
249 

Geologische Rundschau 81/11 249-259 [ Stuttgart 1992 

Inversion Tectonics of intracontinental Ranges: High and Middle Atlas, 
Morocco 

By P. GIESE and V. JACOBSHAGEN, Berlin*) 

With 4 figures 

Zusammenfassmlg 

Der Hohe und der Mittlere Atlas sind intrakon- 
tinentale Gebirge im mobilen Vorland des mediter- 
ranen Rif-Orogens. Ihre Entwicklung weist drei 
Perioden auf: Die erste (Perm-Bathonium) kulmi- 
nierte im Lias mit der Bildung von Riftgr~iben ent- 
lang spfitvariskischer Bruchzonen und Tholeiit-Er- 
gtissen. Im Intervall Callovium-Eoz~in deuten 
tektonische Beruhigung und geringere Sedimenta- 
tion auf eine allmfihliche Abktihlung der Litho- 
sphfire hin. Seit dem Oligoz~in steht die Region 
unter Kompression. Der Hohe und der Mittlere 
Atlas haben sich zeitgleich mit den Hauptphasen 
der Kompression im Rif herausgehoben. Refrak- 
tionsseismische Untersuchungen haben einen fia- 
chen Lagenbau der Kruste mit mehreren low-velo- 
city-Zonen aufgewiesen, deren tiefste mit einer 
Zone hoher elektrischer Leitf~ihigkeit zusammen- 
ffillt und als bedeutende Abscherungszone gedeu- 
tet wird. 

Aus der geotektonischen Entwicklung des 
Hohen und des Mittleren Atlas und aus der heuti- 
gen Krustenstruktur wird folgendes Modell abge- 
leitet: In der frtthmesozoischen Rift-Phase wurde 
die Kruste fiber den Mantel-Aufw61bungen dutch 
Zerrungsbrtiche und durch Zergleiten an subhori- 
zontalen Scherfl~ichen ausgedfinnt. W~ihrend der 
k~inozoischen Kollisionen im Rif-Atlas wurden die- 
se Scherfl~ichen dann gegenlfiufig bewegt, die Rift- 
graben-Ftillungen dabei bis zu geringer Krusten- 
verdickung eingeengt und anschlieBend herausge- 
hoben. Die Inversion der beiden Atlas-Gebirge ist 
somit nicht nur isostatisch bedingt, sonderu auch 

durch Aufpressung bei thick-and-thin-skinned-Tek- 
tonik verursacht. 

Abstract 

The High and Middle Atlas are intracontinental 
mountain belts situated within the mobile foreland 
of the Mediterranean Rif orogen. They developed 
in three stages. The first period (Permian - Batho- 
nian) culminated during the Lias with extended rift 
grabens and tholeiite extrusions. From Callovian 
to Eocene, the tectonic activity and the rates of 
sedimentation were reduced, both pointing to a 
cooling of the lithosphere. Since the Oligocene, 
the whole region is submitted to compressional 
stress. The High and the Middle Atlas were up- 
lifted within two phases, which were correlated 
with main phases of Rif orogenesis. Refraction 
seismic measurements have recently revealed there 
a flat layered structure of the crust with several low 
velocity zones. The deepest one coincides with a 
layer of high electric conductivity, which is inter- 
preted as a zone of detachment. 

From the geotectonic evolution of the High and 
Middle Atlas and from the structure of the crust, 
the following model was deduced: During Early 
Mesozoic rifting, the crust on top of the mantle el- 
evations was thinned by both extensional fractur- 
ing and  by gliding along intracrustal detachment 
planes. During the Cenozoic collisions of the Rif, 
these shear planes were reactivated by thrusting in 
opposite directions. Compressional deformation of 
the graben fillings led now to a moderate thicken- 
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ing of the crust, e.g. up to 40 km beneath the High 
Atlas. Subsequent uplift and inversion was not 
only caused by isostasy, but also by squeezing up- 
ward due to thick- and thin-skinned tectonics. 

R6sum6 

Le Haut Atlas et le Moyen Atlas sont des 
chaines intracontinentales situ6es dans l'avant pays 
mobile de l'orog6ne m6diterran6en du Rif. Elles se 
sont d6velopp6es en trois pdriodes. La premi6re 
(du Permien au Bathonien) a culmin6 au Lias avec 
la formation de foss6s de rift accompagnds d'effu- 
sions thol6iitiques. Au cours de la deuxi6me pdrio- 
de (du Callovien 5 l'Eoc6ne), l'activit6 tectonique 
et les taux de sddimentation 6taient r6duits, indice 
d'un refroidissement de la lithosph6re. Depuis 
l'Oligoc6ne, la rdgion est soumise h une compres- 
sion. Le Haut Atlas et le Moyen Atlas se sont sou- 
levds en deux phases, coLncidant avec les phases 
principales de compression du Rif. Les sondages 
sismiques ont mis en dvidence une structure de la 
crofite en couches subhorizontales comportant 
plusieurs zones h faible vitesse dont la plus profon- 
de coincide avec une zone de haute conductivit6 
61ectrique interpr6t6e comme un vaste ddcolle- 
ment. 

En conclusion, nous proposons le mod61e 
suivant pour le Haut et le Moyen Atlas: pendant la 
phase de rifting du M6sozo'ique infdrieur, la crofite 
a 6t6 amincie au-dessus de bombements du 
manteau, non seulement par des fracture d'exten- 
sion mais aussi par glissement le long de d6colle- 
ments subhorizontaux. Durant les collisions cdno- 
zoiques du Rif, ces d6collements ont dt6 r6activ6s 
en charriages par glissement en sens inverse. Ce 
processus, en rdtrdcissant les remplissages des 
grabens, a provoqu6 un ldger 6paississement de la 
crofite (jusqu'5 40 km sous le Haut Atlas) et le 
soul6vement final. Finversion des chaines atlasi- 
ques n'a donc pas seulement 6t6 l'effet de l'isosta- 
sie, mais aussi d'une tectonique ~thin-and-thick- 
skinne&<. 

KpaTKOe co~ep~aHHe 

BMCOKOFOpHMfI H cpeJIHm~ A T a a c  I;IBJI~ItOTCl{ 

HHTepKOHTI~IHeHTaJIbHbIMH ropaMH B HOJIBI4)KI-IOM 
iipe~ropi, e cpe~ri3eMHouopcKoro puqboBoro opo- 
reHa. PaaB~THe I4X OTMeqeHO TpeM~ nep~o~aM~I: 
nepBt, I~ (nepM-6aT) VIMeeT CBOIO HaI4BbICIIlyIO 
TOUKy B ~efiace, Korea B~IO:Ib no3~HeBap~ccKoI~ 
pa3J~OMHOl~ 3OHbI HO~IBI4JII/ICb puqbToBb]e rpa6eHbI  

I4 npoII3omJIo I~I3JIII.qHI/Ie ToYIeI?ITOB. B I/IHTepBaJIe 
KeJIJIOBeITICKH~ BeK -- 30ReH OTMeqaeTot nepHo~ 
TeKTOHIlqeCKOFO CHOKOI~ICTBI451 F/ He3Haq~TeJIbHOe 

oCa~KOHaKOHJIeHI/Ie, qTO FOBOpl/IT O HOCTeUeHHOM 

oxJia~eHm4 Jn4TocqbepbI. HaqviHa~ c oJH4roReHa 
BCl;I 06aaCTb nepeTepneBaeT OKaTHe. I]O~I-NTHe 
Bb~COKOrOpHOrO ~I cpeRHero ATJIaca npoHcxoR~T 
nOqT~ OJIHOBpeMeHHO C OCHOBHOfI s C:~KaT~ 
S pHqbe. C nOMOIIIbIO reoqbH3miecKoro MeTO)Ia 

IIepeJIOMHbLX BOan yCTaHOBI4JIH noaoroe CTpOesHe 
CJIOeB KOpbI C MHOFOqI4C2IeHHbIMI/I 3OHaMI4 HI43KOI~I 

CKOpOCTH npoxo)IedleH~ BOJIH, npI4-qeM caMa 
rJIy614HHa~ 30Ha 3azieraHg~ coBnajIaeT c 3OHOfI 
saI4SBICmefI 3JIeKTpOnpOBOJII/IMOCTII, tITO pa3pe- 
maew npeJmoaaraTL Ha~w~He 3HaqHTeJIbUOI~ 3OUbI 
CKOJIa. 

OCHOBbIBal;ICS Ha FeOTeKTOHIaqeCKOM pa3BI4T~H 

BbICOKOFOpHOrO I~ cpe~Hero ATaaca, a TaK)Ke Ha 
cTpyKTypax gopbI cerojII-IamHero ~H,q, COCTaBnJIn 
c:ie)iylomyro Modem,: B paHHeMeaOaOfiCKOf~ qba3e 
pH~Ta Kopa o6pa3oBblBaaa, BepO~THO, Ha~ MaH- 
TI~efI CBO~ B peayat,TaTe pa3pbIBOB paCTa>KeHVLq r~ 
6blaa yToHmeHa B pe3yJibTaTe HMe~omI~XC~ cy6ro- 
p~I3OHTaJILm, LX nJIOCKOCTefI CKOJIa. BO BpeM,q Kah- 
HO3Oi~C~IX I~Oa:m3m~ B pnqbe ATaaca ~TH mlOC- 
KOCTII CKOJIa OKa3aJII/ICb CgBIIHyTBIMII HO OTHOme- 
HFItO ~pyr KO ~Ipyry, rpa6eH~ p~idpa, XOT~ VI 
3anoJII-L~Jn/ICb OTJIO)KeHI/DtMH, HO ~aBaJIH OqeHb 
He3HaqHTeJILHOe yToJm~eHi4e MOn~HOCTH KOpbI; H, 

HaKOHeR, npouaom~o i4x rIOJII-NTHe. T .o .  HHBep- 
cI~ o6ei4x ropuI,~X i~enei~ ATaaca o6ycJio~JieHa ~e 
TOJIbKO I/I3OCTaTHtIeCKI4MH HpoLIeCCaMI4, HO I4 

BbI~aBJIIIBaHIIeM IIpH npoi~eccax TeKTOHHK!/I, 
Ha3bIBaeMbIMId >>thick-and-thin-skinned-tectonics<<. 

1. Introduction 

To the NW, the African continent is bordered 
by a broad mobile zone, which forms the foreland 
of the Alpine orogenic system of the Kabylides. 
Within the Moroccan segment of that zone, i.e., 
south of the Rif orogen, three mountain ranges 
have developed as intracontinental belts: The Mid- 
dle and the High Atlas in central Morocco and the 
Anti-Atlas farther to the S (fig. 1). From a geotec- 
tonic point of view, these ranges are differently 
structured. The Anti-Atlas area has been in a high 
position nearly continuously since the Hercynian 
orogeny, forming the northwestern margin of the 
Sahara craton. The High and the Middle Atlas 
had, however, originated from Mesozoic depocen- 
ters situated along ancient fracture zones (see JA- 
COBSHA6EN, this vol.). The uplift of the present 
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Fig. 1. Major geotectonic units of Morocco. Black line = refraction seismic profile of WIGGER et al., this vol. Hatched strip: 
Magnetotelluric/geoelectric profiles of SCHWARZ et al., this vol. 

mountain chains took place since the Miocene. 
But several authors postulated a first stage of tec- 
tonic inversion already in Late Cretaceous times 
(e.g. STETS & WURSTER 1981; FRO1TZHEIM et al., 
1988). 

A basic question is, how far the main stages of 
the evolution of the Middle and High Atlas were 
connected with major events of plate movements 
and orogeny in the surrounding regions. Some 
authors - e.g. ST~TS & WURSTER (1981) -- admitted 
only relations with the opening of the Atlantic 
Ocean. The great majority of researchers agree, 
however, that there are also clear connections with 
the evolution of the western Tethys, its Mesozoic 

opening as well as its Cenozoic closure. This would 
lead to the question, how stresses can be trans- 
mitted over distances of several hundred kilome- 
ters, from fold and thrust belt regions many exam- 
ples prove this phenomenon. Along the western 
margin of the South American continent, e.g., an 
ocean/continent collision is active, and simultane- 
ously a thrust and fold belt has been developed on 
the eastern flank of the Andes 800 km apart. The 
ramp-like tectonic model with its sole thrust des- 
cending from the sedimentary cover down to the 
upper mantle is able to transmit stress from the 
rear, the internal zones of the system, to the 
thinning external zones. Finally, we have to consi- 
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der the question how far crustal thicknesses be- 
yond the High and Middle Atlas correspond to the 
rates of lateral shortening derived from the sedi- 
mentary cover of these ranges. 

Based upon first results of deep seismic sound- 
ing and geoelectric and magnetotelhiric measure- 
ments along a S/N profile across both ranges and 
upon geological data mainly from the central High 
Atlas, the present authors had already proposed a 
preliminary model to explain the mechanism of in- 
version for these ranges (JAcOBSHAGEN et al., 
1988b). In the meantime, both the results of fur- 
ther geophysical campaigns and new geological 
data also from the Middle Atlas and the Haute 
Moulouya, enable us to precise our model and to 
discuss other ideas with more detail. 

2. Post-Hercynian evolution of the High and 
Middle Atlas 

Our contribution may be opened by a brief 
summary of the main stages of the post-Hercynian 
geotectonic evolution of the High and Middle At- 
las, with the ainl to achieva a solid basis for inter- 
pretations and discussions. 

P e r m i a n - B a j o c i a n  

The post-Hercynian history of the High and 
Middle Atlas was initiated by activities along major 
fracture systems in northeasterly (>>Atlantic<<) or 
easterly (>>Mediterranean<<) directions, which had 
originated within the Hercynian crust during a late 
phase of that orogeny (MATrAUER et al., 1972, 
1977). Small basins subsided in Permian, larger 
ones in Triassic times (VAN HOUTEN, 1976; LO- 
RENZ, 1988), both being filled with continental red- 
beds, with thicknesses from several hundreds up to 
4500 m. About the Triassic/Jurassic boundary, 
subsidence increased, and the depositional envi- 
ronment changed to lagoonal and, subsequently, 
marine conditions. The separat Triassic basins grew 
together to graben-like structures with several de- 
pocenters. This geotectonic change was, moreover, 
marked by wide-spread eruptions of continental 
tholeiites in the Rhaetian/Lower Sinemurian inter- 
val (FIECHTNER, 1990; FIECHrNER et al., this vol.). 
In the area of the >>Atlas Gulf<< (CHouBERT & 
FAURE-MURET, 1962) which comprises the Middle 
Atlas and the central and eastern High Atlas, ma- 
rine deposition continued up to the Middle Dog- 
ger, with thickness up to 2500 m within the depo- 

centers and only zero to some tens of meters on 
the adjacent platforms of the Moroccan and the 
Oran Mesetas (e.g. FEDAN, 1988; CHARPdER~, 
1990; HAUPTMANN, 1990). Excessive values of 
8000 m, as reported by STUDER (1980) for the Ju- 
rassic beds in parts of the central High Atlas, were 
not generally accepted up to now. 

Within the Atlas grabens, synsedimentary 
block-faulting reached considerable degrees (e.g. 
STUDER & DRESNEY, 1980; DRESNAY, 1987; WARME, 
1988; FEDAN et al., 1989; HAUPINANN, 1990). 
Since the fundamental study of MAWrAUER et al. 
(1977), it was related to rightlateral movements 
along the Atlas faults, but it is very difficult to 
prove the existence of pre-Tertiary lateral displace- 
ments and pull-apart basins. 

In general, this first stage of Atlas evolution re- 
flects the break-up of Pangaea and the opening of 
the North Atlantic and the Tethys oceans. Rifting 
culminated with the tholeiite effusions and rapid 
subsidence of the Atlas grabens in the Sinemuriard 
Bajocian interval. Volcanic activity ceased, how- 
ever, during the Lias, and subsidence decreased 
during the Middle Jurassic. 

B a t h o n i a n - E o c e n e  

From a geotectonic point of view, this second 
period of Atlas evolution can not be analysed, at 
present, in satisfying detail. Generally, subsidence 
slowed down, and the rates of sedimentation with- 
in and outside the Atlas grabens were not so differ- 
ent from one another as they had been before. 
The sea retreated from the Atlas Gulf, and sedi- 
mentation changed from lagoonal limestones to 
near-shore and, finally, continental redbeds, up to 
the Lower Cretaceous. In Middle Cretaceous 
times, large parts of Morocco and, moreover, of 
North Africa were flooded by flat seas which trans- 
gress from the Atlantic and the Tethys oceans. 
Post-Turonian redbeds testify to an Upper Cretace- 
ous regression. It was followed by the well-known 
Palaeocene and Eocene transgressions which 
flooded large parts of Southern and Central Mo- 
rocco. It is important to mention that, notwith- 
standing the decrease of subsidence, Cretaceous 
and Tertiary sedimentation exceeded the High At- 
las graben to the S covering parts of the Anti-Atlas 
or, at least, the previous graben shoulders. That 
development points to a gradual cooling of the 
crust. 

Tectonic activity was strong in Callovian times, 
with block-faulting and strike-slip movements. 
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Compressional deformation was, however, con- 
fined to limited areas (SEUFERT, 1988; HEIN1TZ, 
1989) and probably caused by lateral displacement 
(see also LAVlLLE, 1985). Later on, block-faulting 
seems to have decreased, but Cretaceous sedi- 
mentation was severely influenced by contempo- 
raneous faulting at least in the Middle Atlas 
(ENSSLIN, this vol.). Many authors have, further- 
more, assumed a new peak of tectonic activity in 
Late Cretaceous times (phase finicdtacte of French 
authors), and several of them interpreted it to 
have been a first stage of tectonic inversion of the 
Atlas chains (e.g. STETS & WURSTER, 1981; ZmO- 
LER, 1988). But distinct traces of a considerable 
~>Senonian<< uplift are confined only to the 
northern margins of the western High Atlas 
(FROrrZHEIM, 1984; FROrrZJaEIM et al., 1988) and 
the Middle Atlas (HERBIG, 1988) and should be re- 
ferred to more local events. Pebbles of typical At- 
las rocks (e.g. Liassic limestones), which would in- 
dicate general uplift and erosion of those ranges, 
do not appear in Upper Cretaceous or Lowermost 
Tertiary deposits. Furthermore, it was recently 
shown by HERBIG (1986, 1990) and TRAPPE (1989 
and this vol.) that at least the western and central 
High Atlas had been flooded subsequently by 
Early Tertiary seas, at least up to the end of the 
Bartonian. Therefore, a general inversion of the 
Atlas chains in Upper Cretaceous times has to be 
rejected. 

Magmatic activity is documented by undersili- 
fled alcaline intrusions and local extrusions in the 
central High Atlas (e.g. CHEVREMONT, 1977; STU- 
DER, 1980; HARMAND & LAVILLE, 1983), but their 
geochemical compositions are not yet known in 
detail, and radiometric data are poor and scattered 
over the whole interval under discussion (e.g. 
HAILWOOD & MITCHEL, 1971; TISSERANT et al., 
1976). At least CaUovian and Eocene ages are cer- 
tain. Anyway, the character of magmatism points 
to a continental environment in contrast to Early 
Mesozoic rifting. 

O l i g o c e n e  - p r e s e n t  

In Oligocene times, the geotectonic evolution 
of the High and Middle Atlas changed totally. The 
previous rift grabens underwent compressional/ 
transpressional deformations with lateral shorten- 
ing up to 20 % in the central High Atlas (JACOBS- 
HAGEN, 1986; JACOBSHAGEN et al., 1988) and, sub- 
sequently, a strong uplift, which is documented by 
the frequent appearance of Atlas pebbles within 

the molassic basins along the southern rim of the 
High Atlas. According to GORLER et al., (1988), 
the first stage of uplift and erosion of that range 
culminated during the Early Miocene, as indicated 
in the basins by very thick conglomerates which 
are nearly completely composed of pebbles of 
Liassic limestones. Uplift released large-scale grav- 
ity sliding on both flanks of the Central High Atlas 
(LAVILLE et al. 1977, FERRAND~NI & LE MA~REC, 
1982; GORLER et al., 1988). Synchronously, the 
Anti-Atlas subsided and was partly covered by mo- 
lassic deposits. The end of that stage is marked by 
wide-spread lacustrine sediments of a late Middle 
Miocene to Upper Pliocene age. 

A second stage of inversion is indicated by 
coarse conglomerates of Upper Pliocene or even 
Lower Pleistocene age (GORLER et al., 1988), both 
in the southern molassic basins (,>Villaffanchien<<, 
GAVSHmR 1957) and even on the Haute 
Moulouya, i.e. in the Oran Meseta. The latter had 
been an elevated platform between the Atlas 
grabens from the Triassic to the Miocene, but was 
now overtopped by the rising High and Middle 
Atlas chains. Uplift culminated probably in Lower 
Quaternary times and continues up to present. 
Again, it occurred within a compressional regime 
as was proved by microtectonic and seismological 
studies (DuTOUR & FERRANDINI, 1985; A~T BRAHIM 
et al., 1990), but compression was not as strongas 
during the first stage. Anyway, the Middle Atlas is 
upthrust to the SE upon the Lower Pleistocene 
conglomerates, and along the southern rim of the 
High Atlas, even Mio/Pliocene thrust sheets can 
be observed between scales of Mesozoic rocks 
(e.g. CHOUBERT et al., 1980; ZYLKA, 1988). Discus- 
sion is, however, open, whether these marginal 
structures could be  explained by gravity sliding. 

Finally, it has to be mentioned that the uplift of 
both the Rif and the Anti-Atlas coincided with the 
second stage of Atlas inversion. 

Upper Cenozoic volcanism was active in Mo- 
rocco from Upper Miocene to Middle Quaternary 
times. Its centres are distributed in a SW trending 
zone, which extends from the Mediterranean 
coasts around Melilla to the Anti-Atlas. They ex- 
pose a great variety of undersilified alcaline rocks, 
reaching from phonolites to ultramafics. In the 
Middle Atlas, two phases of eruptions could be 
discerned by HARMAND & CANTA6R~L (1984), be- 
ing 15-6 Ma and 1.8-0.5 Ma in age. The High 
Atlas is free of young volcanoes, but from the 
Anti-Atlas centres, Mio/Pliocene ages are known 
as well (CHOUBERT et al., 1968, SCHERMERHORN, 
personal communication). 
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Within a previous publication (JACOBSHAGEN 
et al., 1988b) it was shown that both stages of 
High and Middle Atlas uplift happened immedi- 
ately after the main orogenic phases of the Rif. 
Looking for the young volcanic phases, one may 
speculate also upon a relation between volcanism 
and inversion, but connections are not yet clear, at 
present. 

The third period of the geotectonic evolution of 
the Atlas system was, thus, dominated by com- 
pression and subsequent uplift of the Middle and 
the High Atlas, which happened within two stages. 
During the second one (Plio-Quaternary), the 
Anti-Atlas was uplifted as well. The role of syn- 
chronous ultramafic to intermediate alcaline vol- 
canism, which is confined to the Middle Atlas on 
one hand and to the Anti-Atlas on the other, is not 
well understood, up to now. 

3.  G e o p h y s i c a l  c o n s t r a i n t s  

The new geophysical results obtained in NW 
Morocco (ScnwARZ et al. this vol., WmOER et al. 
this vol.) provide new important information on 
the problem of crustal structure in tectonic inver- 
sion regimes. The main geophysical characteristics 
on the area under study are the following ones. 

The Bouguer anomaly field shows two pro- 
nounced minima (VAN D E N  Bosch, 1971). The 
northern anomaly is situated in the foredeep south 
of the Rif Atlas. The southern minimum, showing 

an amplitude of -120 mgal, coincides with the 
central part of the High Atlas, and in addition it 
incorporates at its NE end the Haute Moulouya. 
Thus, the Bouguer anomaly forms a broad mini- 
mum between the High and Middle Atlas along 
the seismic refraction profile. In general the north- 
ern flank of the gravity minimum is somewhat 
steeper than the flank at the southern side. It must 
be noted that south of the High Atlas an average 
Bouguer gravity level of - 5 0  mgal is present. 
Therefore, the Bouguer difference attributable to 
a mountain root amounts only to about - 7 0  mgal. 

The results of the seismic refraction measure- 
ments are described by WI~ER et al. (this vol.). A 
simplified crustal section with the main seismic and 
magnetotelluric results is shown in fig. 2. The crus- 
tal thickness along the seismic refraction profile, 
which runs between the Anti-Atlas and the 
Middle-Atlas, varies only slightly between 35 and 
40 km. 

From the Anti-Atlas towards the High Atlas, 
the crust/mantle boundary dips down from 35 km 
to about 40 km. The upper crust is made up of a 
sequence of thin high velocity layers and a broader 
low velocity zone (W[c,C;ER et al., this vol., fig. 8). 
Along this part of the profile the lower crust shows 
only a moderate low velocity inversion. Generally 
the intensity of velocity reduction increases in 
northern direction in the upper as well as in the 
lower crust. 

A distinct change of the velocity structure takes 
place beneath the Haute Moulouya and the 
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Fig. 2. Schematic crustal section across the intracratonic ranges of the Atlas system. 
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pure shear (Mc KEIIZIE 19781 
4 

::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::: 
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with northwards descending high conductivity lay- 
ers is possible as well. Such a model would cor- 
respond with a ramp-like tectonic configuration. 
Although the petrological and geological interpre- 
tations of such high conductivity layers are non- 
unique, many authors favour an interpretation as a 
zone of reduced shear strength acting as detach- 
ment or sole thrust plane. 

simple shear (WERNICKE 1981) 

combined shear (BARBIER et aI. 1986) 
~.,  .%  

I I crust ~ convecting 
asthenosphere 

~ subcrustat zone of ductite 
tithosphere deformation 

Fig. 3. Geotectonic models of rift zones (from P. A. ZIEGLER, 
1988). 

Middle Atlas. Here the crustal section is built up 
of a sequence of low velocity layers down to the 
base of the crust with embedded thin high-velocity 
layers. In this northern half of the section the 
average crustal thickness is 35 km. 

A very important contribution to understanding 
the rheological and tectonic behaviour of the crust 
in the Atlas system is provided by magnetotelluric 
studies (ScI-IWARZ et al., this vol., fig. 6). These in- 
vestigations have proved the existence of a high- 
conductivity layer starting in the upper crust 
beneath the southern margin of the High Atlas 
and dipping down continuously northwards penet- 
rating the middle or even the lower crust beneath 
the Middle Atlas. Due to the ambiguity of data in- 
version, two slightly different models have been 
presented by SCHWARZ et al. (this vol., fig. 8), 
which demonstrate the depth range of possible 
solutions. Within these bounds a steplike model 

4. Tectonic models 

The first stage of the Atlas evolution was 
characterized by the development of basins and 
grabens along fracture zones with thick sedimen- 
tary fillings. Several models have been proposed 
for the development of intracontinental basins. 
These models can be divided into three main 
groups (Zm~LER, 1988). The first rifting model 
with uniform stretching or as pure shear model has 
been elaborated by McKENzm (1978). An equal 
amount of stretching of the crust and upper litho- 
sphere confined to the actual rifting zone (fig. 3a) 
is assumend. This model is characterized by a 
broad symmetrical shoulder uplift. 

The other type of models, the simple shear 
model, has been proposed by WERNICKE (1981). 
During the extensional period, which is probably 
accompanied by an increased heat flow from be- 
low, the development of intracrustal shear zones is 
required, along which upper crustal tension by 
faulting occurs. Along discrete shear zones, that 
dip laterally into lower crustal levels and possibly 
into the upper mantle, a structure is produced 
which is clearly asymmetric in respect of the axis 
of the basin (fig. 3b). In this model, the nonat- 
tenuated upper crust would become progressively 
uplifted during the rifting stage and during a late 
or post-rifting stage it would develop into a 
thermal subsidence basin. BARBIER et al. (1986) 
have ext6nded the simple shear model by incorpo- 
rating the rheological stratification of the crust 
(fig. 3c). The upper crust behaves as a rigid layer 
with faulting which soles out in the transition from 
brittle to ductile deformation. This model suggests 
that tensional strain is dissipated at lower crustal 
and subcrustal lithospheric levels by ductile flow 
over a wide zone beyond both margins of the up- 
per crust (Zm~LER, 1988). This model seems to be 
the most likely one to describe the first phase of 
the Atlas evolution. 

The second stage of the Atlas development was 
governed by an uplift of the former graben zones, 
i.e. by inversion. A number of models have been 
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elaborated aiming to understand this inversion. A 
transpression model has been proposed by SAN- 
DERSON & MARCHINI (1984). The block uplift dur- 
ing the Cenozoic is explained in terms of left- 
lateral transpression together with some shortening 
in N/S direction. A further inversion model, ela- 
borated for the development of the Pyrenees, has 
been suggested by BALLY (1984). This concept can 
be transferred to the Atlas system, too. 

A simple half-graben, following the concept of 
WERNICrd~, is generated in the extensional phase 
and filled with sediments. The subsequent com- 
pressional movements, which reactivated already 
existing faults, but in opposite directions, pro- 
duced an uplift of the former graben zones, now 
forming a positive structure. 

The cross sections shown in fig. 4 may sketch 
the situations during the rifting (fig. 4a) and during 
the compressional phase (fig. 4b). For the stretch- 
ing phase two separated shear planes (one for the 
High Atlas and another one for the Middle Atlas) 
are assumed. Taking into account the magnetotel- 
lufic results the same concept is applied during the 
compressional phase. Beneath the High Atlas it is 
assumed that the detachment takes place within 
Paleozoic sediments in the upper crust. North- 
wards beneath the Haute Moulouya a ramp is in- 

troduced and the shear plane plunges into the 
middle and lower crust, which behave as ductile 
zones. The Middle Atlas starts with a new detach- 
ment which dips down northward as well. A third 
main fault system must be introduced in front of 
the Rif Atlas which caused the young compressio- 
nal tectonics in the foothills of this mountain 
system. 

Thus the ramp-like structure of northwestern 
Morocco is controlled by the sequence of un- 
deformed blocks, the Anti-Atlas, the Haute 
Moulouya and the Meseta, and deformable graben 
zones, the High and Middle Atlas, each of them 
with its own sole thrust system. 

5. Some quantitative estimations 

The northwestern edge of the African block 
was part of the Hercynian orogenic system, which 
extended from central Europe to the Appalachian 
mountain system. The present crustal thickness in 
central Europe as well as along the eastern coast 
of North America measures about 30-32 km, a 
value which can be assumed as well for the crustal 
thickness in NW Africa at the beginning of the rift- 
ing phase in early Mesozoic times. 

0 ~ / \\\ i -0 

/ a _=.- - - - - :~-- - - - - -  ~ ~ - - - - - - - - - - - - - - - - -  ~ ~ / 2 n  50- I i-o 
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Anti-Atlas I High Atlas / H. Moulouya L Middle Atlas 1Fore deepl Rif 
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Cenozoic basin ~ ductile zones o 50km 

Mesozoic sediments ~ upper mantle 
Fig. 4. Geotectonic models of Early Mesozoic rifting (a) and Cenozoic inversion (b) of the intracratonic ranges of the Atlas 
system. 
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Using AmY's concept of isostasy and taking 
into account an average thickness of 3 km for the 
sedimentary cover, we may derive a Cenozoic up- 
lift of the crust/mantle boundary of about 2 km for 
the central parts of the High Atlas (density: sedi- 
ments 2.5 g/cm 3, crust: 2.8 g/cm 3, upper mantle 
3.2 g/cm3). Thus the total crustal thinning by 
stretching amounts to 5 km assuming 100 km as 
width of the Atlas grabens before compression, the 
stretching factor is 1.2 (fig. 4a). This very simplify- 
ing calculation regards only isostatic equilibrium 
and neglects any thermal effects as assumed e.g. 
by MCKENzm (1978). 

Extension and subsidence ceased during the 
Lower Tertiary and was followed by compressional 
movements in Upper Oligo/Miocene and Plio/ 
Ouaternary times. The section in fig. 4b is kept as 
simple as possible assuming that the compressional 
movements reactivated the same faults and shear- 
ing planes which have already been used during 
the extensional period. 

Compression produced a moderate crustal 
thickening of about 7 km, a value which is in 
agreement with the observed Bouguer anomaly of 
- (120-50)  mgal on one side and with the average 
elevation of 1-1.5 km of the High Atlas on the 
other. 

6. Condusions 

From the geological history and the geophysical 
structure of the Atlas system, as far as the latter is 
known today, we derive a geotectonic model as 
follows: 
a) One may suppose that the crust of Central Mo- 

rocco had reached a normal thickness of 
30-32 km at the end of the Palaeozoic, after 
the Hercynian orogeny and subsequent erosion. 

b) Early Mesozoic rifting was related to zones of 
updoming of the upper mantle and, in turn, 
reduction of crustal thickness (fig. 4a). The 
mechanisms of crustal thinning were discussed 
in chapter 4. We prefer the model of BAed3IZ~ 
et al. (1986) shown in fig. 3c, which refers to an 
enlargement of the ductile zone of the crust by 
ascending heat and intracrustal shearing during 
extension. Regarding the thickness of Atlas 
rift-graben fillings, the crust may have thinned, 
then, to about 28 km in the rift-zones. 

c) Cenozoic collisons at the northwestern margin 
of the African plate, i.e. the Rif orogeny, 
caused a change from extension to com- 
pression. The Early Mesozoic shear-planes pos- 
tulated above were reactivated with an opposite 

sense of movements, giving rise to moderate 
thin- and thick-skinned overthrusts. In fig. 4b 
only the most important planes were drawn, 
which served as sole thrusts. Probably, further 
shear-planes existed higher up and might be a 
reason for the complicated intracrustal layering 
shown in the section of WICGER et al. (this vol., 
fig. 8). The major crustal blocks, e.g. the Anti- 
Atlas, the Haute~!Mou!ouya and the Moroccan 
Meseta (not shown in fig. 4) formed large 
ramps which controlled the geometry of intra- 
crustal thrusting. This is also reflected by the 
structural asymmetry of both the High and the 
Middle Atlas with relatively higher rates of up- 
or over-thrusting along their southern or re- 
spectively, southeastern rims. Early Mesozoic 
crustal thinning was now compensated or even 
overcompensated by thrusting and compression 
(e.g. 38-39 km beneath the northern part of 
the High Atlas, 35 km for the Middle Atlas in 
the section of Wm6ER et al., this vol.). Inver- 
sion would, thus, be the result of both thrust 
movements and isostasy. This view is also in 
good harmony with the tectonic structures, 
which testify to shortening amounts up to 20% 
in the High Atlas and about 10 % in the Middle 
Atlas, and with the present morphology of ele- 
vated mountain chains. 
The problem of Anti-Atlas uplift remains, how- 

ever, unsolved. One may speculate (as we tenta- 
tively did in fig. 4b) that an additional shear-plane 
exists even beneath that range in a more shallow 
depth, which may ascend at this southern border 
of the range and possibly join the eastern, W/E 
striking branch of the Anti-Atlas fault (see JACOBS- 
HA6EN, this vol., fig. 2). But at present, we have 
no proof for that idea. Anyway, the Anti-Atlas was 
uplifted synchronously to the other Atlas chains in 
Plio-Quaternary times. 

In a general view, Cenozoic inversion of the 
Middle and High Atlas appears in the well-known 
sequence of extension/subsidence and com- 
pression/uplift and was induced by West Mediterra- 
nean collisions several hundred kilometers farther 
to the north. But different from sections, which 
were drawn e.g. for Central Europe (P. A. ZIEC- 
LER 1988), we have distinct indications that com- 
pressional energy was transmitted far into the 
lower plate by intracrustal shearing and thick- 
skinned tectonics. The view seems to be supported 
by several detailed reflexion seismic profiles across 
different parts of Morocco, which were presented 
by BALLY and ZIzI during a poster session in 
Rabat 1990. 
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