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Inversion Tectonics of intracontinental Ranges: High and Middle Atlas,

Morocco

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

With 4 figures

Zusammenfassung

Der Hohe und der Mittlere Atlas sind intrakon-
tinentale Gebirge im mobilen Vorland des mediter-
ranen Rif-Orogens. Thre Entwicklung weist drei
Perioden auf: Die erste (Perm-Bathonium) kulmi-
nierte im Lias mit der Bildung von Riftgriben ent-
lang spétvariskischer Bruchzonen und Tholeiit-Er-
gissen. Im Intervall Callovium-Eozin deuten
tektonische Beruhigung und geringere Sedimenta-
tion auf eine allméhliche Abkiihlung der Litho-
sphire hin. Seit dem Oligozén 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 fla-
chen Lagenbau der Kruste mit mehreren low-velo-
city-Zonen aufgewiesen, deren tiefste mit einer
Zone hoher elektrischer Leitfahigkeit zusammen-
fallt 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 frithmesozoischen Rift-Phase wurde
die Kruste iiber den Mantel-Aufwolbungen durch
Zerrungsbriiche und durch Zergleiten an subhori-
zontalen Scherflichen ausgediinnt. Wihrend der
kédnozoischen Kollisionen im Rif-Atlas wurden die-

se Scherflichen dann gegenldufig bewegt, die Rift-

graben-Fiilllungen dabei bis zu geringer Krusten-
verdickung eingeengt und anschlieend herausge-
hoben. Die Inversion der beiden Atlas-Gebirge ist
somit nicht nur isostatisch bedingt, sondern 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.

Résumé

Le Haut Atlas et le Moyen Atlas sont des
chaines intracontinentales situées dans 'avant pays
mobile de l'orogéne méditerranéen du Rif. Elles se
sont développées en trois périodes. La premiere
(du Permien au Bathonien) a culminé au Lias avec
la formation de fossés de rift accompagnés d’effu-
sions tholéiitiques. Au cours de la deuxiéme pério-
de (du Callovien a ’'Eoceéne), I'activité tectonique
et les taux de sédimentation étaient réduits, indice
d’un refroidissement de la lithosphere. Depuis
I'Oligocene, la région est soumise a une compres-
sion. Le Haut Atlas et le Moyen Atlas se sont sou-
levés en deux phases, coincidant avec les phases
principales de compression du Rif. Les sondages
sismiques ont mis en évidence une structure de la
croite en couches subhorizontales comportant
plusieurs zones a faible vitesse dont la plus profon-
de coincide avec une zone de haute conductivité
électrique interprétée comme un vaste décolle-
ment.

En conclusion, nous proposons le modele
suivant pour le Haut et le Moyen Atlas: pendant la
phase de rifting du Mésozoique inférieur, la croute
a été amincie au-dessus de bombements du
manteau, non seulement par des fracture d’exten-
sion mais aussi par glissement le long de décolle-
ments subhorizontaux. Durant les collisions céno-
zoiques du Rif, ces décollements ont été réactivés
en charriages par glissement en sens inverse. Ce
processus, en rétrécissant les remplissages des
grabens, a provoqué un léger épaississement de la
crolite (jusqu'a 40 km sous le Haut Atlas) et le
soulévement final. Linversion des chaines atlasi-
ques n’a donc pas seulement été I'effet de l'isosta-
sie, mais aussi d’une tectonique »thin-and-thick-
skinned«.

Kpartkoe conepxkanue

BoicOKOropHbIl M cpefHuil ATiac SBIAKOTCH
WHTEPKOHTVHEHTAILHBIMA TOPaMU B TOIBIKHOM
IPENrophe CPENU3EMHOMOPCKOIO pH(GOBOrO Opo-
reda. Pa3BuTue MX OTMEUYEHO TPEMS IEPUONAMMU!
TepBLIi  (mepM-0aT) WMCEET CBOIO HAMBBICIIYEO
TOYKY B JeHace, KOrga BHOJb MNO3IHEBAPUCCKON
Pa3IOMHOI 30HBI IOABWINCH PUPTOBLIE IPAOECHBI

U TPOU3OLLIO U3NMAHME TONeuTOB. B mHTEpBane
KCJUTOBEHCKMI BEK — 30LEH OTMEYAeTCs NEPUON
TEKTOHMYECKOIO CIIOKOMCTBHS U HE3HAUMTCIBHOE
OCaJIKOHAKOIUIEHUE, YTO T'OBOPHUT O MOCTENEHHOM
oxnaxpeHun autocgepol. Haunnas ¢ onwrorena
BCAd 0OJNacTh HepeTepreBaeT cxkartue. llogmsTie
BLICOKOTOPHOI'O U CpefHEro ATtiaca MPOHUCXOIUT
MOYTH OJHOBPEMEHHO C OCHOBHOW (Pa30y CXATHS
B pucpe. C noMomplo reopu3nueckoro Meroaa
MEPEJIOMHBIX BOMH YCTAHOBUIIU IIONOTOE CTPOSHHE
CIIOEB KOPbl ¢ MHOTOUUCIECHHBIMA 30HAMHI HU3KOH
CKOPOCTM IPOXOXIEHUA BOJH, [pHYeM cama
[IyOMHHAsL 30HA 3alleTaHusl COBIAAeT C 30HOMU
HAMBBICIIEH 3JIEKTPOIPOBOAUMOCTH, 4YTO paspe-
LIaeT NMPeAnoyaraTh HaIMINEe 3HAUUTEITHEHON 30HbI
CKOJIA.

OcCHOBBIBaSACH HA FEOTEKTOHUIECCKOM Pa3BUTHI
BBICOKOTOPHOTO U CpefHero Atiaca, a Takxke Ha
CTPYKTypax KOpbI CETONHSIIIHETO [IHS, COCTABWIM
CIIEAYIONIYIO MONenb: B panHeMeso30lickol dase
pudra Kopa 00pa3oBbIBajia, BEpPOITHO, HaJ MaH-
THEH CBOJ B PE3yJbTaTe Pa3pbIBOB PACTKCHUST 1
Oblila YTOHIIIEHA B PE3y/IbTaTe MMEIOIMXCSI cy6ro-
PU30HTANIBHBIX IJIOCKOCTEH cKomna. Bo Bpemst kait-
HO30MCKMX KOJu3uil B pude ATrnaca 3TH ILIOC-
KOCTH CKOJIa OKa3aJWCh CABHHYTHIMU 10 OTHOIIIE-
HUIO JIpYT KO Jpyry, rpabeHnl puda, XoTd H
3aAM0JIHUTNCE  OTJIOXKECHUSIMUA, HO [aBad OYEHb
HE3HAYUTENLHOE YTOMNIIEHUE MOITHOCTH KOPbI; H,
HaKOHEel, TPOW30LUIO WX HopHsATHe. T.0. mHBEp-
crst 00eux TOpHBIX Lienell ATnaca oOycloBIeHa He
TOJIBKO M30CTaTHYECKUMU IIPONECCaMu, HO W
BBIJaBIMBAaHAEM TMPH [poLEccax TEKTOHWKH,
HasbIBaeMbIME »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-
COBSHAGEN, 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 ScHwaRrz 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; FrorrzHEM 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. STETS & 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 magnetotelluric 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 aim to achieva a solid basis for inter-
pretations and discussions.

Permian-Bajocian

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 (MATTAUER 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; FIECHTNER 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; CHARRIERE,
1990; HauprMmann, 1990). Excessive values of
8000 m, as reported by Stuper (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.
StupER & DRESNEY, 1980; DRESNAY, 1987; WARME,
1988; FepAN et al., 1989; Hauprmann, 1990).
Since the fundamental study of MaTtauer 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 Sinemurian/
Bajocian interval. Volcanic activity ceased, how-
ever, during the Lias, and subsidence decreased
during the Middle Jurassic.

Bathonian-Eocene

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
Palacocene and FEocene 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; HENITZ,
1989) and probably caused by lateral displacement
(see also LaviLLE, 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 finicétacée 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; ZiEG-
LER, 1988). But distinct traces of a considerable
»Senonian« uplift are confined only to the
northern margins of the western High Atlas
(FromzHEIM, 1984; Fromrzuem et al., 1988) and
the Middle Atlas (HersiG, 1988) and should be re-
ferred to more local events. Pebbles of typical At-
las rocks (c.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 Hersic (1986, 1990) and TrarpE (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-
fied 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.
Hanrwoob & MircaeL, 1971; TISSERANT et al.,
1976). At least Callovian and Eocene ages are cer-
tain. Anyway, the character of magmatism points
to a continental environment in contrast to Early
Mesozoic rifting.

Oligocene — present

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, FERRANDINI & LE MARREC,
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 (»Villafranchien,
Gauthier  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; AiT BRAHIM
et al., 1990), but compression was not as strong as
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; Zyika, 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 & CANTAGREL (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. Geophysical constraints

The new geophysical results obtained in NW
Morocco (ScHWARZ et al. this vol., WIGGER 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 DEN BoscH, 1971). The
northern anomaly is situated in the foredeep south
of the Rif Atlas. The southern minimum, showing

S

Anti- Atlas

High Atlas

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 —50 mgal is present.
Therefore, the Bouguer difference attributable to
a mountain root amounts only to about —70 mgal.

The results of the seismic refraction measure-
ments are described by WIGGER 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 (WIGGER 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 KENZIE 1978)
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combined shear (BARBIER et al. 1986)

3 convecting

crust :
I::] 2] asthenosphere
subcrustal zone of ductile
m lithosphere E 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 (ScHwARZ 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 Scawarz et al. (this vol., fig. 8),
which demonstrate the depth range of possible
solutions. Within these bounds a steplike model

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.

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 (ZIEGLER, 1988). The first rifting model
with uniform stretching or as pure shear model has
been elaborated by McKenzie (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 exténded 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 (ZIEGLER, 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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claborated 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 Pyrences, has
been suggested by BaLLy (1984). This concept can
be transferred to the Atlas system, too.

A simple half-graben, following the concept of
WERNICKE, 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-
luric 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 conirolled 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.

SE
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Fig. 4. Geotectonic models of Early Mesozoic rifting (a) and Cenozoic inversion (b) of the intracratonic ranges of the Ailas

system.
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Using ARY’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/lem®, crust: 2.8 g/em®, upper mantle
3.2 glem®). 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 McKeNziE (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. Conclusions

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 Palacozoic, 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 BARBIER
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 WIGGER et al. (this vol.,
fig. 8). The major crustal blocks, e.g. the Anti-
Atlas, the Hauté "Moulouya 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 WIGGER 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-
HAGEN, 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. ZI1gG-
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 Ziz1 during a poster session in
Rabat 1990.



258 P. GIESE & V. JACOBSHAGEN

Acknowledgements

The authors feel deeply indebted to the geoscientific
authorities of Morocco for continuous cooperation over years
and to the German Research Foundation (DFG) for financial
support within the research program »Mobility of active conti-

nental Margins«. Thanks are, moreover, due to many collea-
gues for fruitful discussions, especially to A. Michard (Orsay)
for his critical review of the manuscript and to 1. Burdzik, R.
Cousifio, B. Mensching and D. Reich (Berlin) for technical
assistance.

References

Afr Braniv, L. & CHoTiN, P. (1984): Mise en évidence d’un
changement de direction de compression dans I'avantpays
rifain (Maroc) au cours du Tertiaire et du Quaternaire. —
Bull. Soc. géol. France, (VII), 26, 681—692, Paris.

—, CHotiv, P., Tapii, B. A. & Rampant, M, (1990): Failles
actives dnas le Rif central et oriental (Maroc). — C. R.
Acad. Sci. Paris (IT), 310, 112329, Paris.

BarLy, A. W. (1984): Tectogénese et sismique reflexion. —
Bull. Soc. géol. France (VII), 14, 279285, Paris.

BarsIEr, F., DUVERGE, J. & LE PicHON, X. (1986): Structure
profonde de la marge Nord-Gascogne. Implications sur le
mécanisme de rifting et de formation de la marge conti-
nentale. — Bull. centre Rech. Expl. - Product. EH-
Aquitaine, 10(1), 105121, Pau.

Bosch, J. W. H. van den (1971): Carte gravimétrique du Ma-
roc, au 1:500000. — Notes et Mém. Serv. géol. Maroc, 234,
Rabat.

CHARRIERE, A. (1990): Héritage hercynien et évolution géody-
namique alpine d’une chaine intracontinentale: Le
Moyen-Atlas au S. E. de Fes (Maroc). — These Doct. Etat
Univ. Toulouse, 589 p., Toulouse.

CHeVREMONT, P. (1977): Les roches éruptives basiques des
boutonnieres de Tassent et Tasraft et leurs indices métalli-
feres (Haut Atlas central, Maroc). — C. R. Acad. Sci.
Paris (D), 284, 1493—1496, Paris.

CuouBert, G. & Faure-Murer, A. (1962): Evolution du
domaine atlasique marocain depuis les temps paléozoi-
ques. — Livre Mém. P. Fallot, 1960, 1, 447527, Paris
(Soc. géol. France).

—, CHARLOT, R., FAURE-MURET, A., HOTTINGER, L., MARCAIS,
J., TisSERaNT, D. & VipaL, P. (1968): Note préliminaire
sur le volcanisme messinien-pontien au Maroc. — C. R.
Acad. Sci. Paris (D), 266, 197—199, Paris.

—, Dustomszs, J., GauTtHiEr, H. & HINDERMEYER, J. (1980):
Carte géologique du Maroc au 1:200000. — Jbel Saghro-
Dades, Rabat.

Durtour, A. & FERRaNDINI, J. (1985): Nouvelles observations
néotectoniques dans le Haut Atlas de Marrakech et le
Haouz (Central Maroc). Apports sur I'évolution récente
d’un segmente du bati atlasique. — Revue géol. dyn.
Géogr. phys., 26, 285297, Paris.

DresNAy, R. DU (1987): Jurassic development of the region of
the Atlas Mountains of Morocco: Chronology, sedimenta-
tion and structural significance. — In: C. D. Cornelius, M.
Jarnaz & E. P. Lehmann (eds.): Geology and culture of
Morocco: 7999, Tripolis (Earth Sci. Soc., Libya).

FepaN, B. (1988): Evolution géodynaique d'un bassin intra-
plaque sur décrochements: Le Moyen Atlas (Maroc)
durant le Méso-Cénozoique. ~ Thése Doctorat es-Sci.
Univ. Rabat, 318 S., Rabat.

—, LaviLig, E. & EL MezGUELDI, A. (1989): Le bassin juras-
sique du Moyen Atlas (Maroc): exemple de bassin sur
relais de décrochements. — Bull. Soc. géol. France, (VIII),
5, 1123~1136, Paris.

FErRRANDINK, J. & LE MARREC, A. (1982): La couverture juras-
sique a paléogéne du Haut Atlas de Marrakech est alloch-
tone dans la »zone des cuvettes« d’Ait Ourir (Maroc). — C.
R. Acad. Sci. Paris (IL.), 295, 813816, Paris.

FiecaiNer, L. (1990): Geochemie und Geochronologie
frithmesozoischer Tholeiite aus Zentral-Marokko. — Berli-
ner geowiss. Abh., A 118, 76 S., Berlin.

FrorrzuemM, N. (1984): Oberkretazische Vertikaltektonik im
Hohen Atlas SW von Marrakech/Marokko — Rekonstruk-
tion eines Bewegungsablaufs im Frithstadium der Atlas-
Orogenese. — N. Jb. Geol. Paldont. Mh., 1984, 463—471,
Stuttgart.

—, StEeTs, J. & WuURSTER, P. (1988): Aspects of western High
Atlas tectonics. — In: V. H. Jacobshagen (ed.): The Atlas
system of Morocco. Studies on its geodynamic evolution.
~ Lect. Notes Earth Sci., 15, 219—244, Berlin (Springer).

Gautrier, H. (1957): Contribution 2 I’étude géologique des
formations post-liasiques du bassin du Dadés et du Haut-
Todra (Maroc méridional). — Notes Mém. Serv. géol.
Maroc, 119, 212 S., Casablanca.

GoORrLer, K., HeLmpacu, F.-F., Gaemzrs, P., Hessig, K.,
HinscH, W., MADLER, K., ScHwaRzHANS, W. & ZUCHT,
M. (1988): The uplift of the central High Atlas as deduced
from Neogene continental sediments of the Ouarzazate
province, Morocco. — In: V. H. Jacobshagen (ed.): The
Atlas System of Morocco. — Lect. Notes Earth Sci., 15,
361—404, Berlin-Heidelberg (Springer).

HaLwoob, E. A. & MitcHELL, J. G. (1971): Palacomagnetic
and radiometric dating results from Jurassic intrusions in
South Morocco. — Geophys. J. R. astr. Soc., 24, 351—364,
London.

HarManD, CH. & CANTAGREL, J.-M. (1984): Le volcanisme
tertiare et quaternaire du Moyen Atlas (Maroc): chrono-
logie K/Ar et cadre géodynamique. — J. Afr. Earth Sci., 2,
51-55.

HaurtMANN, M. (1990): Untersuchungen zur Mikrofazies,
Stratigraphie und Paldogeographie jurassischer Karbonat-
gesteine im Atlas-System Zentral-Marokkos. — Berliner
geowiss. Abh., A 119, 90 S., 32 Abb., 15 Taf., Berlin.

Hrnrrz, W. (1989): Deformationsmuster im zentralen Hohen
Atlas entlang einer Traverse von Rich nach Midelt
(Marokko). ~ N. Jb. Geol. Paldont. Mh., 1989, 88—108,
Stuttgart.

Hersig, H.-G. (1986): Lithostratigraphisch-fazielle Unter-
suchungen im marinen Alttertidr siidlich des zentralen
Hohen Atlas (Marokko). — Berliner geowiss. Abh., A 66,
343—-380, Berlin.

— (1990): Das Paldogen am Sidrand des zentralen Hohen
Atlas und im Mittleren Atlas Marokkos. Stratigraphie,
Fazies, Paldogeographie und Paldotektonik. — Unveroff.
Habil.-Schr., Freie Univ. Berlin, 206 S., 40 Taf., Berlin.

HourteN, F. B. van (1976): Late Variscan nonmatine basin de-
posits, northwest Africa: Implications for pre-drift North
Atlantic reconstructions. — Amer. J. Sci., 276, 671-693.



Inversion Tectonics of intracontinental ranges: High and Middle Atlas, Morocco 259

JacoBsHAGEN, V. (1986): Zur Baugeschichte des zentralen
Hohen Atlas (Marokko). — Berliner geowiss. Abh., A 66,
433—454, Berlin.

—, Brepe, R., HaurtMaNN, M., Hemirz, W. & Zyika, R.
(1988a): Structure and post-Palacozoic evolution of the
central High Atlas. — In: V. H. Jacobshagen (ed.): The At-
las System of Morocco. — Lect. Notes Earth Sci., 15,
245—271, Berlin-Heidelberg etc. (Springer).

—, GORrLER, K. & GiEsg, P. (1988b): Geodynamic evolution
of the Atlas System (Morocco) in post-Palacozoic times. —
In: V. H. Jacobshagen (ed.): The atlas System of Mo-
rocco. — Lect. Notes Earth Sci., 15, 481—499, Berlin-
Heidelberg etc. (Springer).

LaviLie, E. (1980): Tectonique et microtectonique d’une par-
tie du versant sud du Haut Atlas marocain (boutonnitre
de Skoura, nappe de Toundoute). — Notes Serv. géol. Ma-
roc, 41, 81—184, Rabat.

— (1985): Evolution sédimentaire, tectonique et magmatique
du bassin jurassique du Haut Atlas (Maroc). Modeéle en
relais multiples des décrochements. — Theése Doct. Etat:
427 S., Montpellier.

— & Harmanp, C. (1982): Evolution magmatique et tec-
tonique du bassin intracontinental mésozoique du Haut
Atlas (Maroc): un modele de mise en place synsédimen-
taire de massifs »anorogeniques« liés & des décroche-
ments. — Bull. Soc. géol. France (VIL), 24, 213—227, Paris.

—, LEesacg, J. C. & SEGURET, M. (1977): Géométrie, cinéma-
tique (dynamique) de la tectonique atlasique sur le versant
sud du Haut Atlas marocain. Apercu sur les tectoniques
hercyniennes et tardi-hercyniennes. — Bull. Soc. géol.
France, (7), 19, 527—539, Paris.

Lorenz, J. C. (1988): Synthesis of Late Paleozoic and Triassic
redbed sedimentation in Morocco. — in V. H. Jacobshagen
(ed.): Lect. Notes Earth Sci., 15, 139-168, Berlin-
Heidelberg etc. (Springer).

MATTAUER, M., Proust, F. & TAPPONNIER, P. (1972): Major
strike slip faults of Late Hercynian age in Morocco. — Na-
ture, 237, 160—162.

—, TaprONNIER, P. & Prousr, F. (1977): Sur les mécanismes
de formation des chaines intracontinentales. Lexemple
des chaines atlasiques du Maroc. — Bull. Soc. géol. France
(7, 19, 521526, Paris.

McKenzie, D. (1978): Some remarks on the developments of
sedimentary basins. — Earth planet. Sci. Letters, 40,
25-32.

SaNDERSON, D. J. & Marcumni, W. R. D. (1984): Trans-
pression. — J. struct. Geol., 6, 449—458.

SeurertT, G. (1988): Jurassic sediments and synsedimentary
tectonics in the Central High Atlas, Morocco. — Bull. Soc.
géol. France (VIII), 4, 375390, Paris.

Sters, J. & WURSTER, P. (1981): Zur Strukturgeschichte des
Hohen Atlas in Marokko. — Geol. Rdsch., 70, 801—841,
Stuttgart.

STUDER, M. (1980): Tectonique et pétrographic des roches sé-
dimentaires, éruptives et métamorphiques de la région de
Tounfite-Tirrhist (Haut Atlas central, Maroc). — Thése
Univ. Neuchétel: 95 S., Neuchitel.

STUDER, M. & DrESNAY, R. bU (1980): Déformations synsédi-
mentaires en compression pendant le Lias supérieur et le
Dogger au Tizi n’Irhil (Haut Atlas central de Midelt, Ma-
roc). — Bull. Soc. géol. France (VII), 22, 391397, Paris.

TisseranT, D., Tauizar, R. & Acarp, J. (1976): Données
géochronologiques sur le complexe de roches alcalines du
Tamazeght (Haut Atlas de Midelt), Maroc. — Bull
B.R.G.M., 1976(3), 279—283, Paris.

TrAPPE, J. (1989): Das marine Alttertiéir im westlichen Hohen
Atlas (Marokko). Mikrofazies, Paldogeographie, Phos-
phoritgenese. — Diss. Univ. Bonn: 217 S., Bonn.

WarmME, J. E. (1988): Jurassic carbonate facies of the central
and eastern High Atlas rift, Morocco. — In: V. H. Jacobs-
hagen (ed.): The Atlas System of Morocco. Studies on its
geodynamic evolution. Lect. Notes Earth Sci., 15,
169-199, Berlin etc. (Springer).

WERNICKE, B. (1981): Low-angle normal faults in the Basin-
and-Range province: Nappe tectonics in an extending
orogen. — Nature, 291, 645—647, London.

ZIEGLER, P. A. (1988): Evolution of the Arctic-North Atlantic
and the Western Tethys. — AAPG Memoir, 43, 198 pp.,
Tulsa.

Zyika, R. (1988): Die siidliche Randzone des Hohen Atlas
zwischen Toundoute und Goulmima (Marokko). — Berli-
ner geowiss. Abh., A 96, 129 S., Berlin.



