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Abstract. The High Atlas Mountains of North Africa were
formed over a major intracontinental rift system that had
extended from what is now the Atlantic margin of Morocco
to the Mediterranean coast of Tunisia. The Atlas rift system
began in the Triassic and was active through the Jurassic.
The inversion phase of the Atlas rift system began in the
Early Cretaceous and extended into the present. The major
uplift phase occurred between 30 and 20 Ma (Oligocene-
Miocene) and corresponds to the Alpine orogenic event.
The uplift and inversion of the Atlas rift system resulted in a
shortening of the rift basin by a minimum of 36 km. A
restoration of the deformed cross section indicates the
original Atlas rift basin was approximately 113 km wide,
comparable to the width of the present-day Red Sea. Syn-
rift and postrift sedimentary rocks were uplifted by the
reactivation of synrift normal faults, with further shortening
along newly formed thin-skinned thrust faults. Structures
formed by the reactivation of synrift faults resulted in
structures with different geometries than those created by
newly formed fault-bend and fault-propagation faults.
Shortening across the High Atlas Mountains involved a
partitioning of strain, with the greatest magnitude of short-
ening occurring along the margins of the High Atlas
Mountains.

1. Introduction

Intracontinental rift systems are important tectonic fea-
tures as they may focus strain during plate convergence
along nearby plate boundaries. The style and magnitude of
the rifting (pure shear or simple shear) and the orientation of
the rift system relative to plate convergence contribute to
the magnitude of the shortening and the style of folds and
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thrusts. Rift system geometry may control the vergence or
bivergence of thrusting during inversion. Stresses trans-
mitted during plate convergence may be accommodated by
decoupling of the crust at different levels depending on the
variation of crustal thickness and yield strengths associated
with the rifts. Multiple levels of detachment may result.

The High Atlas Mountains of Morocco were formed by
the reactivation of a major intracontinental rift system dur-
ing convergence of the African and European plates during
the Cenozoic [Dewey et al., 1989]. The convergence of the
North African and Eurasian plates during the Cenozoic
through Present may be partially accommodated by shear
along Proterozoic zones of weakness in the crust [Milanov-
sky, 1981; Ziegler, 1982; Laville and Pique, 1991; Giese
and Jacobshagen, 1992]. Tectonic inversion occurs when
preexisting extensional faults or lateral discontinuities in the
crust affect the architecture of subsequent compressional
structures. The architecture of these structures depends
upon the geometry and azimuth of the preexisting structure
relative to the orientation of the subsequent compressional
events [Williams et al., 1989; Vially et al., 1994; Beau-
champ et al., 1996]. In certain cases listric or low angle
normal faults will reactivate with a reverse sense of motion,
particularly if the fault is orthogonal to the azimuth of com-
pression. Higher angle normal faults may act as a buttress
that focuses strain. The focusing of strain related to com-
pression across the higher angle normal fault may lead to
the formation of new low angle thrust faults or footwall
shortcut faults [Williams et al., 1989; Beauchamp et al.,
1996].

This paleo-Atlas rift system extended from what is now
the Atlantic margin of Morocco, to the Mediterranean coast
of Tunisia (~2000 km) (Figure 1). The paleo-Atlas rift sys-
tem was oblique to the orientation of the Atlantic rift during
the Triassic-Jurassic. The oblique orientation of the rift
system resulted in structures that are representative of
transtensional deformation such as pull-apart basins, exten-
sional ramps and en echelon faulting [Schaer and Rodgers,
1987; Laville and Pique, 1992; Vially et al., 1994; Beau-
champ et al., 1996]. The greater part of Atlas rift system
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Figure 1. Map of North Africa showing the location of the region of transect A-A’ (box), the High
Atlas, Anti-Atlas, Tellian Atlas, and Betic Rif orogens overlain on digital topography. The white lines
refer to tectonic boundaries for the original Mesozoic rift system and the extent of uplift and shortening
in the Atlas mountains. Estimates of crustal thickness in Morocco are also shown.

was oriented orthogonal to the direction of plate conver-
gence and compression during the Tertiary. Regions of the
Atlas such as the Middle Atlas mountains were oriented
oblique to the direction of plate convergence during the
Tertiary, and may have been subjected to oblique compres-
sion [Beauchamp et al., 1996; Gomez et al., 1996, Gomez et
al., 1998].

A geophysical-geological cross section (Transect A-A’,
Plate 1) was constructed across the central High Atlas
Mountains of Morocco to develop a better understanding of
how intracontinental mountain belts are formed (Figure 2).
The construction of a balanced and restorable cross section
across the High Atlas Mountains enables the study of the
kinematic history of the mountain belt, as well as how strain
resulting from convergence between the European and Afri-
can plates is partitioned. Based on the interpretation of pre-
viously unpublished seismic reflection profiles and field
work, the shortening between the Ouarzazate basin (re-
gional pin line) and the Tadla basin (local pin line) on the
deformed and restored sections (A-A’) is estimated to have
been ~36 km (Plate 1). The amount of shortening across
what is interpreted to have been the original High Atlas rift
basin (113 km in width, restored section) was estimated
between reference lines (A) and (B) (Plate 1). Values for
shortening indicate that the Atlas rift basin was shortened by
a minimum of ~32%. Previous estimates of the amount of
shortening across the High Atlas had been between 10 and
20% [Brede, 1992].

The balanced section is constrained by data from Ceno-
zoic age rocks over most of the transect. Shortening in
older rocks (Mesozoic-Paleozoic) along the line of the sec-
tion is interpretive. Shortening within the Paleozoic is rep-
resented by a series of duplexes that mechanically achieve
the overall uplift necessary to balance the section, but the
duplexes are not intended to suggest the true structural
complexities in the Paleozoic and older rocks (shown as
dashed lines, Plate 1). This interpretation of the shortening
in Paleozoic and older rocks is believed to represent the
most likely model for crustal thickening. The absence of
high heat flow in the Atlas mountains precludes the possi-
bility of a thermally supported uplift.

Shortening across the High Atlas Mountains resulted in a
partitioning of strain, with the greatest magnitude of short-
ening occurring along the margins of the High Atlas. This
partitioning of strain has been recognized elsewhere in the
Saharan Atlas of Algeria [Vially et al., 1994], and in similar
age inverted mountain belts (Venezuelan Andes) of South
America [Colletta et al., 1997]. Two pin lines and loose
lines were placed along transect A-A’ to determine the
magnitude of shortening across the High Atlas (Plate 1).
Thrusting and inversion resulted in the concentration of
shortening along the two margins of the High Atlas over a .
distance of 10 km (Plate 1, Transect A-A’) with little short-
ening along the section in the interior of the High Atlas
Mountains.

Many foreland fold and thrust belts have only one sense
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Figure 2. Map showing the location of seismic reflection profiles (KT-6 in the Tadla basin, OZ-5a and
0Z-5b, OZ-6 and OZ-7) used in the study and the location of transect A-A’.

of thrusting and vergence. Intracontinental mountain belts
are commonly bivergent and have a more complex history
for the timing and sequence of thrusting. The bivergence of
thrusts in intracontinental mountain belts may be related to
the reactivation of rift fault systems that are often bivergent
[e.g., Bally, 1984; Fraissinet et al., 1988; Hayward and
Graham 1989; Jossen and Filali-Moutei, 1992; Vially et al.,
1994; Colletta et al., 1997]. A bivergent intracontinental
mountain belt implies that at some point in the orogen there
should be a null point on either side of which the sense of
vergence is reversed. Bivergent thrusting/inversion may re-
sult in foreland basins developing on both sides of the oro-
gen. Tectonic thickening of the upper crust along the mar-

gins of the High Atlas Mountains by thrusting and fault
reactivation occurred without the development of significant
foreland basins, indicating a strong lithosphere. The High
Atlas mountain belt is a bivergent mountain belt that has
been affected by moderate to strong inversion [Gauthier,
1960; Rolley, 1978; Vially et al., 1994; Lowell, 1995].

2. Regional Setting

2.1. Topography and Crustal Thickness Variations

Crustal thickness variations across the High Atlas high-
light one of the most remarkable aspects of this orogen.
Despite topography locally in excess of 4 km elevation, the
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crust apparently is nowhere in excess of 40 km thick. The
crustal thickness outside of the High Atlas Mountains has
been estimated to be 35 km from single station earthquake
seismological data near Midelt in the Missour Basin [Sand-
vol et al., 1996]. A refraction study parallel to the axis of
the High Atlas Mountains [Makris et al., 1985] found that
the crust beneath the Meseta (Figure 1) is 30 km thick, thin-
ning to between 18 and 20 km along the Moroccan shelf.
South of the High Atlas Mountains, crustal thickness below
the Anti-Atlas is 30 km, thinning towards the Atlantic mar-
gin (24 km). Gravity data were modeled in two dimensions
along two profiles across the High Atlas indicating crustal
thickness between 34 and 38 km. Makris et al. [1985]
noted that these gravity models indicate a lack of isostatic
compensation relative to the topography of the High Atlas
Mountains. Later refraction studies were oriented perpen-
dicular to the High and Middle Atlas Mountains [Wigger et
al., 1992]. The crust beneath the High Atlas Mountains was
interpreted to be 38-39 km thick, with an average crustal
thickness to the north of the mountains of 35 km, with a
possible low-velocity zone at depths of 10-15 km [Wigger
et al., 1992].

These results can be interpreted in concert with electrical
resistivity studies that indicate the presence of a north dip-
ping layer of low resistivity between 10-15 km beneath the
High and Middle Atlas Mountains [Schwartz et al., 1992].
This high conductivity, low-velocity layer was interpreted
by Schwartz et al. [1992] as a crustal detachment that could
also be related to the previously mentioned low-velocity
zone and may be equivalent to the base of the Paleozoic as
interpreted on transect A-A’ (Plate 1).

2.2. Prerift Phase

The Anti-Atlas south of the High Atlas Mountains expose
Precambrian through Paleozoic age rocks of the West Afri-
can craton. The Late Proterozoic rocks were affected by the
Pan-African orogeny that occurred between 680 and 570
Ma [Pique et al., 1993]. The Paleozoic stratigraphic section
exposed in the large anticlinorium of the Anti-Atlas was
part of Paleozoic Gondwana. These rocks of the West Afri-
can craton were then affected by deformation in the Her-
cynian orogeny (330-250 Ma).

Precambrian granites and volcanics outcrop in the Anti-
Atlas at the southern end of the transect A-A’ of this study
(Figure 2). Similar Precambrian rocks have not been recog-
nized to the north of the High Atlas Mountains. Igneous
rocks exposed north of the High Atlas Mountains are gran-
ites of Hercynian age [Michard, 1976]. The absence of Pre-
cambrian rocks in outcrop or penetrated by wells may indi-
cate a much thicker Paleozoic sequence north of the High
Atlas Mountains. It is also possible that there is no Precam-
brian crust north of the Atlas Mountains.

During the Early Paleozoic to Middle Devonian, westemn
and central Morocco was a shallow platform distinguished
by the deposition of epicontinental facies. Silurian age
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sedimentary rocks are composed of thick black, organic-rich
graptolitic shales [Michard, 1976] and thin sandstone and
crinoidal limestones (Figure 3). These Silurian shales range
from 200 to 1000 m in thickness and provide an important
sedimentary sequence for the nucleation of thrusts and du-
plexes within the Paleozoic rocks. The Late Devonian to
Early Carboniferous was characterized by transtensive
sedimentary basins [Pique et al., 1993] that are not uni-
formly distributed throughout Morocco. Permo-
Carboniferous rocks may have been eroded from con-
straining bends (flower structures) and preserved in the re-
leasing bends (pull-apart basins) [Jabour and Nakayama,
1988]. Wells drilled to the north of the High Atlas along
transect A-A’ (DRZ-1 and KMS-1) did not encounter rocks
of Devonian to Carboniferous age (Figure 2).

2.3. Synrift Phase

The Atlas rift system began in the Triassic and was active
depositionally through the Jurassic [Michard, 1976;
Manspeizer et al., 1978, Schaer and Rodgers, 1987; Laville,
1988]. The synrift sequence of the Atlas began with the
deposition of continental Triassic clastic rocks composed of
interbedded sandstones, shales, anhydrite, and volcanics
[Manspeizer et al., 1978; Beauchamp, 1988; Medina, 1988].
The basal Triassic is composed of continental red beds
which are locally overlain by thoeliitic basalts (~400 m in
western Atlas) [Manspeizer et al., 1978]. Thicknesses of
Triassic strata range between 4000 and 5000 m in the west-
ern High Atlas, with thicknesses of less than 1000 m in the
central High Atlas, eastern High Atlas, Middle Atlas
Mountains, and Missour basin [Manspeizer et al., 1978,
Beauchamp et al., 1996] (Figure 1). Triassic age rocks are
absent in the Ouarzazate basin and Anti-Atlas south of the
High Atlas Mountains along the southern part of the cross
section A-A’ (Figure 2). Well data in the Tadla basin
(DRZ-1 and KMS-1) indicate that Triassic rocks north of
the High Atlas have thicknesses of between 350-450 m.
Triassic rocks exposed along the line of the transect (A-A’)
at the northern and southern margins of the High Atlas
Mountains are less than 500 m in thickness.

Triassic evaporites provide a weak stratigraphic interval
that controlled the development of Cenozoic contractional
structures. In the field, Triassic evaporitic rocks are in-
tensely deformed and sheared. The evaporites and associ-
ated basalts characteristically have a high-amplitude re-
sponse on seismic reflection data, which is a key marker for
interpretation [Beauchamp et al., 1996].

Synrift Jurassic sedimentary rocks were deposited within
the Atlas rift system only in the present High Atlas Moun-
tains, with the exception of the Missour basin and the High
plateau [Laville, 1988; Beauchamp et al., 1996] (Figure 2).
Late Jurassic and Early Cretaceous sedimentary rocks are
present offshore along the passive margin of Morocco, as
extension continued unabated during the successful opening
of the Atlantic [Broughton and Trepanier, 1993]. Jurassic
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Figure 3. Generalized stratigraphic section of the central High Atlas Mountains compiled from geo-
logical maps [Saadi et al., 1977, 1979, 1985; Fetah et al., 1990], measured sections [Michard, 1976,
Rolley, 1978; Jabour and Nakayama, 1988; Ensslin, 1992], and well data (Tadla basin DRZ-1 and

KMS-1).

sedimentary rocks display complex facies distributions,
varying both normal to the Atlas rift basin axis as well as
along strike. Jurassic sedimentary rocks of the eastern High
Atlas (Figure 1) are generally more calcareous and range
from shallow water reef carbonates to deep water calctur-
bidites in the center of the rift basin [Crevallo et al., 1987].

The central High Atlas Mountains to the west expose Mid-
dle Jurassic (Dogger) sedimentary rocks most of which are
clastic. Thick sandstone and shale intervals are common
[Rolley, 1978]. Late Jurassic sedimentary rocks are com-
posed of thick massive limestones and dolomites (Liassic).
Upper Jurassic  (Oxfordian-Kimmeridgean-Tithonian)
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Figure 4. Generalized tectonic and geological map of the central High Atlas showing the location of
transect A-A’, modified after Saadi et al., [1977, 1979, 1985]; Rolley, [1978], Jenny [1988] and Fetah

et al. [1990].

through Lower Cretaceous (Berriasian-Albian) sedimentary
rocks in the High Atlas Mountains and margins are not pre-
served, and rocks of these ages may never have been de-
posited (Figure 3).

The synrift Triassic and Jurassic sedimentary rocks have
been interpreted by several researchers to have been depos-
ited in a transtensional rift environment [Crevallo et al.,
1987; Laville, 1988; Beauchamp, 1988; Laville and Pique,
1991]. Extension combined with strikeslip movement has
been used to explain different syntectonic sedimentary rela-
tionships such as facies changes, angular disconformities,

and abrupt changes in thickness (Triassic-Late Jurassic
faulting). There are also a variety of explanations for these
relationships such as lateral ramps, high-relief accommoda-
tion zones, and changes in fault polarity [Rosendahl et al.,
1986]).

2.4. Postrift Phase

Postrift sedimentary rocks of the Atlas range in age from
Cenomanian to Eocene. Uplift of the Atlas Mountains began
in the Cretaceous and extended into the present [Faure-
Muret and Choubert, 1971]. Uplift of the northwestern
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margin of Africa during the Late Jurassic and Early Creta-
ceous was a regional tectonic response to the opening of the
Atlantic, resulting in erosion and/or nondeposition.

Cretaceous sedimentary rocks are composed of transgres-
sive shallow marine clastic and carbonate sedimentary rocks
[Ensslin, 1992]. The Ouarzazate basin is the southern
foreland basin of the High Atlas Mountains and attains a
maximum Tertiary thickness of 1000 m [Schmidt, 1992].
These Tertiary rocks (Paleogene/Neogene) overlie Creta-
ceous rocks (Cenomanian/Turonian) composed of siltstones,
fine sandstones and marls [Schmidt, 1992]. The Paleogene
and Late Cretaceous age rocks onlap Paleozoic and Protero-
zoic age rocks along the southern margin of the Ouarzazate
basin. Uplift in the Oligocene was related to the Alpine
orogeny and was driven by the convergence of the Eurasian
and African plates. This Alpine uplift was responsible for
the major uplift and inversion of the High Atlas Mountains
[Brede et al., 1992; Laville and Pigque, 1992). Thrusting
and inversion during the Oligocene formed the current
topographic relief of the High Atlas Mountains, yet signifi-
cant Tertiary foreland basins to the north and south of the
High Atlas are lacking. Tertiary sediment thicknesses in the
foreland regions are on the average less than 1 km. North-
west of the Ouarzazate basin, Jebel Mgoun reaches eleva-
tions of over 4000 m. The lack of development of foreland
basins may indicate a high rigidity for the upper crust along
the margins of the Atlas. Sediments of Tertiary age may
have bypassed these basins and were deposited westward
onto the Atlantic margins.

3. Structural/Geophysical Transect of the High
Atlas

A geological-geophysical cross section was constructed
across the central High Atlas Mountains of Morocco to
study the geometry and kinematic history of the orogen.
Seismic reflection data acquired by the Office National de
Recherches et d’Exploitations Petrolieres (ONAREP) were
reprocessed and combined with field mapping, Landsat-TM
images, gravity, and magnetic data to facilitate the con-
struction of an area-balanced cross section across the High
Atlas Mountains. The location of transect A-A’ (Plate 1)
was chosen to parallel the direction of thrust transport (Fig-
ure 4) and to be as near as possible to the seismic reflection
profiles along the northern and southern margins of the
High Atlas (KT-6 in the north and OZ-5 in the south, Plate
2). Abundant examples of small-scale deformation exist
along the trend of the transect and make a significant con-
tribution to the overall shortening along the transect. Al-
though many smaller structures were also mapped in the
field along the transect, only those structures that could be
shown at the scale of transect A-A’ will be discussed.

Field data were collected along seismic reflection profile
KT-6 using topographic maps, air photographs, Landsat-TM
images, and a Global Positioning System receiver. Addi-
tional regional data were collected along dip-oriented tran-
sects across the Ait Attab syncline parallel to seismic profile
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KT-6 and across the High Atlas along transect A-A’ (Figure
2). Geological data were also digitized from 1:100,000-
scale geological maps [Ghissassi, 1977, Saadi et al., 1979,
1985; Fetah et al., 1990] and additional structural data were
derived from air photographs and Landsat-TM images.

Synrift normal faults commonly can be identified by the
presence of Jurassic basalts that were intruded along the
fault planes, as well as by sedimentary thickening into the
faults. In the field many small Mesozoic normal faults thus
identified have not been later reactivated. A common char-
acteristic of structures in the High Atlas along transect A-A’
is an asymmetric style of fault-related folding. Many of the
topographic ridges are directly related to structures of this
nature. It is suggested that these structures were generated
by fault-propagation folds that originated from underlying
evaporites in the Triassic (Figure 5). These steep fold limbs
are commonly faulted along strike by complex multiple
fault-breakthroughs.

Gravity and magnetic data [Makris et al, 1985] were
used in this study in conjunction with seismic reflection data
and geological data to assist in the interpretation of the first-
order crustal features. Gravity data (Plate 1) displayed to-
gether with digital topographic data illustrate the asymmetry
of the High Atlas Mountains (Figure 6). The regional
Bouguer gravity low beneath the High Atlas and the topo-
graphically highest region of the Atlas show a correlation
along the southern margin of the mountains. The gravity
low extends southward into the relatively shallow Tertiary
Ouarzazate basin. Given the amount of tectonic loading
along the southern margin, the High Atlas Mountains ap-
pear to be uncompensated [Makris et al., 1985]. The lack of
a significant foreland basin [Schmidt, 1992] may be related
to high crustal rigidity. The gravity and magnetic data cor-
relate well to Precambrian basement rocks exposed in the
Anti-Atlas south of the section (Plate 1). The Bouguer
gravity data show a decrease in the asymmetrical anomaly
northward along the traverse A-A’ (Plate 1 and Figure 6) as
does the topographic profile. Magnetic data displayed
along traverse A-A’ show a broad regional anomaly beneath
the High Atlas Mountains of approximately 100 nT. Sev-
eral smaller magnetic anomalies along the traverse are of
the order of 10-15 km in wavelength and show a 20-30 nT
deflection in the regional magnetic gradient (Plate 1).
These magnetic anomalies may be related to gabbroic intru-
sives of Triassic to Lower Jurassic age.

Digital copies of seismic reflection profiles acquired for
petroleum exploration by ONAREP were reprocessed for
use in this study. The profiles were reprocessed from the
field shot gathers for the lines north of the High Atlas
Mountains (KT-6, Tadla basin), and poststack processing
was carried out on the lines south of the High Atlas Moun-
tains (OZ-5, QOuarzazate basin) (Figure 2). These seismic
profiles were chosen because of their orientation with re-
spect to the transport direction of thrusting and because they
are the only seismic profiles that extend into the foothills of
the High Atlas Mountains. The seismic profiles KT-6 and
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Figure 5. A photograph and corresponding geological sketch showing kink axes interpreted as a fault
propagation fold at depth. These kink axes are located along the southern margin of the Ait Attab syn-
cline and steepen the southern limb of the syncline. These kink axes are thought to result from the
propagation of a newly formed fault generated in the Triassic evaporites. The location of Figure 5 is

shown on Figure 7.

OZ-5 were acquired by Compagnie Générale de Géophy-
sique for ONAREP using a Vibroseis source (50 m shot
spacing, 96 channels, and 10-60 Hz sweep) and a split
spread geometry. The profiles were migrated using a finite
difference algorithm, depth converted, and displayed with
no vertical exaggeration to provide an accurate display for
structural interpretation and for construction of the cross
section A-A’ (Figures 2 and 7). Well data from the Tadla
basin were used to provide stratigraphic control by creating
synthetic seismograms and time-depth curves. These wells
were drilled in close proximity to seismic profile KT-6 and
provided stratigraphic control into Paleozoic age (Ordovi-
cian) sedimentary rocks (Figure 7).

4. Description of Structures

4.1. Northern High Atlas Mountains

Seismic profile KT-6 is oriented at about 45° to the di-
rection of thrust transport in the northern High Atlas (Figure

7). Bedding dips seen on this line, for the most part, are ap-
parent. Structures interpreted along profile KT-6 were cor-
rected for true dip and then projected along strike to transect
A-A’ (Plate 1). The northern 20-25 km of profile KT-6 was
acquired in the Tadla basin north of the High Atlas. Both
wells in the Tadla basin drilled through the Tertiary, Upper
Cretaceous and Triassic and into the Ordovician without en-
countering Lower Cretaceous or Jurassic rocks (Plate 2).
Reflections correlative to the stratigraphic intervals en-
countered in the two wells clearly extended to within less
than 1 km of the exposure of massive Lower Jurassic car-
bonates in the foothills of the High Atlas. No clear evi-
dence of a décollement north of the exposed Lower Jurassic
carbonates was found on profile KT-6.

The style of deformation on the north side of the High
Atlas is illustrated by spectacular field relations on the
northern limb of the Ait Attab syncline (Figures 7 and 8).
A low-angle thrust fault dips 15° toward 210° (SSW). Mas-
sive Early Jurassic carbonates and Triassic clastic rocks in
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Figure 6. Perspective view of the High Atlas showing digital topography and Bouguer gravity data.
The highest topography is along the southern margin of the High Atlas where gravity data indicate a re-
gional gravity low. The lack of significant foreland basins may indicate that the High Atlas are uncom-
pensated. The area shown is the area of study on Figure 1.

the hanging wall flat of this fault are thrust over Late Creta-
ceous red shales and sandstones that are Cenomanian in age
(Figure 8). The thrust zone is composed of breccia several
meters in thickness. This breccia is made up of angular
fragments of the overlying massive dolomites and
limestones that range up to 0.5 m in size. The breccia is
poorly cemented except for the recent deposition of traver-
tine. It was difficult to find kinematic indicators within the
zones of fault breccia, but lineaments oriented downdip of
the fault zone were common on bedding planes above the
fault zone. The hanging wall of this major fault is deformed
locally by fault-propagation folds that step up from the un-
derlying thrust

The Ait Attab syncline (Figure 7) is one of the largest and
most conspicuous structures along the trace of transect A-A’
and is well imaged on line KT-6. Surface structural dips are
in good agreement with those extracted from the seismic
data (Figure 9). Thickening of the Middle and Lower Juras-
sic rocks across the syncline from southeast to northwest
indicates that the synrift rocks were deposited in the hang-
ing wall of an active normal fault that dipped southward
into the paleo-Atlas rift basin. The folded rocks lie above
high-amplitude reflectors that dip more gently than the
overlying exposed rocks in the Ait Attab syncline (Figure
9). The lower reflections are interpreted as being the foot-
wall flat of the major fault, described above, along the
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Figure 7. Simplified geological map of the Ait Attab syncline along the northern margin of the High
Atlas Mountains. Shown are the locations of seismic line KT-6, wells DRZ-1 and KMS-1 and transect
A-A’. Fold axes, fault traces and stratigraphic contacts are overlain on a Landsat-TM image (near in-

frared band 5).

northern margin of the Ait Attab syncline (Figure 7). This
broad, open syncline has a wavelength of ~12 km and is in-
terpreted to have formed between two fault-bend anticlines
(Figure 9 and Plate 1). Locally, the geometry of the limbs
has been complicated by small fault-propagation folds (Fig-
ure 5 and Plate 2). In three dimensions the syncline dis-
plays a classic type-2 fold interference pattern [Ramsey and
Huber, 1987]. The first of the two fold axial surfaces
strikes NE to east and the second fold axial surface strikes
NW and is near vertical. It is believed these two phases of
folding are the same age and were generated by one phase
of deformation by the thrusting of rift sedimentary rocks
northwestward over a lateral ramp.

4.2. Central High Atlas Mountains

Shortening in the central High Atlas Mountains is insuffi-
cient to explain the topography found in this part of the oro-
gen and therefore presents an interesting problem. The
small amount of shortening expressed in this region indi-
cates that the topography of the area must be related to
shortening at depth. We interpret many of the structures
present in the central area of the mountain belt (Jebel
Waougoulzat, Jebel Tizal, and Azilal) were formed by fault-
propagation folds that ramped up from an inferred décolle-
ment in Triassic age rocks (Plate 1). The central region of
the High Atlas known as Ait Mohammed is bounded by two
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Figure 8. A photograph showing a field location along the northern margin of the Ait Attab syncline
(fault is shown on Figure 7). This low-angle fault thrusts Lower Jurassic (Hettangian/Pleinsbachian)
massive dolomites and limestones over Upper Cretaceous (Cenomanian/Turonian) rocks. Along strike
this fault thrusts Lower Jurassic rocks in the hanging wall over Tertiary rocks in the footwall.

of these large-scale structures. The gently dipping syncline
of Ait Mohammed is approximately 20 km wide. Beneath
Ait Mohammed a fault duplex system was interpreted to lie
in the Paleozoic part of the section so as to generate the
amount of uplift present above the décollement (~12 km
thickness). Without this duplex system there is insufficient
sedimentary thickness to balance the area between the dé-
collement and the surface. The duplex geometry in the Pa-
leozoic shown in Plate 1 probably does not represent the
true geometry of the deformed beds in the Paleozoic rocks,
but some type of internal shortening beneath the Triassic
and above the décollement is necessary to create the large
relatively undeformed region of Ait Mohammed above the

décollement. Other possible explanations of the uplift in the
central region of the High Atlas include high-angle planar
faulting, thermal uplift, or a previously existing Paleozoic or
Proterozoic crustal root.

4.3. Southern High Atlas Mountains

Three seismic lines from the Ouarzazate basin were sup-
plied by ONAREP for this study. Line OZ-5 also extends
completely across the Ouarzazate basin from the exposed
Precambrian of the Anti-Atlas into the foothills of the
southern High Atlas Mountains (Figure 10). The southern
end of line OZ-5 shows a high-amplitude reflector that dips
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Figure 9. A detailed portion of seismic line KT-6 across the Ait Attab syncline (see Figures 2 and 7 for
location). This line illustrates the folded rocks of the Ait Attab syncline in the hanging wall of a major
thrust fault that verges to the northwest. The southern limb of the Ait Attab syncline is further steep-
ened by fault propagation folds (Figure 5). Bedding above the thrust fault is not parallel to the fault
along the southeast end of the line (previously deformed), which may be synrift rocks inverted along a

reactivated normal fault.

15° northward (Figure 11). This reflector is interpreted as
the top of basement, and above it reflectors are truncated
beneath the Upper Cretaceous unconformity. Along the
northern margin of the Anti-Atlas Mountains in the Quar-
zazate basin there are no exposures of Triassic, Jurassic, or
Lower Cretaceous rocks. The only synrift rocks in the
Ouarzazate basin are Triassic and Jurassic rocks that have
been thrust southward out of the rift basin during inversion
in the Oligocene. The thrust faults along the southern mar-
gin of the High Atlas can be easily identified on Landsat-
TM images (Figure 10). Fault-bend folds deformed the
postrift rocks of the Ouarzazate basin during uplift and in-
version of the Atlas rift basin. On the basis of the interpre-
tation of line OZ-5b (Figure 12) we suggest that the base of
the Upper Cretaceous is the principal décollement in the ba-
sin. The dips of the rocks and faults imaged on this line are
apparent, as the seismic line is oblique to the direction of
transport, necessitating correction prior to projection west-
ward onto transect A-A’. At least two thrust faults repeat
postrift rocks to the surface in the Ouarzazate basin. Be-
cause Neogene rocks unconformably overlie the hanging
wall of fault A (Figure 12) but are cut by fault B, we infer
an out-of-sequence progression of faulting. Further evi-
dence for out-of-sequence thrusting is the fact that faults

closer to the High Atlas Mountains are not folded by faults
to the south in the Ouarzazate basin (Plate 2).

Northward along line OZ-5b the décollement at the base
of the Upper Cretaceous is cut by a younger thrust that
places synrift sedimentary rocks at outcrop over postrift
Upper Cretaceous and Paleogene rocks (Figure 13 and Plate
2). The rocks in the footwall of this thrust were originally
deposited along the platform margin of the Atlas rift (no
synrift age rocks). The synrift Triassic and Lower Jurassic
rocks were thrust in the hanging wall of a thrust fault from
within the Atlas rift basin and transported onto the platform
margin of the rift basin. It is important to be able to differ-
entiate between a reactivated normal fault and a newly
formed thrust. The northernmost of the faults along line
OZ-5b is interpreted as a reactivated fault; the bedding in
the hanging wall shows noticeable thickening within the Ju-
rassic over a short distance in the hanging wall of the thrust,
possibly related to synrift deposition during extensional
faulting (e.g., growth fault). The rocks in the hanging wall
of this reactivated fault were previously deformed during
the synrift extensional phase (hanging wall rollover) of de-
formation and were transported up the same normal fault
until a new thrust fault was formed transporting synrift
rocks over the platform margin of the rift (Plates 1 and 2).
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Figure 10. Tectonic map along the southern margin of the central High Atlas Mountains, Ouarzazate
basin and the Anti-Atlas. Seismic reflection profiles used in the construction of transect A-A’ are
shown. Line OZ-5a is parallel to the transport direction of thrusting, and extends to the south near the
exposure of Precambrian age rocks of the Anti-Atlas. The surface expression of thrust faults is evident
on the Landsat-TM image (near infrared band 5). The darker rocks in the northwest corner of the image
are Triassic and Paleozoic rocks outcropping in the axis of the large ramp anticline of Jebel Mgoun
(>4000 m) that has been uplifted by the reactivation of synrift faults. The Paleozoic rocks in the core of
this anticline have been intensely deformed by what is interpreted to be a series of fault duplexes (Plate

1).

5. Construction of a Geological-Geophysical
Transect

This study set forth to prepare a transect across the High
Atlas Mountains (A-A’) that would use as much of the data
available as possible and would for the first time generate a
cross section across the High Atlas Mountains that is bal-
anced and restorable. Such a transect would help to shed
new light on mountain-building processes in an intraplate
setting. The construction of a transect across the High Atlas
Mountains was achieved by hand using several techniques
that involved area balancing, line length balancing, and dip
domains {Woodward et al., 1989]. Kinematic methods of
construction included the fault-bend/fault-propagation fold
technique [Suppe, 1983; Suppe and Medwedeff, 1990] and
vertical simple shear {Gibbs, 1983]. Vertical simple shear
was used to model the reactivation of synrift normal faults,
while new thrusts were assumed to have deformed by layer-
parallel shear.

A number of fundamental assumptions were required in
the construction of transect A-A’, such as deformation by
plane strain with no movement out of the plane of the sec-
tion, conserved area between the deformed and restored
section (area balanced), and line lengths remaining the same
before and after shortening at the scale of the section
[Woodward et al., 1989]. Refolded folds similar to those in
the region of Ait Attab (Figure 7) are common throughout
the High Atlas and violate the two-dimensional assumptions
inherent in cross-section balancing. However, because our
transect is nearly parallel to the second fold axial surface,
the effect of the refolding (resulting from extensional lateral
ramps) is minimal. A depth to detachment calculation was
made (approximately 12 km depth) based upon a composite
thickness from well data and from measured thicknesses in
the High Atlas and Anti-Atlas. This depth to detachment
calculation is in agreement with a proposed detachment
level based on previous geophysical studies (10-15 km)
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Figure 11. Seismic line OZ-5a located along the southern margin of the Ouarzazate basin and the Anti-
Atlas (see Figure 10 for location). The high-amplitude reflection that dips 15° from south to north
across the section is interpreted as Precambrian basement. The reflectors above the basement are inter-
preted as Paleozoic rocks that are truncated by the Upper Cretaceous unconformity.

[Makris et al., 1985; Wigger et al., 1992]. An estimate for
the depth to basement (Precambrian) and dip of basement
along the southern margin of the High Atlas Mountains was
possible based on a seismic reflection tie to basement (Fig-
ure 11). The postrift Late Cretaceous age rocks were as-
sumed not to have thickened significantly into the center of
the Atlas rift basin during subsidence, and measured thick-
nesses from the margins of the High Atlas Mountains were
assumed to be regionally consistent. Section A-A’ was then
restored to the base of the Late Cretaceous (Plate 1). The
construction of the transect also assumed there was no pre-

existing Paleozoic or Proterozoic basin or crustal root pres-
ent beneath the High Atlas. There is no indication of ab-
normally high heat flow beneath the High Atlas that might
suggest recent thermal uplift of the Atlas Mountains.
Bouguer gravity data modeled by Makris et al. [1985] sug-
gest that there are no abnormal density anomalies beneath
the High Atlas that in turn might suggest possible delami-
nation based upon gravitational instability of the crustal root
[Seber et al., 1996].

Estimates of shortening attained from this study based
upon transect A-A’ (Platel) are a minimum estimate of the
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Figure 12. Seismic line OZ-5b located along the southern margin of the High Atlas Mountains (see
Figure 10 for location). This seismic line was shot across several exposed thrust faults that repeat the
Upper Cretaceous in the hanging walls of thrusts faults developed during the Oligocene. Fault A is be-
lieved to have occurred first with fault B occurring out of sequence, as fault B has not been folded by
fault A. An out-of-sequence progression of faulting can be inferred from Neogene rocks that uncon-
formably overlie the hanging wall of fault A and are cut by fault B.

amount of shortening across the High Atlas. A regional pin
line was placed outside the orogen in the Tadla basin to the
north, and a regional pin line was placed in the Ouarzazate
basin south of the High Atlas Mountains. On the basis of a
depth of décollement calculation of 12 km a template was
created for the footwall of the original Atlas rift system
(Plate 1). The depth of basement in the footwall of the tem-
plate (deformed and restored sections) in (Plate 1), was de-
rived from seismic reflection data (Figure 11). Whereas the
original rift basin was composed of many normal faults with
various displacements, vergence, and magnitudes, only the
main rift-bounding faults are considered for reactivation
along transect A-A’. Synrift sediments deformed in the
hanging wall of the rift basin were transported up the south-
ern rift bounding fault (Figure 14 and Plate 1). Thrusts with
a fault-bend-fold geometry are north verging (Figures 8 and
9) along the northern margin of the High Atlas, ramping
upward from evaporites in the Triassic (Plate 1).

6. Discussion

6.1. Historica! Evolution

The Atlas mountain belt is the largest Phanerozoic
mountain belt in Africa and is similar in size and extent to
the Appalachians, Urals, and Zagros mountains. Conver-
gent mountain belts such as the Andes and Himalayas have
been studied extensively in relation to their plate tectonic
origin, yet intracontinental mountain belts such as the Atlas
have received comparatively less attention. Convergence of
continental plates or continental and oceanic plates result in
orogens near the plate margins. The convergence of the
Iberian and African plates during the Alpine orogeny
[Ziegler, 1992] transferred stresses 200-300 km through the
crust to an intraplate region where strain was accommo-
dated along crustal weaknesses formed by rifting in the
Mesozoic and also in earlier Paleozoic orogenic events.
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Figure 13. Seismic line OZ-5b located to the north of Figure 12 shows what is interpreted as synrift
sedimentary rocks transported in the hanging wall of a new thrust (see Figure 10 for location). These
synrift strata are thrust out of sequence over an earlier thrust formed between the Upper Cretaceous and

Paleozoic.

The evolution of the Atlas Mountains and the resulting
structural styles were predetermined by conditions estab-
lished in earlier tectonic events. Triassic to Jurassic age ba-
saltic intrusives found in the Central High Atlas Mountains
yield ages of 210-182 Ma and are of a mid-ocean ridge ba-
salt-like composition, indicating a subcontinental to suboce-
anic composition, with crustal contamination [Fiechtner et

al., 1992]. The presence of volcanic rocks intercalated
within the rift strata of the Atlas Mountains indicates that
crustal thinning was accomplished by a pure shear or a
similar rifting mechanism (Figure 15a).

The postrift phase of the Atlas rift basin coincided with
the opening of the central Atlantic Ocean (Figure 15b).
During the Late Jurassic and Early Cretaceous the north-
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Figure 14. The tectonic evolution of the High Atlas Mountains involved newly formed (a) fault-bend
folds and (b) fault-propagation folds combined with reactivated synrift faults and new thrust faults. The
geometry and amount of displacement of the original normal fault control the geometry and structural
style of the resulting ramp anticline. Reactivated rift faults will transport previously deformed rocks
upward until a new thrust or footwall shortcut fault is formed. Synrift rocks transported in the hanging
wall of these thrusts will not be parallel to the fault plane because of previous deformation. The newly
formed thrusts and footwall shortcut faults are mechanically more efficient. The direction of transport

is to the south (Ouarzazate basin).

western margin of the African plate was uplifted because of
thermal expansion and rifting in the Atlantic. Subsidence
along the Atlantic margin was amplified during the Late Ju-
rassic to Early Cretaceous with continued rifting and
spreading. Though sedimentary rocks of the Late Jurassic
and Early Cretaceous are preserved offshore along the Mo-
roccan passive margin, few sedimentary rocks of these ages
(161-97 Ma) are preserved in the Atlas Mountains and mar-
gins of onshore Morocco (Figure 3).

6.2. Crustal Distribution of Shortening

Structural inversion occurs when rift faults reverse their
sense of motion during subsequent episodes of compres-
sional tectonics. Features originally generated by extension,
such as half grabens, are uplifted to form positive anticlinal
structures (Figures 14a and 14b). Structural relationships
commonly found in rift basins such as low-and high-relief
accommodation zones, pull-apart basins, extensional trans-
fer zones and changes in fault polarity commonly produce
complex three-dimensional structural geometries.

The results from transect A-A’ indicate a shortening of 36
km between the local and regional pin lines (140-105 km)
based on a restoration of the deformed section (Plate 1 and

Figure 15). The greatest shortening (10-14 km) is confined
to a narrow region (~10-15 km) along the margins of the
High Atlas mountains (Figure 15c). The central High Atlas
Mountains display far less shortening in the shallow crust
(synrift/postrift strata) with ~12 km of shortening across
~60 km of transect A-A’. These conclusions indicate a par-
titioning of strain across the High Atlas Mountains that may
involve the transfer of shortening from the margins at shal-
low depths to deeper in the middle to lower crust in the
central region of the orogen. Topography in the High Atlas
is lowest where there is the greatest amount of shortening
(margins), while the greatest topographic relief is supported
by apparent shortening in the middle-lower crust. The
transfer of shortening and the accommodation of strain to
the middle-lower crust in the central High Atlas may be
manifested by the distribution of seismicity. Seismicity be-
neath the High Atlas Mountains occurs to considerable
depths in the crust (< 30 km) [7adili and Ramdani, 1983].
Transect A-A’ was constructed using only regional
structural features (e.g., Ait Attab syncline and Jebel
Mgoun), and fault reactivation was only assumed along
major rift-bounding faults. It has been determined that
smaller faults and fault-related folds may account for an ad-
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Figure 15. Schematic cross sections showing the tectonic history of (a) the Atlas synrift phase, (b) the
postrift phase, and (c) the final uplift and inversion of the Atlas rift system to form the present-day At-
las Mountains. Two regional pin lines are shown which are equivalent to those in Plate 1 (line a) and
(line b). The distance between these pin lines after restoration is approximately 140 km (Figure 15a),
which yields the original width of the Atlas rift system. Subsidence during the Late Jurassic to Tertiary
is also shown (Figure 15b). Convergence between the African and Iberian plates in the Tertiary (Mio-
cene-Oligocene) resulted in the inversion of the Atlas rift basin by bivergent thrusting along the rift
margins at shallow crustal levels over short distances (~10-14 km). Significantly less shortening in the
interior of the mountain belt indicates shortening is being achieved at middle to lower crustal levels

(Figure 15¢).

ditional 25-40% of deformation in extensional terraines and
that these same estimates may apply to shortening in com-
pressional terraines [Marrett and Allmendinger, 1992].
Therefore estimates for the amount of shortening across the
High Atlas based upon area balancing (Transect A-A’) may
be a minimum estimate, and smaller faults may yield a
greater amount of shortening.

While thin-skinned deformation along newly formed
thrusts occurred in the postrift sequence of the Moroccan
Atlas, additional deformation by the reactivation of synrift
normal faults (thick skinned) has resulted in a “hybrid”
thick-and thin-skinned style of deformation (Figure 14).
Faulting along the southern margin of the High Atlas

Mountains and northern Quarzazate basin (Figures 10 and
12) involves thin-skinned faults similar to those reported
from the Algerian Saharan Atlas Mountains [Outtani et al.,
1995].  Thick-skinned deformation inverts synrift strata
along pre-existing faults, often with continued transport of
strata along newly formed thin-skinned faults toward the
exterior of the basin (Figures 14 and 15c). The lower-angle
thrusts allow for larger displacements and greater shortening
than the reactivated synrift faults. Shortening is concen-
trated where the synrift strata are extruded over the margins
of the rift and onto the adjacent platform. If reactivation of
a listric synrift fault follows the upward steepening fault, a
high-angle fault breakthrough may occur to accommodate
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shortening [McClay and Buchanan, 1992]. 1t is possible
that larger normal faults at the margins of the rift have been,
in part, bypassed by footwall shortcut faults [Coward et al.,
1991]. These newly formed thrusts may transport the upper
segment of the original normal fault along the hanging wall
ramp and flat without reactivation of the upper segment of
the synrift normal fault [Beauchamp et al., 1996].

7. Conclusions

The inversion phase of the Atlas rift system began in the
Cretaceous and extended into the present. Regional Late
Jurassic and Early Cretaceous uplift was in response to the
opening of the Atlantic, resulting in erosion and/or nonde-
position. The major uplift phase in the Atlas Mountains
occurred between the Oligocene and Miocene (30-20 Ma).
Synrift and postrift sedimentary rocks were shortened by the
reactivation of synrift normal faults, with further shortening
along newly formed thin-skinned thrust faults. These syn-
rift rocks exhibit significant changes in thickness over a
short distance, and these deformed rocks display different
geometries from newly formed fault-bend and fault-
propagation style folds. Transect A-A’ across the High At-
las Mountains suggests shortening across the orogen (36
km) was achieved by thrusting along detachments at several
levels in the upper crust (e.g., Upper Cretaceous, Triassic,
and Silurian). Thrusting across the Atlas rift basin resulted
in a partitioning of strain, with the greatest magnitude of
shortening occurring along the rift margins and very little
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shortening occurring in the interior of the mountain belt.
Thrusts in the High Atlas Mountains dip to the south along
the northern margin (Tadla basin) and dip to the north along
the southern margin (Ouarzazate basin). This bivergence
may have been influenced by the original rift configuration.
The minimum shortening in the central part of the topogra-
phy of the High Atlas Mountains suggests significant mid-
dle-lower crust shortening.

The objective of this study was to develop a better under-
standing of how intracontinental mountain belts evolve.
The results of this research clearly demonstrate the remark-
able difference between the evolution and present structural
architecture of this intracontinental mountain belt in com-
parison to those mountain belts associated with plate
boundary processes.
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