinised harzburgites
containing a few chromite veins, green spinel-amphibole rich rocks, pyroxeno-
lites and amphibole gabbros, may constitute the root of this lopolith with
frequent garnetiferous, often anorthositic inclusions, and are cut by more acidic
aplites. Heterogeneous gabbroic rocks with an agmatitic texture, and quartz
diorite sheets showing fluidal texture constitute most of the body with layered
labradorites, trondjhemites, granodiorites and porphyritic granites representing
the upper part.

Another smaller layered intrusion of the Tassendjanet area is formed by various
banded gabbros with cumulates, whereas serpentinised ultrabasic rocks are found
as intrusive sheets within the dolomites at the top of the series. Strongly serpen-
tinised ultrabasic rocks, associated with often leucocratic amphibole bearing
diabases also constitute a layered unit, 4000 metres thick, which is cut by a
dyke complex of diabases.

In the central branch of the Pharusian belt, ultrabasic rocks are mostly
serpentines and metagabbros. These are lenticular bodies and were tectonically
emplaced along shear zones during the Pan-African orogeny. A few of these
ultrabasic rocks are associated with marbles tentatively correlated with the “Série
4 stromatolites” and may also represent intrusive sheets subsequently deformed.
Associated with these mafic intrusions are some diorites and large batholiths of
intermediate composition, mainly quartz diorites, trondjhemites and calc-alkaline
granites, which intrude volcanic rocks of the Timesselarsine Series, including
basalts, andesites and intermediate to acidic rocks (GrRaveLLE, 1969). Porphyritic
calc-alkaline granites, and syenites were also emplaced in the central branch
during the late stages of this magmatic period.

This upper Proterozoic magmatic activity seems to be present everywhere in
the Pharusian belt. It is not linked to any regional deformation or metamorphism
but the plutonic rocks emplaced form more than 70% of the upper Proterozoic
crust upon which the late upper Proterozoic voleanoclastic deposits are deposited.
Upwelling of mantle-derived rocks at c.a. 800 m.y. through shelf sediments
deposited upon a sialic crust fits well with the concept of oceanisation developed
by soviet geologists and others (see Rezanov & Fayvrerson, 1976), though at
about the same period typical oceanic crust was formed now represented by
the obducted ophiolites of South Morocco and northern Mali (LeBLANC, 1976).

In the central branch of the Pharusian belt, the preponderant role of calc-
alkaline batholiths would suggest an Andean type development upon sialic crust
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during the same period, as suggested by the presence of granulite xenoliths from
the Recent basaltic volcanoes (Girop, pers. communication, 1978). Later on, this
enormous volume of newly erupted material was submitted to deep erosion,
probably during the onset of late Proterozoic calc-alkaline volcanism which seems
to have affected the whole belt and the In Ouzzal block.

IV. The late upper Proterozoic volcano-clastic rocks,
volcanic rocks and associated pre-tectonic intrusives:
apossibleisland-arctype environment

The rocks of late upper Proterozoic age, mostly in the greenschist facies, are
essentially composed of metavolcanics, volcano-clastic rocks and calc-alkaline
intrusives. They correspond roughly to the “Pharusian” of LeLusre (1952), and
more precisely, to the “Upper Pharusian” of BertranD et al. (1966) defined in
the central branch of the belt by a basal unconformity upon deeply weathered
quartz-diorite batholiths, outlined by marble lenses and polygenic conglomerate
with coarse boulders always of local origin (BERTRAND et al., 1966; GRAVELLE,
1969).

In the western branch, the following suite has been defined (Casy, 1970):

1. Andesites from western Hoggar and adjacent areas.
Andesite complexes are preserved at three localities: along the margin of the
West African craton, in the Tassendjanet area resting upon gabbroic rocks, and
on the In Ouzzal block. The Tassendjanet-Ougda andesites (6000 m thick) are
the best preserved. Resting upon basic and ultrabasic rocks, they comprise very
fresh andesite flows, tuffs and agglomerates, and rhyo-dacites at the top of the
succession (Casy, 1970; Cuiknaoul & Dupuy, 1977). A lateral change to volcanic
conglomerates and green graywackes of the “Série verte” has been mapped
(Casy, 1970).

2. Volcanic graywackes and associated plutonic-pebble
conglomerates from western Hoggar. Named “Série verte” by
Casy (1970), these rocks make up more than 80% of the formations of this age.
Up to 6000 metres thick, the deposits exhibit flysch-type sedimentary features.
The rocks are entirely made up of volcanic and plutonic detritus derived from
penecontemporaneous calc-alkaline igneous complexes, andesite fragments being
dominant (Caey et al., 1977). The lack of typical sialic components in these
deposits strongly suggest trough deposition close to an island-arc or a very
active continental margin along which calc-alkaline volcanics of Andean type
were exposed (Casy et al., in press). In the central branch, very similar deposits
laterally grade into a terrigeneous semi-pelitic unit which near the eastern margin
is restricted to the base of the succession (GRavELLE, 1969).

8. Acidic volcanic complexes. Acidic volecanics, predominantly
dacites and rhyo-dacites, have been deposited upon the terrigeneous formation.
Keratophyres in connection with polymetallic sulphide deposits have also been
recorded. Many acidic plutons often rich in albite may represent magmatic
chambers related to this episode.

4. Calc-alkaline batholiths. These pre-tectonic batholiths are mainly
quartz-diorites to calc-alkaline granites, and are widespread in the northern part
of the central branch, where they were subsequently sheared under greenschist
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facies conditions. They often contain a great number of basic to semi-basic intra-
plutonic dykes.

5. Basic rocks. Basalts, diabases and quartz-diabases sills were emplaced
in the graywacke or pelitic formations. They probably belong to several gene-
rations but seem to represent the latest intrusions in many areas.

V. The molassic deposits

The main molassic deposits up to 6000 m thick in the Ouallen area crop out
in N—S trending graben and in residual basins from western Hoggar, where
they were first described as “Série pourprée” de I’Ahnet (Monop & BOURCART,
1932). This series has been later subdivided into several units (Casy & Moussv,
1967). Resting unconformably upon any structural and metamorphic level of the
Pharusian belt, intruded by the 580 m.y. old post-tectonic granites, the basal
group is often outlined by glacial deposits including: a typical moraine displaying
sorted blocks of local origin, polygenic fluvioglacial conglomerates and in many
areas a regular tillitic horizon mostly associated with carbonates containing either
stromatolites (BERTRAND-SARFATI, 1968) or erratic blocks up to several cubic
metres. The overlying jaspers and acidic volcanic ashes are thought to derive
from the In Zize ignimbritic rhyolites, dated at 530 m.y. by Rb/Sr (ALLEGRE &
Cay, 1972). This association of tillite, carbonates and jaspers is tentatively
correlated with the glacial deposits of the Bthaat Ergil Group resting upon the
West African craton (TroMpETTE, 1973). Most of the overlying rocks which show
very rapid lateral facies changes, are continental red arkosic sandstones and poly-
genic conglomerates with a few siltstone and clay horizons. The upper group of
probable lacustrine or marine origin comprises West of QOuallen more than
1500 metres of varved clays overlain by a tillite, and North of the In Semmen
graben a 2000 metres thick green flysch unit including volcanic graywackes con-
taining basaltic detritus is cut by a syenite. A 470 * 18 m.y. age, interpreted
as the age of diagenesis, has been obtained on clays from an unfolded area,
South-East of Ouallen (Crauer, 1976) and this figure confirms the attribution
to the Cambrian of this Series proposed by Casy (1967).

In the central branch, similar deposits crop out South-West of Silet (GRAVELLE
& TueBAULT, 1965). Here the lower unit includes green beds similar in facies
to the underlying metagraywackes and cunglomerates of upper Proterozoic age.
The upper unit is composed of red arkosic sandstones and polygenic conglo-
merates, which are intruded by rhyolitic sills.

d) Pan-African structures and metamorphism of the
Pharusian belt

The deformation is best documented in the western branch. Three phases of
folding have been described (Casy, 1970).

I. The earlier deformation (F 1) is displayed in the deepest struc-
tural level (Tideridjacuine area). Isoclinal folds developed during Barrovian type
metamorphism in the quartzite formation. These folds are kilometric in size, and
face NNW. The syn-kinematic isograds related to this major tectonic phase have
been mapped in this region (Casy, 1970) and are characterized by a wide kyanite
zone with a low temperature zone in which chloritoid appears. Local occurrences
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of eclogitic rocks have been found in the kyanite and in the sillimanite zones:
the transition between these two zones is very gradual, and there is a complete
lack of migmatisation and associated syn-kinematic intrusions.

In the North, the very high level Tassendjanet Nappe composed of Eburnean
rocks and its cover of the “Série a stromatolites” moved southwards. The lower
part of the nappe gradually exposed towards the West is in the biotite-staurolite
zone of medium pressure type. Upper Proterozoic meta-graywackes affected by
recumbent folds represent the autochtonous terranes beneath and in front of the
Nappe. High-level klippen of the “Série & stromatolites™ are also preserved.

II. The F2 phase has build N—S trending recumbent folds facing West,
which define anticlinoria and a major synclinorium of late Proterozoic gray-
wackes. These structures are associated with an increase of temperature shown
by pseudomorphs of andalusite after kyanite in the lower units. Parautochtonous
diapiric plutons of granite s.I. dated at 640 m.y. (ALLEGRE & Casy, 1972) were
intruded in the core of isoclinal folds facing West.

III. The F3 phase has affected the whole area. It produced folds with
vertical axial planes, the direction of which is mostly oblique to the shear zones
with a main NNW trend. Open folds associated with low-grade greenschist facies
conditions in the core of the metagraywacke synclinorium where they apppear to
be the only phase of deformation, tighten towards the West, while the meta-
morphic grade increases. The westernmost area of Egatalis is affected by late
to post-kinematic HT/LP metamorphism with local occurrences of granulite facies
rocks related to a late high thermal gradient produced by syn-metamorphic
noritic intrusions.

The later deformations which postdate the post-kinematic granites and partly
the molassic formations of Cambrian age are related to horizontal and vertical
movements along strike slip faults, and strong differential uplift of blocks related
to graben tectonics. ;

In many areas of the central branch, N—S trending folds seem to be the only
Pan-African deformation in greenschist facies metamorphism (Graverie, 1969).
Polyphase deformation however is general in deeper structural metamorphic
levels and steeply plunging folds are also very frequent in the western part of
this zone. Moreover, local post-molassic thrusting has been observed (R. Casy,
unpublished results) indicating the high mobility of this zone, cut by the Taourirt
granites at 560—540 m. y. (BoissonNas ef al., 1969) which forms a characteristic
province in this branch.

3. The polycyclic central Heggar province

The lithology, metamorphic history and structural evolution of the central
Hoggar, differ completely from the Pharusian belt. The main characteristic is
the considerably smaller areal extent of low grade upper Proterozoic units, less
than 10% of the whole area. Pan-African granites however are abundant particul-
arly in the West. Older Archean and Eburnean rock units are gneisses and high
grade schists whereas granulite facies rocks are found in some places but have
been involved in a polymetamorphic and polytectonic evolution during the
“Kibaran” orogeny according to Bertranp (1974), and in superimposed Pan-
African deformation of variable intensity.
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a) Polycyclic rock units

On the basis of structural and metamorphic criteria, three main polycyclic
domains have been distinguished:

I. The Aleksod domain

The Aleksod area has been described by BeErTrAND (1974). Similar Pan-African
basement areas are found in the Egere, Tourha and Arefsa regions although
they have not been studied in detail.

The domain is characterized by:
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1. an Eburnean basement composed of banded grey granodioritic
gneisses, augen gneisses and some meta-sediments which are cut by amphi-
bolitised dykes. The augen gneisses have been dated at 1940 m.y. (BERTRAND,
1974) and this age is in good agreement with the Eburnean age of granite
emplacement defined elsewhere in Africa (BoNmoMME, 1962). The age of the
banded gneisses is not so well established: a Rb/Sr reference isochron (BERTRAND
& LasseErgE, 1978) indicates an age of 2200 m. y., but isolated whole rock model
ages suggest an older age (~ 2500 m.y.). Thus there is some evidence of a pre-
Eburnean history for this gneiss complex.

2. the Aleksod unit, a high grade complex of amphibolites and meta-
sediments resting with a structural disconformity upon the Eburnean basement,
which from base to top consists to: massive amphibolites with chemical composi-
tion close to continental tholeiites and similar in composition to the basic dykes
cutting Eburnean basement, plagioclase bearing gneisses, associated with kyanite
garnet schists and calc-silicate layers, calc-silicate rocks associated with garnet
amphibolites, pyroxene amphibolites, marbles and thin layers of kyanite-garnet
schists and locally lenses of banded ironstone, veined muscovite bearing gneisses,
meta-sedimentary rocks mainly alumina-rich kyanite bearing schists, associated
with marbles, quartzites and some amphibolites, and veined biotite hornblende
gneisses.

Apparently the whole sequence does not exceed 1500 metres.

The earliest deformation observed in the Aleksod unit also folds the cross-
cutting amphibolitised dykes in the Eburnean basement and proves the existence
of a major break between both units. This F 1 phase of folding in the Aleksod
unit produced large scale recumbent folds during high-grade often migmatitic
barrovian type metamorphism. The F 2 folds are also recumbent but smaller in
size with associated metamorphism of lower grade. Both phases have been
attributed to the “Kibaran™ orogenic cycle in the light of geochronological data
(BERTRAND, 1974; BERTRAND & LAssERRE, 1976). Rb/Sr whole rock isochrons have
yielded an age of 1040 m.y. on migmatised pelitic gneisses of the Aleksod unit
and respectively 910 and 930 m.y. on blastomylonites formed during F1 de-
formation and on schists in the Eburnean basement.

The type and intensity of the Pan-African deformation varies from place to
place: tight upright F3 folds associated with retrograde metamorphism are
found near N—S trending shear zones and are in continuity with similar
structures found in monocyclic schist belts of assumed upper Proterozoic age.
The wave-length of the F 3 folds decreases away from the shear zones. Rare
granodiorites and granites cross-cut all previous structures. Fresh cordierite and
sillimanite occur in alumina-rich gneisses within the aureoles. Late post-meta-
morphic thrusting has been described from the Ouadenki area (BERTRAND, 1974)
and is probably related to late movements along shear zones.

II. The Oumelalen-Temasint domain

The tectonic and depositional history of this area characterizes most of the
eastern part of central Hoggar. The following units have been distinguished:
1. Pre-Eburnean rocks (“Série rouge des Oumelalen”) have been
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reported on the basis of structural and geochronological data (LatoucHk, 1972;
LaTtoucHE & VIDAL, 1974).

2. Eburnean basement constituted mostly of meta-sediments meta-
morphozed in the granulite facies (Oumelalen Formation) at c.a. 2000 m.y.
(LatoucHE & VIDAL, 1974) associated with isoclinal folding.

8. The Toukmatine Formation (Laroucur, 1972) and the Tit
n’Afara Unit (Guiranck, 1966) are probably equivalent in age to the
Aleksod Unit. They consist of a monotonous sequence of alumina-rich schists with
some quartzites, amphibolites, marbles and cale-silicate rocks, serpentinites and
locally layered alkaline orthogneisses. In contrast to the Aleksod area, the meta-
morphism of barrovian type amphibolite facies is devoid of migmatisation and
possibly decreases eastward to the greenschist facies. The main phase of de-
formation which produced the foliation and isoclinal folding and later thrusting
in the Toukmatine area can be considered by comparison with the Aleksod area
as “Kibaran”. Such an interpretation would be in agreement with the 750 m.y.
data obtained on the granodiorite emplaced after this main deformation
(LatoucHe & VipaL, 1974). In the Toukmatine area a late phase of upright
tight folds is thought only to be related to the Pan-African (LatoucHue, 1972).
In the Temasint area the present authors (unpublished results) have observed
two phases of deformation believed to be Pan-African: (1) recumbent folding
facing W under greenschist facies conditions producing intense retrograde meta-
morphism; (2) later tight upright folds. North-East of this domain, the Tazat Unit
(Braise, 1967) comprises a thick fluviatile quartzite formation deposited upon
a granitic basement (BERTRAND et al., 1968) which is tentatively correlated with
the Ahnet Formation of western Hoggar, involved in polyphase deformation
during one single orogenic cycle (Pan-African?).

III. The Tefedest-Atakor domain

In contrast with the previous areas this domain is intruded by abundant Pan-
African granites (Piccrorto et al., 1965; MAISONNEUVE, 1970; ViTEl, & VIALETTE,
in press). Almost all the gneisses surrounding the granites have been affected by
an important phase of approximately N—S trending folding with vertical axial
planes which decreases in intensity southward. This folding is accompanied by
high grade, low pressure type metamorphism (cordierite, sillimanite and some-
times andalusite) and intense migmatisation grading into syn-kinematic granites.
Relict high pressure mineral assemblages including kyanite-bearing rocks and
granulite facies in the Tamanrasset area (GRAVELLE, 1969; Descrames, 1973) and
the Tefedest (ViteL, 1971) are interpreted as pre-Pan-African. South of Taman-
rasset as the domain widens flat-lying foliations prevail and may represent an
unreactivated zone unconformably overlain by residual basins of upper Protero-
zoic rocks. It is noteworthy that the high level W-Sn bearing granites and
greisens are concentrated in this zone (BoissonNas, 1973).

b) Monocyclic upper Proterozoic units

They form two types of structures: narrow linear belts of low grade schists
and volcanics (Arefsa, Serkout, Temasint), and small basins (Laouni, In Ebeggui).
The state of knowledge of the structural evolution of these occurrences is poor.

24 Geologische Rundschau, Bd. 67 373
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Local unconformities have been described (Kiuian, 1932; LerLusrg, 1952) but
their structural significance is uncertain. In most cases the belts are bounded by
tectonic contacts or by late granitic intrusions. The most extensive is the Arefsa
belt which follows the Amguid-Arefsa shear zone. Although polyphase deforma-
tion has been observed in schists, the prograde mineral assemblages of green-
schist facies locally up to the staurolite-almandine zone in the northern part
(BERTRAND, 1974) account for a monocyclic evolution of Pan-African age. Locally
high-level granites developing contact metamorphism cross-cut the schists.

4. The eastern Hoggar

This domain has been subdivided into three structural domains. Two different
pre-Pan-African basement units which are also very dissimilar to the basement
units described in the Pharusian belt and in the central Hoggar, are separated
by a narrow rectilinear belt of upper Proterozoic rocks, the Tiririne belt, folded
and metamorphosed during the late Pan-African. Many granites are associated
with this event, and the western boundary of the Issalane domain is cut by post-
kinematic granites which form the elongated N—S Honag zone.

a) The Issalane pre-Pan-African domain

The lithology of this unit is very homogeneous. Some marker horizons may be
followed more than one hundred kilometres. They comprise banded and veined
granitic gneisses, meta-sedimentary unit composed of green Cr-bearing quartzites,
marbles and calc-silicate rocks, and pelitic gneisses with associated coarse-
grained migmatites. Very characteristic of this unit is the occurrence of thin but
extensive layers of alkaline to peralkaline leucocratic gneisses which probably
represent intrusive pre-tectonic sills.

The polyphase deformation and metamorphism predate deformation in the
Tiririne belt which only affects the eastern margin of the Issalane basement.
The coarse-grained migmatites are associated with E—W trending folds develop-
ed during high temperature low pressure metamorphism (sillimanite, cordierite,
wollastonite in marbles). This event is superimposed upon large scale earlier
isoclinal folds. Relict kyanite and rutile may be related to this earlier event.

The age of these rocks and of the metamorphism is unknown.

b) The Tafassasset-Djanet domain, part of the
East Saharian craton

This domain is mainly composed of large batholiths of predominant calc-
alkaline granites overlain by the flat-lying Tiririne Formation. It comprises also
low grade flysch-type deposits, a marble cale-silicate sequence and various pre-
tectonic volcanic and plutonic rocks including alkaline gneisses and granites
and ultrabasic rocks. West of Djanet, semi-pelitic schists and graywackes cut by
foliated granites built extremely deformed vertical N—S trending shear belts
which also predate deposition of the Tiririne Formation.

The Tiririne Formation which has been described in the Niger as the Proche-
Ténéré Formation (Raurats, 1959; Brack et al., 1967) comprises three groups
of rock sequences composed of arkoses, graywackes, silts and conglomerates
(BERTRAND et al., in press). Lithologically strikingly similar to the “Série verte
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of western Hoggar”, this formation is 1500 metres thick and slightly deformed
in the South. A pre-tectonic sill of granodiorite has given a U/Pb zircon age of
660 m.y. a figure which gives an upper limit age for the deposition of the
formation (BERTRAND et al., in press). To the North this formation is more than
8000 metres thick, and is progressively affected by deformation and meta-
morphism in the Tiririne belt, entirely controlled by the 8° 30" E shear zone.

¢) The Tiririne belt

The structural setting of the belt is described elsewhere (BErTRAND et al., in
press). It may be summarized as follows:

In the southern part gentle open folds are only found close to the shear zone
and flat-lying beds are however affected by an incipient vertical N—S trending
slaty cleavage.

In the central part of the belt overthrusting to the East of the Issalane base-
ment rocks upon Tiririne rocks took place along the 8° 30" E shear zone which
gradually decreases in dip. In the Tiririne rocks, recumbent folds facing East
were formed under greenschist facies metamorphic conditions up to the biotite
zone going North. The margin of the Issalane domain is affected by mylonitisa-
tion of upper greenschist facies grade over a zone 5 to 10 km wide.

In the northwestern part of the belt, preserved only as pendants within large
syn to post-kinematic granites emplaced at c. a. 604—585 m. y. (BERTRAND et al.,
in press), gneisses affected by polyphase deformation were recognised to represent
high grade equivalents to the Tiririne rocks with relicts of some meta-conglo-
merates and some pecular horizons, despite a lower amphibolite HT/LP type
metamorphism and partial migmatisation.

The tectonic development of this narrow ensialic belt is entirely controlled by
the 8° 80" E shear zone, which appears as a late tilted major thrust, and thus this
belt only related to the late Pan-African, implies an E—W shortening of c. a.
30 km (BERTRAND et al., in press).

5. The shear zones, a mega strike-slip fault sytem

N-—S trending, often sinuous and branched major vertical shear-zones and
faults are a striking feature beautifully displayed on ERTS photographs of the
whole Hoggar shield. These structures have been interpreted as a mega strike-
slip fault system of continental scale (Cagy, 1968). The permanence of this N—S
trending shear system within the shield is indicated by the distribution of some
alkaline intrusive complexes of middle Proterozoic age in the western branch
and the pre-Pan-African age of the N—S shear belts of the Tafassasset-Djanet
domain. Nevertheless, the major movements along the shear zones of western
central Hoggar are of Pan-African age and their genetic relation with the late
phase of NS trending upright folds has been proven in many areas (Casy, 1970;
LaroucHg, 1972; BERTRAND, 1974; ViTEL, 1975; BERTRAND et al., in press). More-
over the permanent mobility of main shear zones is shown by shearing of late
to post-kinematic Pan-African granites themselves cutting mylonites, and post-
Palacozoic and pro parte post-Cretaceous reactivation is also shown by the
structures of the cover North of the shield (Levusrg, 1952; Brack & Girop,
1970).
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Although only preliminary results on strain analysis and petrofabrics of the
mylonites are available (BouLLier, work in progress), they are generally in the
greenschist facies and the overall horizontal stretching lineations imply mostly
pure horizontal movements, In many cases the drag of foliation trends adjacent
to the mylonites together with the help of geological markers allows the tentative
determination of the sense of movement. On these grounds, a 350 km sinistral
displacement of the In Ouzzal block with respect to the Iforas granulite block
has been advanced (Casy, 1968) and such a proposal best explains the juxta-
position of unreactivated granulites with different structural and metamorphic
levels of the western Pharusian branch. A left lateral displacement of 45 km has
also been recognized along another strike-slip fault along the eastern margin of
the Tassendjanet Nappe (Casy, 1970). The Amguid-Arefsa shear zone which
coincides with the monocyclic meta-sediments of the Arefsa to the South, would
be a left lateral wrench fault of possibly more than 400 km displacement. On
the other hand, opposed lateral movements along sinuous N-—S trending, faults
would imply pure lateral-slip related to E—W flattening of an arcuate fault
bounded block. The major 4° 50" E shear zone which delimits Pharusian belt and
central Hoggar, outlined by a mylonite zone many kilometres wide with a
horizontal stretching lineation is probably also one of the major wrench faults of
the shield of unknown lateral displacement. The 8° 30" E shear zone shows that
it has been active throughout the tectonic history of the Tiririne belt, and re-
presents the late evolution of a major thrust.

A second order conjugated system of NW—SE and NE—SW strike-slip faults
with minor displacements related to the same E—W shortening is superimposed
upon the shear zones, and extends beyond the Hoggar shield (Barw, 1977).

Though the system of shear zones considerably obscures the exact geometric
relationships of different domains and provinces which have been defined, they
constitute a key for understanding the global tectonics of the Hoggar shield.
The overall picture of the shear pattern formed during the late Pan-African is
one of pronounced E—W tightening with an important sinistral component.

6. Discussion

An attempt to correlate the major rock units and the major igneous and
orogenic events in the Hoggar shield is given in Fig. 6.

a) The structural assymetry of the shield

Despite of the picture of N—S trending longitudinal block and shear zones
due to the late stages of the Pan-African orogeny which affects the shield over
a width of 800 km, in fact, the Hoggar exhibits a strong assymetry in lithology,
metamorphic grade and age, and Pan-African structures.

To the West, the Pharusian belt, divided into two branches by the In Ouzzal
block which can be regarded as a micro-continent, corresponds to newly formed
crust of upper Precambrian age (Fig. 7 A, B).

East of the 4° 50" E shear zone, the central Hoggar is part of an old cratonic
area of Eburnean or older age covered by younger supracrustal rocks, which was
partly affected by thermotectonic events of assumed “Kibaran™ age, and later by
the Pan-African orogeny.
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The thermo-tectonic events related to the “Kibaran™ orogeny may have affected
the central part of central Hoggar only, but it must be pointed out that syn- or
post-orogenic granites which could be related to that cycle are very scarce. U/Pb
ages on zircons are required to precise the timing of this post-Eburnean event.

b) The main stages of palaeotectonic development
of the Pharusian belt

Three main stages of palaeotectonic development outlined by three major
magmatic cycles can be defined:

I. Middle Proterozoic subsiding areas and cratonic
magmatism,

At a rather imprecise period (1800—1750, or 1350 m. y. ?) terrigeneous sedi-
ments were deposited in subsiding ensialic basins. A subsequent magmatic cycle
of alkaline to peralkaline type was responsible for layered intrusions of hypo-
volcanic rocks and granites. It is likely that intrusions of this age identified in
western Hoggar belong to a greater province, as it is frequently the case for such a
cratonic magmatism. The localisation of alkaline intrusions along some N—S
trending shear zones may indicate the very early creation of deep lithospheric
tensional faults subsequently reactivated during the Pan-African.

II. Cratonic shelf type upper Proterozoic sedimenta-
tion and the basic-ultrabasic magmatic cycle at c.a.
800 m.y.

Stable conditions characterize the period between c.a. 1100—800 m.y. during
which shelf-type very uniform sediments with the preponderance of carbonates
were directly deposited over a sialic basement which was possibly part of a
greater palaeo-West-African craton, and also concordantly upon the basins of
middle Proterozoic age. It was followed by a continental scale tension regime
which was initiated at c.a. 800 m.y. In the western branch, widespread basic
and ultrabasic intrusions represent the basification of the older sialic crust and
its cover, and they announce the forthcoming arc-type development with calc-
alkaline magmatism (Fig. 7 A).

In the central branch, ultrabasic intrusions are less abundant than quartz-
diorites and granodiorites which also cross-cut shelf-type sediments and various
volcanics suggesting crustal consumption in this zone. Subsequent strong positive
vertical movements led to the erosion of these eruptive rocks and to the forma-
tion of an ephemeral palaeo-topographic surface.

N—S trending metamorphic dyke swarms of predominantly hypovolcanic and
volcanic rocks of basaltic, syenitic and peralkaline composition may represent the
remnants of a rifting stage. This longitudinal zone coincides with the actual border
fault which delimits the margin of the West African craton. Thus,, this fault may be
regarded as a cryptic suture zone, since typical ophiolites are preserved along
it both to the North in southern Morocco (LEBLANC, 1976) and to the South in
Mali (LEBLANC, pers. communication, 1976), but no convincing evidence of upper
Proterozoic oceanic crust has yet been found anywhere in Hoggar.
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Fig.7. A schematic reconstruction of the western part of the Pan-African mobile belt
in terms of present views on global tectonics appplied to the upper Proterozoic.
(A) is the opening stage (c. a. 800 m.y.) during which crustal thinning, basification
process, together with the formation of oceanic crust took place. Calc-alkaline batho-
liths of the eastern part suggest early subduction zones dipping East (B) represents
the posible site during which the main calc-alkaline volcanics and plutonics were
emplaced (c. a. 750—650 m. y.?) in relation to East dipping subduction zones. In these
two palinspatic sections, the question marks outline the gaps of unknown width due
to lateral displacements along the shear zones. The location of oceanic crust is only
inferred from the widespread calc-alkaline rocks which may derive from partial melting
of descending oceanic lithosphere, and also from the existence of ophiolites in South
Morocco and northern Mali. (C) gives a possible section of the western Pharusian
branch just after the complete oceanic closure and after the initial major phase of
Pan-African deformation (c. a. 650 m.y.) which produced nappes, recambent folding
and a global crustal thickening (T.N.: Tassendjanet Nappe). The lower part of this
section is highly speculative.

III. The late Proterozoic calc-alkaline cycle suggesting
a possible island-arc type environment {(c.a. 8300 —650m.y.)
(Fig.7 B).

This third magmatic cycle represents the main rock forming process, and by
the volume of rocks generated this period may correspond to crustal accretion
process. Indeed, calc-alkaline volcanics (andesites, dacites, rhyodacites) and
immature volcanoclastic deposits mainly volcanic graywackes are predominant
(Casy et al., 1977) together with pre-tectonic batholiths ranging from diorites to
calc-alkaline granites which in the central branch crop out over as much as
50000 km2. It is likely that such a widespread calc-alkaline magmatism may have
been linked with subduction zones. The western branch andesites which overlie
basic and ultrabasic rocks may correspond to an island-arc adjacent to volcanic
graywackes trough deposits, whereas the calc-alkaline batholiths and associated
rhyo-dacites of the central branch may represent an Andean-type assemblage,
possibly initiated earlier East of the In Ouzzal block, which was buried beneath
andesite and basalts.

The Pan-African orogeny s. S. was initiated after the third magmatic cycle was
completed. Very unequal uplift of the belt in connection with the development
of the strike-slip fault system and the later horst graben tectonics are responsible
for a rather complex metamorphic and structural pattern. Moreover, the degree
of metamorphism and deformation depends also on the nature of the crust. It is
remarkable, indeed, that a very weak deformation under upper greenschist facies
conditions occurs as a rule in the areas of pre-tectonic volcanics and magmatism
of the central branch which may represent an Andean-type assemblage lying
upon a possible granulitic crust, while middle to lower amphibolite conditions
accompanied by anatexis and syn-kinematic granites are localised in zones of
predominant meta-sediments of middle Proterozoic or late Proterozoic age. The
absence of Pan-African metamorphic tectonic events is also striking in the In
QOuzzal block, as shown by the horizontal attitude of the pre-Pan-African pene-
plain outlined by the late Proterozoic andesites.

Pan-African polyphase deformation and recumbent folding seem to be restrict-
ed to the deepest structural level of the two branches of the Pharusian belt,
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whereas N—S trending folds with mainly vertical axial planes are the only
structures recorded both in the low-grade synforms of late Proterozoic rocks,
close to the eastern margin of the central branch, and in the polycyclic units
of central Hoggar.

The 650 m.y. zircon ages on syn-kinematic granites both in the Pharusian belt
and in central Hoggar (Picciorro et al., 1965; Avricre & Casy, 1972) may
indicate large scale crustal melting processes during the peak of the “early
phase” of the Pan-African orogeny, but in the western branch, the peak of
Barrovian type metamorphism predates these granites (CaBy, 1970). Assymetry
is also displayed by the preponderance of basic and intermediate syn-orogenic
plutonism (gabbros, diorites) indicating a large contribution from the mantle
in the Pharusian belt compared to the prevalence of more K-rich adamellites
and granites in central Hoggar suggesting an origin involving partial melting of
a thickened sialic crust.

Heterochronism of the deformation between western central Hoggar and the
eastern Hoggar is suggested by geochronological data which indicate tension and
pre-tectonic magmatic activity in the site of the ensialic Tiririne belt at 660 *
5 m.y. (BERTRAND et al., in press) roughly contemporaneous with syn-kinematic
granite emplacement in the Pharusian belt. Geochronological data also show that
polyphase deformation within the Tiririne belt is younger than in the rest of the
shield and occurred slightly before the syn-kinematic granites dated at 604 =
13 m. y. (BERTRAND et al., in press).
¢) Geodynamic model for the Pan-African belt of Hoggar

The shear belt and strike-slip fault system of the shield can be compared in
scale and geometry, to that of the northern Himalayas which is clearly related
to different stages of the collision between India and Asia (MoOLNAR & TAPONNIER,
1975). The shear belts and strike-slip faults of Hoggar are the result of the
collision between two plates: the West African craton, rigid since some 2000 to
1800 m. y. to the West, and the East Saharian craton, which was also rigid before
660 m.y.

The early stage of the collision (c. a. 650 m.y.) (Fig. 7 C) may have produced
crustal thickening by recumbent folding at depth and thrusting. These early
structures mostly tightened and refolded may have had a geometry induced by
that of the inferred east dipping subduction zones. At a later stage the same
tectonic event was culminating with a compression which produced N—S trend-
ing folds with vertical axial planes, the thrusts evolving into more or less vertical
strike-slip faults outlined by mylonites of always greenschist facies grade. We
suggest that though unquantified a rather important shortening may have been
absorbed by lateral movements along conjugate shear zones. The localisation of
100% dyke complexes, both gabbroic and strongly acidic alkaline, emplaced
after F 1 in tension zones within some major strike slip faults, such as the western
fault of the In Ouzzal block for which a sinistral displacement of 350 km has
been postulated, accounts for the importance of such faults which may affect
the whole lithosphere (Fig. 8).

The presence of many granitic intrusions, subsequently sheared along some
major faults may indicate alternating periods of tension and compression which
can be correlated with sinuous paths of contiguous crustal blocks of different
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rheologies. This fact is also frequently demonstrated by the sigmoid attitude
of the main cleavage planes (and eventually their late folding with steep axes)
along some faults. Most of the intrusive granites, especially the Taourirts (Bois-
SONNAS, 1973) were emplaced during this stage. On the other hand, the LP/HT
metamorphic conditions which have locally generated fresh granulite facies rocks
are only found to the West of the belt, in the Egatalis area.

The Tiririne belt localised on the edge of the East Saharian craton only formed
after most of the collision was completed at 600—580 m. y. (BERTRAND et al., in
press) and the higher group of sediments of the Tiririne Formation is already
a molasse. The late stages of collision are responsible for second order conjugated
sets of strike-slip faults which are so characteristic of the Hoggar shield and Air
mountains. Deposition of the molassic “Série pourprée” of western Hoggar was
partly controlled by these second order strike-slip faults. Preserved in graben and
in unfolded residual basins, for example North of the In Ouzzal block, these red
deposits were subjected to diagenesis at ¢.a. 470 * 18 m.y. (Crauegr, 1976) but
other similar deposits South-West of Silet which are affected by thrusting account
for the late mobility of the central branch of the belt. In the central Hoggar,
it is also noteworthy that the young mineral ages in the range of 550—470 m.y.
are explained by very late uplift just before deposition of the Ordovician
<andstones of the Tassili.

7. Conclusions

The Pan-African belt of Hoggar, 800 km wide, is strongly assymetric. As old
as middle Proterozoic, relative mobility of the originally ensialic zone located
East of the West African craton is indicated by wide subsiding areas and by a
first magmatic cycle (1750 or 1350 m.y. ?) of typical cratonic and anorogenic
type. The c.a. 800 m.y. old magmatic event is related to a continental scale
tensional regime and represents a large mantle contribution in the form of basi-
fication of some crustal blocks and their shelf type cover, and this event may
be correlated with upper Proterozoic ophiolites of adjacent areas. A third major
magmatic cycle of calc-alkaline volcanics and plutonics took place in the period
800—650 m.y., suggesting both island-arc type and Andean type assemblages
and this major pre-tectonic event may have been linked to East dipping sub-
duction zones and to the closure of an ocean as proposed by Casy (1970). Geo-
chronological data suggest that the central Hoggar formed of sialic units of
Eburnean and older ages and younger supracrustal rocks, had already been in-
volved in a tectono-metamorphic event of assumed “Kibaran” age, before its
reactivation during the Pan-African orogeny marked by N—S trending folds,
metamorphism, and syn-orogenic Pan-African granites.

Recumbent folding at depth and thrusting account for the unquantified
shortening realised by crustal thickening within the belt in the “old” stage of the
Pan-African orogeny dated at c.a. 650 m.y. by synorogenic granites (Picciorto
et al., 1965; ArLicre & Casy, 1972). The conspicuous system of N—S trending
vertical shear zones and strike-slip faults, to which the late N—S trending folds
are geometrically linked also produced a very important E—W shortening
realised by lateral movements along conjugate shear belts with a main sinistral
component during the “late” stage of the Pan-African orogeny in the period
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2 600—550 m.y., but geochronological data point out to some eastwards
younging of the main Pan-African deformation. The younger mineral ages (550
to 470 m. y.) indicating late vertical uplift of central Hoggar is contemporaneous
with molassic deposits preserved mainly in the western part of the belt.

The Pan-African orogeny in Hoggar is essentially due to the squeezing of the
“mobile zone” between two colliding rigid plates: the West African craton and
the East Saharian craton. Whilst an oceanic opening and closure may be inferred
along the western branch of the Pharusian belt, the orogenic evolution of central
and eastern Hoggar is believed to be ensialic.
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Plate 1: Petrographical map of the central part of the Jebel Nefusa Voleano.



