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The Atlas Mountains of North Africa are one of the largest
intracontinental mountain belts in the world. Despite the size of this orogen
(~2000 km), the basic kinematic and tectonic evolution of the Atlas Mountains
has previously not been well understood. These mountains formed hundreds
of kilometers from active plate margins. The formation of the Atlas Mountains
was greatly influenced by a previous Mesozoic intracontinental rift system.
This rift system spanned half of the African continent and was larger in breadth
than the Red Sea.

This study set out to synthesize existing data and studies of the Atlas
Mountains and integrate these data with new geological, geophysical and
remote sensing data. The construction of a tectonic map was undertaken to
define the tectonic units and terraines of North Africa. The delineation of these
regions allow for the study of how they have interacted during the kinematic
evolution of the Atlas system.

Geological field work was undertaken to study the kinematics of
inversion tectonics and to construct a balanced geological-geophysical
transect. The transect suggests shortening across the orogen (36 km) was
achieved by thrusting along detachments at several levels in the upper crust.
Syn-rift and post-rift sedimentary rocks were uplifted by the reactivation of syn-

rift normal faults and newly formed thin-skinned thrust faults. A restoration of



the deformed cross section indicates the original Atlas rift basin was
approximately 113 kilometers wide.

Shortening across the High Atlas Mountains resulted in a partitioning of
strain, with the greatest magnitude of shortening occurring along the margins
of the High Atlas Mountains. The partitioning of strain may involve the transfer
of shortening from the margins at shallow depths, to the mid-lower crust in the
central region of the orogen. Thrusting in the High Atlas Mountains is bi-
vergent, with thrusts dipping to the south along the northern margin, and
northward dipping faults to the south.

The presence of pre-existing structural geometries such as
accommodation zones, fault ramps, fault relays and en echelon faulting
formed by rift processes will have an effect on subsequent compressional
stress fields generated by plate convergence and other tectonic processes.
Superposed folding which is disharmonic may in fact be a unique
characteristic to inverted rift systems that result in intracontinental mountain

belts.
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Figure 4.1 Location and simplified tectonic/structural map of the study area in
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CHAPTER ONE

Tectonic Map of the Atlas Mountains, North Africa

Abstract

The Atlas Mountains is one of the largest intracontinental mountain
belts (~2000 km) in the world, comparable to the Rocky and Ural Mountains.
The Atlas Mountains extend from the Atlantic margin of Morocco to the
Mediterranean coast of Tunisia, and are the result of the uplift of a previous
Mesozoic rift system. An understanding of the crustal scale structure and
kinematic evolution of these mountains has not developed, in part, due to the
lack of a single detailed structural/tectonic map of the orogen. Because of the
location of the Atlas Mountains in the mostly arid/desert environment of
Morocco, Algeria and Tunisia, an opportunity to create a detailed map of the
mountain belt using Landsat-TM satellite data was possible. A Landsat-TM
mosaic, based on 40 TM scenes, was created as a base for geological
interpretation for the map The extent of the Atlas Mountain belt is also
covered by available detailed geologic mapping in Tunisia, Algeria and
Morocco. These data combined with available literature and field data were
used as ground control for the mapping of structural/tectonic features based
on the interpretation of the TM mosaic.

The developed tectonic map of the Atlas Mountains resulted in the
recognition of major distinct tectonic regimes within the study area of North
Africa. Along the northern coast of North Africa distinct tectonic units comprise
the Rif/Tellian Atlas Mountains. These coastal mountain ranges are separated

from the intracontinental Atlas Mountains by the High Plateau (Morocco and



Algeria) and the Meseta of Morocco. The Tellian coastal ranges are the result
of plate margin convergence (Tertiary), and are comprised of allochthonous
tectonic units transported southward from the present-day Mediterranean Sea.
The High Plateau and Meseta are large platform regions that remain relatively

undeformed in the Tertiary.

Introduction

A comprehensive structural/tectonic map of the Atlas Mountains is
necessary to fully understand the evolutionary history of the mountain belt and
the northern margin of Africa. While excellent detailed mapping of North Africa
exists (1:50,000, 1:100,000, 1:200,000), these maps do not allow researchers
to conveniently study the Atlas system in its entirety. The construction of a
tectonic map was undertaken to define the tectonic units and terrains that
comprise the structural architecture of North Africa. The definition of the
tectonic terrains of this region of Africa allows for the study of each individual
tectonic terrain and how these terrains have interacted during the evolution of

the Atlas system.

Construction of a tectonic map

The first step in the mapping process was the selection of Landsat-TM
data to cover a region of North Africa extending from Tunisia to the Atlantic
coast of Morocco (Figure 1.1 and Plate 1). Images were selected for their lack
of cloud cover (< 10%), high digital quality, and lack of vegetation. Forty
Landsat-TM (Landsat 5, Thematic Mapper) scenes were selected to cover the

Atlas Mountains (Figure 1.2 and Plate 1). The 30 meter resolution of these 40



Figure 1.1 Digital topographic map of North Africa (A), showing the tectonic
terrains of the High/Saharan/Tunisian Atlas Mountains and the Rif/Tellian
Mountains. Bouguer gravity data (B) show the relative location of the Atlas rift
basin and associated foreland basins formed during uplift in the Tertiary Alpine

orogeny.
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Figure 1.2 Location map of Landsat-TM data used in the construction of a
satellite mosaic of North Africa. These 40 images were processed and utilized
for geological interpretation and the construction of a structural/tectonic map of

the Atlas Mountains and North Africa.
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scenes allowed mapping of geological features such as bedding, faults and
the interpretation of fold axes. These images were processed and combined
to form a mosaic that covered the study area (Plate 1). The final mosaic was
used to trace coastlines, bedding, fold axes and faults.

Several representative scenes across the study area were selected and
statistics were calculated for each scene. These statistics were used to
generate scattergrams for the selection of the least correlated of the bands.
Band 7 (mid-infrared, 2.08-2.35 1) was chosen to display the red band, band 4
(near infrared, 0.76-0.90 u) was used for display of the green band, and band
1 (blue, 0.45-0.52 ) for the display of the blue band in a RGB color space in
each scene of the mosaic. These bands resulted in a wide range of colors
which yielded an excellent representation of the color, texture and pattern
relationships of the geological outcrops of North Africa.

Detailed geological maps exist for much of North Africa (see Plate 2).
These maps were obtained from various sources (USGS library in Reston,
Virginia and the Moroccan Geological Survey) and the faults and major
stratigraphic contacts were digitized as control for the interpretation of the
Landsat-TM images. Earthquake focal mechanisms (M>4) displayed on the
tectonic map were compiled from various published sources by Francisco
Gomez (Udias et al., 1976; Tadili, 1986; Grimison, 1986; Kasser et al., 1987;
Swan, 1988; Meghraoui, 1990; Bobier et al., 1991; Galindo-Zindivar et al.,
1993; Aoudia and Meghraoui, 1995; Buforn et al., 1995; Kiratzi, 1995; Medina,
1995; Dziewonski et al., 1995). A GIS system (ARCINFO) was used to
combine geological data digitized from detailed geological maps and field

data, with data (coverages) interpreted from the Landsat-TM data.



Description of the tectonic regimes of North Africa

Rif/Tellian Atlas

The Rif and Tellian Atlas exist along the coastal regions of the
Mediterranean Sea. The Rif/Tellian tectonic units of North Africa were thrust
southward during the Alpine orogeny in the Tertiary (Oligocene-Miocene). The
Rif Mountains are part of the "Gibraltor Arc" that surrounds the Alboran Sea
(Figure 1.1 and Plate 2). The Rif Mountains (up to 1500 meters high) and the
Tell Atlas of Algeria make up the southern margin of the Maghrebides
orogenic belt (Petters, 1991). This belt extends from the Betic Cordillera of
southeastern Spain, across the coastal regions of North Africa, across Sicily
and into southern ltaly (Figure 1.1). The Rif/Tellian Atlas are part of these
allochthonous mountains characterized by numerous imbricate thrust and
asymmetrical nappe structures that dip northwards and have a southward
vergence. A large gravity anomaly (Figure 1.1) is associated with the Rif
region, showing that it is uncompensated. Seber et al. ( 1996) proposed that
this anomoly is associated with the delamination of the lithosphere.

The Rif Mountains decrease in topographic expression eastward along
the Moroccan coast where the northern Middle Atlas Mountains
(autochthonous) extend beneath the thrusted Rif tectonic (Plate 2). It is
noteworthy that there are no significant Tertiary foreland basins associated
with the thrusting of the Rif/Tellian Atlas system. While thrusting and
significant shortening (e.g., crustal loading) has occurred along the Tellian
coastal ranges of Algeria and Tunisia, southward of these thrusts belts the

High Plateau (Figure 1.1 and Plate 2) remains at greater elevations than the



coastal ranges, possibly indicating a high crustal rigidity, zero flexural rigidity
(e.g., local isostacy), or uplift by some other kinematic mechanism.

The High Plateau extends from the Middle Atlas Mountains of Morocco
where the Missour Basin (intermontane basin) comprises the actual western
margin of the tectonic block (Beauchamp et al., 1996). The Missour Basin has
an average elevation of ~1500 meters which is about 500 meters lower than
the average elevations of the High Atlas south of the Missour Basin and High
Plateau (Figure 1.1 and Plate 2). The Tellian Atlas in eastern Algeria is the
exception, where the Hodna Basin forms near the intersection of the Saharan
Atlas and the Tellian Atlas. The Hodna and Cheliff basins (Plate 2) are post-
tectonic basins of Late Miocene age that formed over the thrusted Early
Miocene nappes (Petters, 1991).

North of the High Plateau along the coastal regions of Algeria is one of
the most active seismic regions of North Africa. The Cheliff Basin of Algeria is
the location of the largest magnitude earthquake recorded in North Africa near
El Asnam (Mg=7.3) (Meghraoui, 1986). The shortening related to this
earthquake is estimated to have been on the order of 2.2 meters. The
orientation of this basin and related faulting suggests north-south to NNW-SSE
compressional deformation (Meghraoui, 1986). Farther east, another
significant earthquake occurred to the east, west of Algers in the Tipaza region
at Mont Chenoua (Ms=6.1) in 1989 (Meghraoui, 1990). This earthquake
resulted in surface ruptures of 4.0 km in length and 7 cm of vertical
displacement. This earthquake was interpreted to have been the result of
displacement of a thrust associated with Mont Chenoua.

As can be noted from the map accompanying this study, most of the

large earthquakes in North Africa has occurred in the Rif/Tellian Atlas (Plate
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2). The recognition of fault displacement associated with the hanging wall
anticline of Mont Chenoua provides evidence that many of the blind thrusts
related to fault related folds of the Rif/Tellian Atlas and the High/Saharan Atlas
mountains have potential for future seismic activity. Structures related to
neotectonic deformation were mapped in the Chellif Basin (El Asnam Fault) by
(Meghraoui, 1986). Therefore, Landsat-TM data are an effective tool for the
mapping of both active faults and older faults. TM data are an important tool
for documenting active faulting and fault related folds (blind thrusts) in areas of

high earthquake risk in North Africa.

High Atlas

The High Atlas Mountains of Morocco reach elevations of more than
4000 meters, and they are made up of four distinct regions. They are, from
west to east, (1) the western High Atlas (Paleozoic and Hercynian age
granites with a Mesozoic cover); (2) the Precambrian High Atlas with thin
Mesozoic cover to the north and south; (3) the central High Atlas with thick,
continental, Mesozoic syn-rift clastics; and (4) the Eastern Atlas with thick
calcareous syn-rift sedimentary strata. The Western High Atlas was affected
by rifting in the Atlantic margin and extends eastward with syn-rift Triassic
sedimentary clastic rocks reaching 5 km in thickness (Beauchamp, 1988).
The Eastern High Atlas is characterized by calcareous syn-rift facies, with
shallow marine reefal buildups along the margins of the Atlas, grading into
deep water calcturbidites in the central part of the mountain belt (Crevallo,
1987).

The original structural geometries of the Moroccan Atlas rift system

have greatly affected the evolution of the subsequent Atlas during uplift and
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inversion in the Tertiary. A balanced geological-geophysical transect across
the High Atlas Mountains concluded that the original rift basin had been
shortened by 36 km (Beauchamp et al., 1997, submitted manuscript). The
restored transect indicates that the original rift basin was at least 113 km in
width. Considerable shortening across this mountain belt was achieved by
thin-skinned thrusting along the margins, with almost no shortening in the
central region of the High Atlas in the shallow crust. It is believed that
shortening and uplift of the central region of the High Atlas Mountains was
achieved instead by shortening in the mid to lower crust.

Preserved in the High Atlas is the geometry of a syn-rift pull-apart basin
(Schaer and Rodgers, 1987). This pull-apart basin was formed during rifting in
the Triassic-Jurassic and has only been mildly deformed from its original
extensional geometry despite significant uplift and inversion of the rift basin
(Figures 1.3 and 1.4). North of this region in the Eastern High Atlas Mountains
is further evidence of oblique extension during the Atlas syn-rift phase.

The Missour Basin is bounded by the NE trending Middle Atlas
Mountains to the west, and on the east by a structure known as Jebel
Mechkakour (Figures 1.3 and 1.5). This structure is related to a syn-rift normal
fault that has been uplifted during the Tertiary, and Jurassic age strata are
now exposed along its axis. The overall large scale geometry of the Missour
Basin is that of a large rhombohedral shaped basin with a similar geometry as
the pull-apart basin seen at Rich in the High Atlas. East of Jebel Mechkakour
is the High Plateau which has been penetrated by several wells that have
encountered thick sections of Triassic salt (~2000 meters)(Beauchamp et al.,

1996). This salt in the High Plateau has formed a salt pillow that can be seen
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Figure 1.3 Location map showing the detailed regions interpreted from
Landsat-TM images. These regions illustrate the structural/tectonic styles of
deformation in the Atlas Mountains that were used to create the tectonic map

of the orogen.
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Figure 1.4 The Eastern High Atlas Mountains near the village of Rich contain
a preserved pull-apart basin from the syn-rift phase of deformation in the Atlas.
This basin has a rhombohedral shape and was formed by oblique extension in

what today would be a NW-SE direction.
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Figure 1.5 The Middle Atlas Mountains and the Missour Basin form a large
scale rhombohedral pull-apart basin north of the Eastern High Atlas
Mountains. This geometry is repeated in the east where Jebel Mechkakour
and the Saharan Atlas form another large rhombohedral basin. These large
scale basins were formed by oblique extension oriented NW-SE relative to the

present day Atlas.
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Figure 1.6 Landsat-TM image showing the structural geometry of Jebel
Mechkakour. Jebel Mechkakour is an inverted syn-rift fault that was active as
the margin of a rhombohedral pull-apart basin. The green colored area at the
top of the image along the axis of the structure is a Jurassic age pinnacle reef.
East of Mechkakour the next anticline (dark colors) is the exposure of the

Jurassic above a salt pillow (known from seismic and well data).
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at the surface east of Jebel Mechkakour(Figures 1.3 and 1.6). The High
Plateau east of Jebel Mechkakour, like the Missour Basin, also has a large
scale geometry of a rhombohedral pull-apart basin. The presence of the these
pull-apart basins at different scales is strong evidence for transtensional
deformation (Crevallo, 1987) or oblique rifting during the Mesozoic. The
geometry of these features indicate that extension during the rift phase was

oriented NW-SE approximately 45-60 degrees to the present Atlas Mountains.

Middle Atlas

The Middle Atlas Mountains are located 200-300 km east of the Atlantic
coast of Morocco, and south of the Rif/Tellian Alpine front. Landsat-TM data
show the Middle Atlas (NE-SW) bifurcating from the central region of the High
Atlas (Plates 1 and 2). The Middle Atlas like the High Atlas mountains are
related to the Mesozoic rifting event. The intersection of these two mountain
belts may represent a triple junction that was active in the syn-rift phase, or the
Middle Atlas may represent a subsidary rift basin of the Atlas rift system.
Landsat-TM data show the plunge of the Middle Atlas Mountains
northeastward where these mountains have less topographic expression
(Plate 1). The Guercif Basin is part of the Mesozoic rift basin that has not
been as strongly inverted as the southwestern part of the Middle Atlas (Plate
2).

The Middle Atlas can be divided into two provinces (Gomez et al.,
1996): the Tabular Middle Atlas to the northwest, and the Folded Middle Atlas
in the southeast. The boundary between these two provinces is the
Paleozoic-Mesozoic unconformity (Gomez et al., 1996). Much of the Tabular

Middle Atlas is covered by Quaternary basalts (Plate 2), and is bounded to the
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east by the North Middle Atlas fault. The eastern margin of the Middle Atlas is
bounded by the High Moulouya and the Ait Oufella and Ksabi fault systems.
The eastern margin of the Middle Atlas Mountains is bounded by the Missour
Basin which is an intermontane basin that was a shelf margin/platform during
the syn-rift phase of Atlas rifting (Beauchamp et al., 1996).

Quaternary volcanism is an important feature of the Middle Atlas
Mountains. This volcanism covers about 1500 km? of the Tabular Middle Atlas
and are alkali basalts ranging in age from 1.5 Ma to 0.5 Ma (Gomez et al.,
1996). This younger volcanism is aligned parallel to the trend of the present-
day convergence direction between North Africa and Spain. The correlation
between volcanism in the Middle Atlas and active convergence in the region is

not well understood.

Saharan Atlas

The Saharan Atlas, like the Moroccan Atlas, evolved from a previous
Mesozoic rift system that extended across North Africa. The Moroccan High
Atlas Mountains continue eastward into Algeria (Figure 1.1 and Plate 2) where
the Mesozoic-Cenozoic sequence may attain a thickness of 10.7 km (Caire,
1974). The Saharan Atlas Mountains do not have the same topographic relief
as the High Atlas Mountains of Morocco (Figure 1.1). Syn-rift age rocks of the
Saharan Atlas have not been uplifted to the extent of the High Atlas, as many
of the anticlinal structures of this part of the Atlas mountains only expose rocks
Cretaceous and Tertiary in age. The Saharan Atlas also does not have the
same level of seismic activity as the High Atlas or the Tellian Atlas. It may be
that present day deformation occurs in the coastal Tellian thrust belt. The lack

of present day seismic activity may also reflect upon the lack of uplift in the
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Saharan Atlas, as shortening may be accommodated by crustal deformation in
the Tellian Atlas. In contrast to the High Atlas Mountains, the Saharan Atlas
has a significant foreland basin developed along the southern margin of the
fold belt, that may indicate less crustal rigidity than to the east in Morocco
(Benoud Trough) (Plate 2 and Figure 1.1).

The Saharan Atlas Mountains are characterized by large (>50 km trend
length) en echelon anticlines and synclines (Figure 1.7). The larger of these
anticlines expose syn-rift Jurassic and occasionally Triassic age strata. Unlike
the High Atlas of Morocco, the folds of the Saharan Atlas often preserve
Tertiary and post-rift Cretaceous strata in the synclinal cores.

The large scale folds (~>20km trend length) are often affected by
superposed folding (Figure 1.8). This superposed folding refolds the en
echelon NE-SW trending folds about a second trend of fold axes that generally
trend NW-SE. While superposed folding is usually developed by a change in
the regional stress field, in the case of the Moroccan and Saharan Atlas the
superposed folding is believed to be controlled by pre-existing syn-rift
structural geometries. One characteristic that supports this concept is that
many of the adjacent superposed folds vary in the orientation of the second
phase of fold axes (Figure 1.8). This variation in the second phase of folding
from adjacent structures may indicate that the original syn-rift normal faults,
fault ramps, changes in fault polarity, accommodation zones and other
characteristic rift structures are controlling the pattern of folding during uplift
and inversion.

Analogue modeling of rift systems has shown that the geometry of rift

structures are characteristic of the original direction of extension. Orthogonal
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Figure 1.7 The Saharan Atlas Mountains of Algeria exhibit large scale en
echelon folds. The areas that appear as bright blue to the north are large salt
lakes (sabkhas). The smoke plume to the southeast of the Saharan Atlas is a

natural gas flare from the Hasi Rmel gas field.
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Figure 1.8 These large scale folds exhibit superposed folding that may have
been controlled by previous syn-rift structures. The large anticline in the
center of the image is trending NE-SW, and has been refolded by a second
set of axes that trend NW-SE. The folds to the north and south of this anticline
have been refolded by fold axes that do not affect the anticline in the center of

the image.






27

rift models are characterized by long, relatively straight rift border faults and
short intra-rift faults that are perpendicular to the direction of extension
(McClay and White, 1995).

In contrast, oblique rift models result in segmented rift faults, en
echelon fault arrays parallel to the zone of rifting and perpendicular to the
direction of extension (McClay and White, 1995). These models compare well
with faults geometries seen in younger rift systems such as the Afar and East
African rift systems. The geometries shown by analogue models and in
younger rift systems may have also been developed in the Atlas rift system of
North Africa. The Atlas Mountains have been strongly influenced by the
coincident pre-existing rift system, therefore, it is probable that upon inversion
rift geometries would be inherited in the subsequent folding and compressional
structural geometries.

An example of the influence of pre-existing structures on the
subsequent tectonic evolution can be noted by the en echelon folding seen in
the Saharan Atlas (Figure 1.7). If the en echelon folding of the Saharan Atlas
and Moroccan Atlas is related to the inversion of syn-rift normal faults, then the
existing en echelon folds may be perpendicular to what would have been the
original direction of extension during rifting (Figure 1.9). Furthermore, the
superposed folding that is characteristic of inversion and the partitioning of
strain by pre-existing structural geometries, may have been influenced by an

oblique compression relative to the original rift system.

Tunisian Atlas

The Northern margin of Tunisia is composed of nappes (Tunisian Alpine thrust
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Figure 1.9 Analogue modeling of oblique extension results in rift systems that
develop en echelon faulting and segmented boundaries (A and B) (after
McClay and White, 1995). The High Atlas and Saharan Atlas both have
characteristic en echelon folds that may be the result of the reactivation of syn-

rift faults produced by oblique rifting.
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zone) which were thrust southward during the Oligocene and early Miocene.
This zone extends southward to a zone of diapirism which separates the
Alpine thrusting from the Tunisian platform (Pelagian block) (Petters, 1991).
The north-south trending fold belt of Tunisia is refereed to as the NOSA belt
(North-South Axis) (Boccaletti et al., 1988), and has been interpreted as
related to a deep-seated left-lateral transcurrent fault. Geophysical data
(gravity and seismic reflection data) and paleogeography indicate the
presence of a crustal discontinuity between the Sahel plate (Pelagian platform)
and the Tunisian Atlas of western Tunisia (Plate 2). The Sahel plate is a
stable platform made up of a system of young (Pliocene-Quaternary) horsts
and grabens (Ben Dhia, 1991).

The southern region of the Tunisian Atlas (Southern Tunisian Atlas or
Gafsa zone) is characterized by en echelon folding near the region of Gafsa
(Plate 2). This region is north of the huge salt lake of "Chott El Jerid" (Plates 1
and 2). En echelon folding in this part of the Atlas has been interpreted by
Ben Ayed (1981) as related to a major strike-slip fault. The Gafsa fault also
has associated recent seismicity (Plate 2) that has deformed by right-lateral
movement. While these folds may have been influenced by recent right-lateral
strike-slip movement, it is likely that these folds were originally influenced by
the inversion and reactivation of preexisting rift related faults (Figure 1.10).
These anticlines are asymmetric and are often cut by small displacement right-
lateral strike-slip faults (Figure 1.11) (Ferjani et al., 1990). These structures
are probably influenced by the movement of Triassic evaporites and in many

cases faulting may be detached above the Triassic. North of the Gafsa region
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Figure 1.10 En echelon folding in the region of Gafsa in the southern
Tunisian Atlas. These folds have been proposed to have been formed by
right-lateral strike-slip movement on the Gafsa fault (upper right). It is possible
that these folds were formed by reactivation of earlier normal faults, and were
later modified by strike-slip movement on the Gafsa fault that resulted in the

second phase of folding.
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Figure 1.11 Jebel Atra in the Gafsa region north of the great salt lake of Chott
El Jerif. This anticlinal structure is asymmetrical and is verging to the north.
The fold has been refolded along its northern limb, and the structure has been

cut by a right-lateral strike slip fault.
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is an area referred to as Kasserine Island that is a stable region containing flat
plains and plateaus separated by SW-NE trending anticlinal structures (Plate

2) (Ferjani et al., 1990).

Anti-Atlas

The Anti-Atlas region of Morocco is parallel to the Moroccan Atlantic
coast in western Morocco, and then extends almost east-west south of Agadir
and the High Atlas Mountains. These mountains are of low relief (Figure 1.1)
compared to the High Atlas, and are characterized by folded Paleozoic and
Precambrian rocks. The rocks of the Anti-Atlas were deformed by the
Caledonian/Hercynian events, and these phases of deformation are markedly
more dominant than the later Alpine deformation that uplifted the High Atlas
Mountains (Cahen et al., 1984). The Anti-Atlas extends eastward into Algeria
where it is referred to as the Ougarta belt linking the Hoggar in southern
Algeria. The Anti-Atlas bounds the northern margin of the Paleozoic age
Tindouf Basin. In the Anti-Atlas the Cenomanian-Turonian marine
transgression was extensive and these age rocks were only slightly deformed
in the later Alpine orogenic event (Michard, 1976) (Figure 1.12). The
Cretaceous onlaps the Paleozoic along most of the northern margin of the
Anti-Atlas. The Anti-Atlas Mountains of Morocco are separated from the High
Atlas Mountains by the Souss and Ouarzazate basins (Plate 2). The
Ouarzazate Basin was formed in the Tertiary and has generally less than 2

kilometers (Schmidt, 1992) of Teriary age sedimentary rocks.
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Figure 1.12 The folded rocks of the Paleozoic (dark) are seen in this Landsat-
TM image near the border of Morocco and Algeria. The northern area of this

image shows the onlap of the Cretaceous onto the Paleozoic.
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Discussion and Conclusions

The Atlas Mountains evolved from a large (>2000 km) intracontinental
rift system. Evidence from geological, geophysical and remote sensing data
indicates that rifting was oblique to the margins of the rift system over large
regions of the Atlas rift system, with the exception, perhaps, of the Middle
Atlas rift/mountains. The direction of extension was approximately NW-SE
relative to the ENE-WSW trending Atlas Mountain belt (Figures 1.4, 1.5, 1.6,
1.7 and 1.9). Oblique rifting resulted in the formation of large rhombohedral
pull-apart basins, fault ramps and en echelon faulting (Figures 1.5 and 1.9).

This NW-SE direction of extension is consistent with the direction of
extension in the Atlantic based on paleomagnetic data (e.g., Van Der Voo,
1988). Extension was orthogonal to the plate boundaries of the present-day
Atlantic margins (Figure 1.13). Rift basins affected by orthogonal extension are
often characterized by long straight normal faults that result in large amounts
of extension (crustal thinning) (McClay and White, 1995). Extension oblique to
rift systems results in a smaller magnitude of extension across the rift system
and the development of structural features such as en echelon faulting and
pull-apart basins. It is proposed that orthogonal extension in the Atlantic rift
basin during the Triassic-Jurassic period, resulted in oblique rifting in the Atlas
rift system. Oblique extension relative to the Atlas rift system resulted in a
slower rate of rifting than the orthogonal extension responsible for rifting in the
Atlantic.

The successful opening of the Atlantic ocean was followed by uplift of
the northwestern margin of the African plate. The post-rift phase of the

Atlantic began in the Middle Jurassic (Manzpeizer, 1988) and was
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Figure 1.13 Plate Tectonic setting of the Atlas Mountains, North Africa, during
the Late Jurassic. Orthogonal extension in the Atlantic resulted in oblique
extension relative to the Atlas rift system. Upon reactivation in the Cenozoic,
the syn-rift structures of the Atlas rift system controlled the styles of

deformation during inversion (Modified after Van Der Voo, 1988).
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accompanied by uplift and erosion of the onshore basins. This regional scale
uplift resulted in the erosion or non-deposition of Upper Jurassic-Lower
Cretaceous age strata over large areas of Morocco and the related Atlas rift
basins (Beauchamp et al., 1996).

The structures formed by rifting in the Atlas rift basin greatly influenced
the structural styles of deformation of the subsequently inverted Atlas
Mountains of North Africa. Stresses generated by convergence along the
African and European plates in the Tertiary were accommodated by the
weakened crust of the Atlas rift basin hundreds of kilometers from the plate
margins. En echelon folding and faulting in the Saharan Atlas and Tunisian
Atlas (Figures 1.7 and 1.10) were likely to have been influenced by en
enchelon faulting that resulted from oblique rifting (Figure 1.9). The structural
complexity and characteristics of rift basins are inherited upon uplift and
inversion. The previous structural geometries result in structural styles that
are unlike those found in previously undeformed strata. Inversion of an
intracontinental rift such as the Atlas may occur by layer-parallel shear in the
undeformed post-rift sedimentary rocks. Vertical or inclined simple shear may
approximate the deformation of the syn-rift strata that is characterized by pre-
existing faults, previously defomormed rocks, and drastic changes in
sedimentary thickness (Beauchamp et al., 1997a).

The presence of evaporites in the Triassic age syn-rift sequence play
an important role in the evolution of the Atlas Mountains, as anhydrites and
saliferous rocks provide detachments between the syn-rift/post-rift sequence
and pre-rift age rocks. Triassic strata thicken into the Atlas Mountains in both
Morocco and Algeria (Beauchamp, 1988; Assaad, 1981). The presence of

thicker evaporites in the rift basin is coincident with the thickening of the crust
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by thrust faults that propagate from detachments in the Triassic. The lack of
deformation outside the Atlas Mountains may be related to the thinning and
relative absence of Triassic rocks of evaporite facies that provide decollé
ments.

Salt diapirism in the High Plateau of Morocco (Figure 1.6) and
elsewhere in Algeria and Tunisia may have been influenced by the uplift of
syn-rift normal faults as well as halokinesis. Salt related structures in Algeria
were defined by Assaad (1981) as resulting from both halotectonic and
halokinesis processes. Halotectonic structures exposed at the surface result
from Triassic age anhydrite and saliferous shales in the hanging wall of
thrusts, propagating from decollements in the Triassic during the Alpine
orogeny (Oligocene-Miocene). Structures resulting from halokinesis evolved
due to sediment loading and a contrast in density between Triassic age
saliferous strata and younger rocks. These salt diapirs expose massive
crystalline salts at the surface and are accompanied by complex fault systems
(Assaad, 1981).

One of the most intriguing aspects of the Atlas Mountains is that the
mountain belt evolved distant from margins of active plate convergence.
Strain within the Atlas Mountains is partitioned vertically by levels of
detachment in the upper crust within the Triassic evaporites, Cretaceous, and
Paleozoic shales (Silurian) (Beauchamp et al.,, 1997b). The same is true
across the mountain belt, as strain in many regions is concentrated along the
margins of the orogen where the greatest magnitude of shortening is achieved
by low-angle thrusting (Beauchamp et al., 1997b).

There is a partitioning of strain across North Africa as well as within the

Atlas Mountains. The Rif and Tellian Atlas Mountains make up the coastal
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ranges of North Africa (Figure 1.1), and are characterized by intense
deformation and shortening related to the convergence of the African and
European plates in the Cenozoic. These coastal tectonic regions are made up
of southward verging, northward dipping thrust systems. Southward of these
tectonic domains are large stable regions that are comparatively undeformed
since the Mesozoic (e.g., Moroccan Meseta and High Plateau) (Figure 1.1).
The Moroccan Meseta and High Plateau acted as rigid blocks that were
affected only by regional uplift. These relatively stable regions were adjacent
to the Atlas rift system that was weakened by the thinning and intense faulting
of the upper crust in the Mesozoic. The rift systems within the North African
plate were regions that would later become the templates for the focusing of
strain produced from distant plate margin processes. The subsequent uplift,
inversion and shortening of the Atlas rift basins resulted in the evolution of the

present Atlas Mountains of North Africa.
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CHAPTER TWO

Intracontinental Rifting and Inversion:

the Missour Basin and Atlas Mountains of Morocco

Abstract

The intracontinental High and Middle Atlas mountain belts in Morocco
intersect to form the southern and western margins of the Missour basin, an
intermontane basin, formed as a result of the uplift and inversion of the
Mesozoic Atlas paleo-rifts. These rifts were areas where the crust was greatly
attenuated and more subject to deformation in response to nearby plate
boundary tectonic events. Observations based on seismic reflection profiles
and wells collected over the Missour basin for hydrocarbon exploration, and
field mapping were utilized to understand the basin evolution, structural styles
and timing of inversion of the nearby Atlas mountains. Hercynian and
Mesozoic normal faults were reactivated into high-angle reverse and thrust
faults in the Mesozoic during the Jurassic, Early Cretaceous (Early Alpine
phase), and the Paleogene (Late Alpine phase). The reactivation of syn-rift
normal faults of the paleo-Atlas rifts inverted previous half grabens into
anticlinal structures, with the axis of the half graben centered below the axis of
the inverted anticline. The resulting inverted fold geometries are controlled by

the geometries of the extensional planar or listric faults.

' Published as: Weldon Beauchamp, Muawia Barazangi, Ahmed Demnati and Mohamed El
Alji, Intracontintental Rifting and Inversion: the Missour Basin and Atlas Mountains, Morocco,

American Association of Petroleum Geologists Bulletin, 80, 9, 1459-82, 1996.
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The Atlas paleo-rift system is one of the largest rift systems in Africa.
There has been little hydrocarbon exploration within the Atlas mountains and
the margins of the paleo-Atlas rift system. Inversion of syn-rift structures can
lead to both the destruction and preservation of syn-rift traps and the creation
of new hydrocarbon traps. The study of the effects of inversion in the Missour
basin may lead to the discovery of footwall subthrust hydrocarbon traps in the

Mesozoic sedimentary sequence of the Atlas mountains.

Introduction

Mountain belts located along convergent plate boundaries, such as the
Andes or the Himalayas, have been and are still the focus of intense
geological and geophysical studies. In contrast, intracontinental mountain
belts, including the Atlas system in Morocco, lack even an agreed upon first-
order conceptual model of their deep structure and active deformation.
Geological evidence suggests such intraplate belts significantly contributed to
the evolution of the continental lithosphere since Precambrian time.

Rifting during the Triassic and Jurassic was widespread around the
world. The Atlas rift system of North Africa, the North Sea rift, the Andean rift
system of Colombia and Venezuela and the Palmyrid rift of Syria, are just a
few of the intracontinental rift systems active during the Triassic and Jurassic
periods. Some of these same rift systems were inverted into intracontinental
mountain belts (i.e., the Atlas mountains, Palmyrid mountains and the northern
Andes). These rift systems were the focus of sedimentation during the syn-rift
and post-rift phases of rifting. Rift basins contain approximately 5% of the
worldis sedimentary volume, but they also contain 10-29% of the known

hydrocarbon reserve base (~275 billion barrels) (Katz, 1995). This high
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concentration of reserves is partially due to the limited migration distance
allowed by the geometries of rift systems.

The uplift and inversion of hydrocarbon bearing rifts can result in the
remigration and redistribution of hydrocarbons into structures generated by the
reactivation of pre-existing faults formed during rifting. It is important to have a
good understanding of the geometry of structures formed by the reactivation of
syn-rift faults, as these structures have the potential to trap significant amounts
of hydrocarbons. It is necessary to generate models for the development of
individual inverted structures, and the uplift and inversion of entire rift systems
such as the Atlas mountains, to better understand the potential of unexplored
intracontinental rifts and mountain belts around the world. Our research in
Morocco is a step in understanding and resolving the history and present

architecture of such belts.

Geological Setting

The Mesozoic and Cenozoic geological evolution of Morocco can be
viewed as a response to two major geological events: (1) The opening of the
North Atlantic and the Western Tethys in the early Mesozoic, and (2) the
Africa-Europe continental collision in mid-Cenozoic time (Michard, 1976;
Mattauer et al., 1977; Bensaid et al., 1985; Pique et al., 1987; Jacobshagen et
al., 1988b; Dewey et al., 1989; Westaway, 1990). These two major events
have shaped the present architecture of the four major geological structures of
Morocco: The Rif fold-thrust mountain belt in the north, the Middle Atlas and
High Atlas, and Anti-Atlas mountain belts of central Morocco (Figure 2.1). The
Rif belt is fundamentally different than the Atlas system: The Rif is an

asymmetric, Alpine-type, fold-thrust belt with numerous, well-mapped thrusts
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and complex nappe structures (Loomis, 1975; Leblanc and Olivier, 1984;
Morley, 1987; Doblas and Oyarzun, 1989; Ait Brahim and Chotin, 1990;
Leblanc, 1990; Miranda et al., 1991), while the Atlas system is an

intracontinental, largely symmetrical mountain belt.

Regional Tectonics and Rifting

The Atlas system evolved within the stable platform of North Africa.
Two major events shaped the geological evolution of the system: Early
Mesozoic extension and rifting, and Mesozoic through Cenozoic
compressional-transpressional phases resulted in the inversion of the rift
systems (Figure 2.2). The Atlas system is thus an intracontinental orogen that
is "sandwiched" within the Proterozoic-Paleozoic northern African platform,
and is fundamentally different from orogens located along
convergent/collisional plate boundaries. Thrusts, strike-slip faults, and block
uplift tectonics characterize the Cenozoic deformation of the Atlas system
(e.g., Schaer and Rogers, 1987; Dresnay, 1988; Fraissinet et al., 1988;
Jacobshagen et al., 1988a; Medina, 1988; Giese and Jacobshagen, 1992;
Jacobshagen, 1992).

The Missour basin and the High and Middle Atlas mountain belts that
form its boundaries (Figure 2.1) are examples of how large stresses can be
transmitted to intraplate zones of weakness from the collision zones along the
nearby plate margins. High strain rates created by the thinning of the
continental lithosphere resulted in the deformation of the crust by extension
and rifting in the North African plate at the end of the Permian and beginning
of the Triassic (Brede et al., 1992). Sedimentation rates accelerated through

the Jurassic, as rifting continued with the breakup of Pangea, and the opening



53

of the Neo-Tethys Ocean and the North Atlantic (Ziegler, 1982). The High
Atlas developed into one of the largest of the rifts, possibly reactivated along
existing weaknesses and faults formed during the Hercynian orogeny.

The High Atlas rift extends to the Atlantic margin where it forms a failed
rift or aulacogen, and eastward (High Atlas/Saharan rift) across Morocco,
Algeria and Tunisia (Figure 2.1). The Middle Atlas rift and mountains trend
northeast, where they extend beneath the thrusted Alpine Rif allochthonous
sedimentary rocks. The intersection of the Middle and High Atlas
rifts/mountains may represent a failed triple junction, or a focus of thermal
upwelling.

Beginning in the Late Cretaceous-Early Oligocene, dextral movement
on the Newfoundland-Gibraltar fault zone increased the eastward drift of the
Iberian plate (e.g., Brede et al., 1992). The geometric relationship between
the Iberian plate and the African plate resulted in compressional stresses that
were transferred to the North African rift systems. The bulk of the intraplate
stresses were absorbed by the High and Middle Atlas rift systems, resulting in
shortening and subsequent inversion. The inversion of these rifts led to the
reactivation of pre-existing Mesozoic and Hercynian faults into reverse and
thrust faults, with an oblique-slip sense of movement. The uplift of the Middle
and High Atlas rifts formed the mountains that are now the boundaries of the
Missour basin (Figure 2.2).

The orientation of compressional stresses relative to the orientation of
rift bounding faults, resulted in transpressional deformation in both a dextral
and sinistral sense (e.g., Giese and Jacobshagen, 1992). The sense of

movement on the bounding faults of the High and Middle Atlas mountains
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varied depending upon the direction of plate motion between the European

and African plates. Early Jurassic time was the beginning of spreading in the



Figure 2.1 Location map of the Atlas mountains and Missour basin of
Morocco. The Missour basin is bounded by the Middle Atlas and High Atlas

mountains.
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Figure 2.2 Conceptual model for the development of the Missour basin and

the Atlas mountains, Morocco. See Figure 2.1 for location of A-A’.
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central Atlantic, while the north Atlantic was in a rifting stage. This resulted in
an eastward drift of the African plate in relation to the Iberian plate that was to
the north of the Newfoundland-Gibraltar transform (Ziegler, 1982). During the
Late Cretaceous-Early Oligocene, the African plate was moving to the east
with a clockwise sense of motion, resulting in transtensional deformation in the
North African rift systems. Plate rotation of the Iberian plate occurred in a
counterclockwise manner as the Iberian plate moved eastward along the
Newfoundland-Gibraltar fault/transform. This counterclockwise rotation is
evident in the opening of the Bay of Biscay along the northern margin of the
Iberian plate. The African plate was moving northward with respect to the
Iberian plate during the late Miocene and Pliocene (Ziegler, 1982), with the
same counterclockwise sense of rotation, resulting in a rotation of primary
stresses from approximately 180° to 120°. Faults bounding the High Atlas rift
yielded a right-lateral transpressive sense of deformation during the Late
Cretaceous-Early Oligocene (Figure 2.3). Folds in the Central High Atlas
generally trend east-northeast, at about a 20-30° angle to the High Atlas
bounding faults (Studer and du Dresnay, 1980), further evidence of a right-
lateral phase of deformation in the High Atlas mountains. Later plate motion
during the Oligocene to the Recent has been that of convergence (Betic-Rif
orogen) with some wrenching, as both plates have drifted eastward at a similar
rate (e.g., Dewey et al., 1989).

For comparison, the High Atlas rift system is similar in size and
geometry to the North Sea rift system (Figure 2.3). The actual geometry
between individual rifts varies between the two rift systems. These differences

may be related to the rates and direction of plate convergence between the
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Figure 2.3 Comparison of the size and geometries of the Atlas and North Sea
rift systems. Both rift systems were active during the Jurassic. The Missour
basin (A) was a shelf margin much the same as the Fladen Ground Spur (B) of
the North Sea. The Missour basin is bounded by faults that have a right-
lateral component of slip to the south in the High Atlas, and by faults with a
left-lateral component of slip to the west in the Middle Atlas. The result is the

uplift and escape of the Missour basin to the NE.
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Iberian plate and the African plate, and the subsequent deformation.
Extension began in the North Sea and the Atlas rift systems during the
Triassic and Jurassic periods (Figure 2.3). The Triassic sedimentary rocks
penetrated by wells in the Missour basin contain a significant amount of
tholeiitic volcanics interbedded with salts (Figure 2.4). These Triassic basalts
extend over most of the Missour basin, are encountered in several wells, and
are clearly identifiable on seismic reflection data.

Rifting in the Atlas continued into the Middle Jurassic when subsidence
continued over the rift systems during the Late Jurassic to Early Cretaceous.
Lower Cretaceous sedimentary rocks are not generally preserved in the Atlas
mountains, but may have been deposited in the Atlas rift systems during a
post-rift subsidence phase; if so, record of these sedimentary rocks was
removed by uplift and erosion. Subsidence in the Atlas rift basins was
probably coupled with isostatic uplift of the adjacent platform margins (Missour
basin, High Plateau and Moroccan Meseta). This isostatic uplift of the rift
basin margins resulted in a thinning of the Upper Jurassic to Lower
Cretaceous sedimentary rocks. The Upper Jurassic to Middle Jurassic
sedimentary rocks of the Missour basin are deeply eroded along the margins
of the High and Middle Atlas mountains, a result of isostatic uplift and erosion
by the base Cretaceous unconformity. Well data illustrate deep truncation by
the base Cretaceous unconformity into the syn-rift sedimentary rocks from the
rift margins into the paleo-Atlas rift basins. This is evidence of isostatic uplift
of the rift basin margins during the Late Jurassic and/or Early Cretaceous
(Figure 2.4). The oldest Cretaceous sedimentary rocks encountered in the
Missour basin are Cenomanian (Figure 2.4). This would suggest a

subsidence phase in the Atlas rift systems that lasted 40-50 my from the Late
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Jurassic to the Late Cretaceous. Subsidence slowed or ended during the Late
Cretaceous, as Cenomanian to Turonian sedimentary rocks were deposited
uniformly across the rift systems and the rift basin margins. Subsequent uplift
in the Paleogene related to the Alpine orogeny, inverted the Atlas rift system
and eroded the Lower Cretaceous sedimentary rock sequence from the
present Atlas mountains. Compression and transcurrent movements
generated by the relative motion of the African and Iberian plates resulted in
stresses being transmitted into the African plate, the net result being the
shortening and inversion of the Moroccan rift systems (e.g., Laville and Pique,

1992).

Regional Stratigraphy of the Missour Basin and Atlas Mountains

Five wells have been drilled in the Missour basin, three that penetrated
the Hercynian unconformity and the Permo-Carboniferous clastic sedimentary
rocks, composed of sandstones, shales and conglomerates. The Triassic
section overlying the unconformity is recognized by a lower and upper salt
series, separated by layers of basalts. The Jurassic sequence consists
primarily of marine limestones, dolomites and shales. The post-rift
Cretaceous-Early Tertiary sequence is made up of a shallow and marginal
marine sequence of limestones, calcareous shales, dolomites and interbedded
anhydritic shales (Figure 2.4). A correlation of the wells in the Missour basin
clearly indicates the regional effects of inversion (Figure 2.5). The Jurassic in
the Missour basin thickens dramatically towards the old Middle and High Atlas
rift systems. The thick Jurassic in the center of the rift is composed mostly of

shallow marine carbonates (Studer and du Dresnay, 1980). On what is now
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Figure 2.4 Stratigraphy of the Missour basin based on well penetrations
(OSD-1, RR-1, KSAB-101, KSAB-102, & TT-1, see Figures 2.5 & 2.12, and
Table 2.1), seismic stratigraphy, and outcrops within the basin. Several

phases of deformation are related to major unconformities in the basin.
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the edge of the mountain belts, Jurassic carbonates exhibit basin-margin
facies such as reefs, platform and intertidal sedimentary rocks (du Dresnay,
1971). In the middle of the High Atlas mountains Jurassic carbonates
measure up to 7 km in thickness (Studer and du Dresnay, 1980). Erosion in
the Atlas has removed part of the Jurassic section related to inversion. lllite
crystallinity in preserved sedimentary rocks (Early Jurassic) was utilized by
Brechbuhler et al. (1988) to estimate almost 6-8 km of syn-rift and post-rift
thickness in the deepest portion of the rift. The Triassic sedimentary rocks of
the High Atlas attain thicknesses of 4-4.5 kilometers (Beauchamp, 1988). A
composite thickness for the syn-rift sedimentary rocks in the High Atlas could
be as thick as 10-12 kilometers, based on a measured field sections in the

High Atlas .

Field Mapping and Analysis

Field work was undertaken to collect data to constrain the interpretation
and modeling of subsurface data. The Missour basin and the Atlas mountains
provide a means to study inversion structures in outcrop, and use the
structural characteristics found to help interpret subsurface structural
relationships. Multiple phases of deformation along the margins of the
Missour basin indicate a complicated tectonic history that developed from the
beginning of the Triassic through the early Tertiary.

The tectonic history of the Missour basin has developed in several
phases of extension and compression rather than only one phase of extension
in the Triassic, and one later phase of compression in the Oligocene, as has

been previously believed.



67

Figure 2.5 Well correlation between wells drilled in the Missour basin.
Inversion can be seen by the dip of the base Cretaceous unconformity in the

opposite direction of syn-rift thickening.
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The primary goal of field work was to locate exposures of fault zones
along seismic reflection profiles, and to tie the two datasets together to provide
models for structural styles of inversion. Most of the exposures in the Missour
basin are located along the margins of the basin (Figure 2.6). The most
important exposure within the basin relative to this study is Jebel Missour
(Figure 2.6). This prominent topographic ridge trends northeast and is
composed of two large anticlinal structures. Cretaceous and Jurassic
sedimentary rocks are exposed in the two anticlines. The most important
relationship of these two folds is that they verge in the opposite direction
(Figure 2.7). Air photographs used for mapping in the field illustrate the
pronounced topographic expression of these anticlinal structures. The
southernmost fold (F1-A) verges to the northwest, and the northernmost fold
(F1-B) verges to the southeast. Both are asymmetric folds with steeply
dipping to vertical limbs along one side of the fold. Strike and dip data were
collected along transects across the structures and plotted to illustrate the
overall geometry of the structures (Figure 2.8). The northernmost fold (F1-B)
is plunging to the northeast, and the southeast limb is steeply dipping to
vertical along strike of the fold (Figure 2.9). The southern anticline (F1-A) has
exposures of both synthetic and antithetic faults located in the core of the fold.
Both the synthetic and antithetic faults are steeply dipping high-angle faults.
Fault plane lineaments indicate a reverse sense of motion on the reactivated
synthetic fault (up to the northwest). These faults displace Jurassic rocks,
and die out up section in the anticlinal structure. There is a distinct change in
dip between the post-rift Upper Cretaceous sedimentary rocks and the syn-rift

Jurassic rocks, and the examined faults do not cut the base Cretaceous
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Figure 2.6 LANDSAT TM (band-5, infrared) mosaic of the Missour basin, and
portions of the High Atlas and the Middle Atlas mountains. Field locations
where structural data were collected are shown as stars. The eastern margin
of the Missour basin is bounded by the northeast trending Jebel Mechkakour.
The location of Jebel Missour is shown to the east of the High Moulouya. The

structures seen in the High Atlas mountains show polyphase deformation.
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Figure 2.7 Air photograph of the Jebel Missour region (located on Figure 2.6).
Two northeast trending anticlinal structures show two phases of deformation
(F1 & F2). Fold F1-A and F1-B are verging in opposite directions. Jurassic
syn-rift sedimentary rocks are exposed in the core of both anticlines separated
by the base Cretaceous unconformity. The Tertiary and Quaternary
sedimentary rocks are flat lying and onlap the two structures. Location of

Figure 2.9 is shown near F1-B.
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Figure 2.8 Field data collected from Jebel Missour. The northern anticline
F1-B is verging to the northeast. The southern anticline(F1-A) is verging to the
southwest. High angle reverse faults were measured in the core of the
southern anticline (F1-A). These faults are inverted planar normal faults
(synthetic and antithetic). The vergence of the folds is related to the original

dip of the syn-rift normal faults.
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Figure 2.9 Jebel Missour along the northeastern plunging F1-B fold. See
location of photo on Figure 2.7. The fold is verging out of the picture. Steeply
dipping to vertical beds can be seen along the flatirons in the right side of the
photo. The fold is an asymmetrical fold formed by the inversion of a planar
fault that dips to the northwest. The fault is most likely a fault propagation fold.
The steeply dipping limb is complicated by several smaller folds in the

foreground.
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unconformity.

The two structures (F1-A and F1-B) at Jebel Missour evolved initially
from two opposing planar normal faults connected by a ramp (Figure 2.10).
These two faults were active during rifting in the Triassic to Late Jurassic
periods. During the post-rift phase the base Cretaceous unconformity eroded
upper Jurassic syn-rift sedimentary rocks from regions of the Atlas rift system
as subsidence began. Cenomanian to Turonian rocks were deposited in the
Missour basin, and in the early Tertiary the two half grabens were inverted by
an oblique compressional stress possibly related to the Alpine orogeny.
During the late Tertiary to Recent, sedimentary rocks were deposited
onlapping the existing structure formed by earlier phases of deformation. Late
Tertiary to Recent sedimentary rocks are flat lying and have not been affected
by any significant deformation after the Oligocene phase of uplift and
compression in Morocco.

Fault lineaments and slickensides indicate a reverse sense of
movement on faults measured at Jebel Missour. These lineaments overprint
earlier dip-slip and oblique-slip lineaments for which a sense of movement
could not be determined. Previous lineaments indicate earlier phases of
deformation, and may be associated with normal and transtensive phases of
deformation related to the initial phases of rifting. The Middle Atlas mountains
to the west of Jebel Missour are bounded by faults that have recent movement
along inverted normal faults exhibiting a left-lateral sense of shear (Morel et
al., 1993). These faults have been active recently, and offset Quaternary
sedimentary rocks and older Neogene volcanics. Reactivated rift faults in the

Middle Atlas have thrust Triassic sedimentary rocks over Pliocene and
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Figure 2.10 Schematic model depicting the structural evolution of Jebel
Missour. (A) Syn-rift faults result in the deposition of sedimentary rocks in an
asymmetrical half graben. The two normal faults are dipping opposite one
another connected by a ramp or transfer zone. (B) The post-rift phase begins
the deposition of Cenomanian and Turonian age sedimentary rocks
unconformably above the Jurassic. (C) Uplift and inversion reactivates
opposing planar faults that both form oppositely verging fault propagation

folds. The inversion of (A) has resulted in approximately 20% shortening.



™S

Triassic

Tertiary-Recent | \ | 1| Jurassic

A)

Cretaceous

A) Syn-Rift Phase(Triassic-Jurassic)

B) Post-Rift Phase (Cretaceous-e.Tertiary)

C) Inversion Phase (Oligocene)




81

younger sedimentary rocks. The faults related to structures at Jebel Missour
have not been active since the early Tertiary. This indicates more recent
convergence is being accommodated along larger fault systems in the Middle
Atlas mountains.

It is difficult to ascertain the exact geometry at depth of the faults
examined at Jebel Missour. Based on the asymmetrical geometry of the
associated folding, the faults may represent reactivated planar faults. The
inversion of a planar fault usually results in a more asymmetrical geometry
than an inverted listric fault, which upon inversion forms a more open
symmetrical fault-bend-fold (Mitra, 1993). The geometric styles generated by
the inversion of listric and planar normal faults are controlled by the orientation
of the maximum compressive stress. The inversion of a steeply dipping planar
fault can accommodate a limited amount of shortening because of the
geometry of the fault. Once shortening along a planar fault has occurred by
uplift of the associated hanging wall, further stress generated by compression
is accommodated by lateral strike-slip movement along the fault. It is possible
to reactivate steeper faults with dips of ~40-60° only if there is a low coefficient
of sliding friction (Coward, 1991). Because of the geometry of planar faults, it
is easier to reactivate steeper faults by oblique-slip or strike-slip motion. This
type of deformation may have occurred along the faults associated with Jebel
Missour (Figure 2.7). The apparent second phase of folding affecting the
structures is thought to be related to oblique-slip movement on the planar
faults associated with the structures. The deformation of the original half
grabens bounded by steeply dipping planar faults may have occurred as

follows: inversion of the hanging wall half graben along a planar normal fault,
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folding of the post-rift Upper Cretaceous sedimentary rocks and syn-rift
Jurassic rocks into an asymmetrical fault propagation fold, refolding of the
asymmetrical folds (Figure 2.7, F2) by oblique-slip movement along the planar
fault, and onlap of the structures by the Neogene to Recent sedimentary
rocks. Jebel Missour is an example of how planar faults may respond to
inversion within a particular rift system.

Topographic maps and a GPS (Global Positioning System) receiver
were used to find the surface location of faults identified on seismic lines.
Faults identified on seismic profiles that appear to extend to the surface were
commonly covered by Recent sedimentary rocks. Many of the faults seen on
seismic reflection profiles as individual faults were found to occur as zones of
offset at the surface. It was possible to record dips of rocks in the hanging
wall and footwall of faults in many cases, that define the overall geometry of
the surface structure (Figure 2.11). Displacement in fault zones generally
occurs along a system of related small faults in the zone of deformation. Slip
illustrated by kinematic indicators along bedding planes in the footwall and
hanging wall of faults gave a sense of shear across fault zones.

Many of the fault zones along the southern margin of the Missour basin
indicate oblique-slip movement associated with the most recent phase of
deformation. The sense of slip across all of the fault zones measured in the
field along the southern margin of the Missour basin were either right-lateral
oblique-slip, or right-lateral strike-slip movement. The age of this right-lateral
deformation is thought to be associated with the early Tertiary inversion phase

or older, as younger sedimentary rocks were not found to be deformed.
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Figure 2.11 Fault propagation fold that is verging to the north near the

southern margin of the Missour basin.

from north to south across the structure.

Onlap of growth strata can be seen
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Lineaments and slickensides that record right-lateral oblique and strike-slip
sense of movement, were found to cut across several (up to three) earlier
lineations that record previous phases of movement on the same surface.

An important conclusion based on the study of the Missour basin is the
concept that the entire basin may have been uplifted and inverted as a whole
(Figure 2.2). Most of the deformation in the basin has occurred along the
margins of the basin. Extensional features that are not near the flanks of the
Atlas mountains normally do not indicate evidence of reactivation. There may
have been reactivation and inversion of extensional faults in the interior of the
basin, but these faults still illustrate a net extension. This observation leads to
the conclusion that shortening has been accommodated by previously existing
syn-rift faults within the paleo-Atlas rift and current day Atlas mountains. The
density of faults observed in the field indicate a direct correlation between the
degree of inversion and pre-existing syn-rift faults. This relationship may be
true for the magnitude of the shortening and inversion, relative to the size,
amount of throw and extent of syn-rift faults in the Missour basin and Atlas
mountains. These observations may also have a correlation with the present
topography in the basin (Figure 2.12). Topography is generally related to the
density of faults and structure in the Missour basin as can be seen by Jebel
Missour (Figure 2.7). Left-lateral oblique and strike-slip offset in the
Quaternary and Neogene recorded in the Middle Atlas (Morel et al., 1993),
combined with right- lateral movement along the southern margins of the
Missour basin, would indicate the overall relative movement of the Missour
basin is to the northeast (Figure 2.3A). The concept of the Missour basin
having been uplifted and inverted as a whole may be similar to the concept of

escape tectonics
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Figure 2.12 Map showing digital topography of the Missour basin and the
adjacent High and Middle Atlas mountains, seismic reflection profiles, well
data and field locations are shown. 3400 km of seismic lines were used to
study the tectonic evolution of the Missour basin and Atlas mountains. The
seismic lines in white are those used in this paper, both black and white lines

were used in the study.
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proposed by Sengor et al. (1984). The basin may have been uplifted/inverted
by the culmination of several phases of deformation. The region was
previously part of the shelf margin or shoulder of the Atlas rift system, and has
since been uplifted and translated to the northeast.

The basin is bounded to the east by Jebel Mechkakour (Figures 2.6 &
2.12). The large-scale geometry of the basin as defined by the High Atlas to
the south, the Middle Atlas/High Moulouya to the west and Jebel Mechkakour
to the east, is that of a rhombohedral shape. The High Plateau to the east of
the basin (Figure 2.1) also is characterized by an even more obvious
rhombohedral shape. These shapes are inherent in transtensional pull-apart
basins associated with rifting (Morley, 1995). The High Plateau basin is
distinctly different from the Missour basin as there is a thick (>1000 meters)
sequence of salt penetrated by wells in the High Plateau basin that is not
present in the Missour basin. The anticlinal feature to the east of Jebel
Mechkakour (Figure 2.6) was partially formed by the movement of Triassic
salt. The distinct differences between the Missour basin and the High Plateau
basin have been present since the early syn-rift phase in Morocco. The High
Plateau basin was most likely an extensional pull-apart basin during the rift
phase, and the Missour basin was topographically higher relative to the
current High Plateau. The present Missour basin has been uplifted, inverted
and translated to the northeast by a style of escape tectonics along

boundaries formed during rifting.



Geological and Geophysical Analysis

3400 kilometers of seismic reflection data have been acquired in the
Missour basin and were used at Cornell in this study. These surveys were
acquired during a period between 1974-1986, resulting in a collection of
seismic reflection data with various qualities and processing parameters. The
digital post stack data of several lines were obtained from ONAREP and were
utilized for further processing, migration, and depth conversion for more
accurate analysis and modeling.

curves and synthetic seismograms were used to tie wells in the basin to the

seismic reflection data (Table 2.1).

Table 2.1. Wells Drilled in the Missour Basin

Velocity data in the form of time/depth

WELLS

COORDINATE

COMPANY  YEAR

TOTAL
DEPTH

FM.AT TD

TT-1

RR-1

KSAB-101

KSAB-102

OSD-1

X=611.916.7
Y=252.593.2
EL=1212.6 m
X=704.372.2
Y=271.197.5
EL=1633 m
X=632.666
Y=249.989
EL=1395.5m
X=608.889
Y=230.609
EL=1395.5m
X=648.824
Y=288.959
EL=839 m

SCP.*
S.C.P.*
Phillips
Phillips

ONAREP

1954

1965

1983

1983

1986

2813 m

2794 m

1831 m

2188 m

3525 m

TRIASSIC

TRIASSIC

TRIASSIC

JURASSIC

CARBONIF.

"SCP-Societe Cherifiene des Petroles

“ONAREP-Office National de Recherches et d'Exploitations Petrolieres

The combination of surface and subsurface data in the Missour basin

constrain the geometry of faults recognized at the surface into the subsurface.
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Seismic lines were migrated and depth converted prior to modeling, balancing
or interpretation of the seismic data. Seismic lines used for modeling in this
study were reprocessed by applying an FX deconvolution and coherency
filters, migrating the data using a Stolt FK migration and then depth converting
the line using interval velocities. This process is normally bypassed due to
time constraints or the lack of digital seismic data. The migration and
conversion of key seismic lines in the Missour basin proved to yield important
interpretations and structural models in the basin.

Two important regional stratigraphic horizons were clearly identifiable
on most seismic data in the basin. These are: (1) the base Cretaceous
unconformity, and (2) the Hercynian unconformity (Figure 2.4). These
horizons form the stratigraphic boundaries for the post-rift and syn-rift
sedimentary sequences mapped throughout the basin. The base Cretaceous
unconformity is usually identifiable on dip lines as an angular unconformity.
The Hercynian unconformity is characterized by an angular unconformity
between the Paleozoic and the syn-rift sedimentary sequence. The Hercynian
unconformity can also be recognized as the base of the highly reflective
Triassic sedimentary rocks composed of salts, anhydrites, volcanics,
dolomites and clastics (Figure 2.13). Reflections from within Paleozoic strata
were evident on many of the seismic sections in the basin. On several seismic
sections strong reflections were present to seven seconds two-way travel time.
Paleozoic structures are present on several lines in the basin. Wells drilled in
the Missour basin did not penetrate deeply enough into the Paleozoic section
to allow for the correlation of units within the Paleozoic. The only structures
that could be defined in the Paleozoic were at the structural level of the

Hercynian unconformity.
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Styles of Faulting

The recognition of low-angle thrusts in the Atlas mountains has been
documented on geological maps and in previous field studies. These thrusts
have been interpreted previously on published cross sections as low-angle
faults that detach at the top of the syn-rift Triassic salts. The results of this
study indicate that these low-angle thrusts may be related to the reactivation of
syn-rift listric faults that detach well below the syn-rift Triassic sedimentary
rocks. Many faults in the Atlas are steep to vertical thus making it difficult to
recognize the direction of dip of the fault. It is also difficult to recognize the
footwall and hanging wall of the fault. While it is common for extensional faults
related to Mesozoic rifting to be inverted upon compression in the Missour
basin and the Atlas mountains, it is difficult in many cases to document the dip
of the fault plane and the sense of movement(s) on the faults using only
seismic reflection data.

This study found that it is common for large scale (>5 km, map view)
faults to dip both towards the paleo-rift basins as well as out of the basins.
This is a common relationship in many rift systems (Rosendahl et al., 1986).
When the relationship of extensional and dual fault polarity is applied to an
inverted rift system, the results are that thrusts and reverse faults verge into
and away from the paleo-rift basins.

It is important to recognize sedimentary relationships on seismic data that
illustrate extension and active sedimentation during rifting. Otherwise, it is
difficult to determine whether or not a fault is a reverse fault, thrust fault, or a
reactivated syn-rift fault. Seismic line 85KB11, for example, shows a well-

defined high-angle planar fault that dips to the west towards the Middle Atlas
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mountains (Figure 2.14). This fault is not exposed at the surface, but the
highly reflective package of the Triassic sedimentary rocks above the
Hercynian unconformity indicate the sense of throw and the amount of offset.
The Cretaceous is not present to the west of the fault on this line 85KB11.
The sense of throw on the fault is reverse, but it is difficult to determine if the
fault is a reactivated normal fault or a fault that was newly formed as a reverse
fault. Another consideration when interpreting reactivated faults, is the uplift of
the hanging wall half graben above what has been previously referred to as
the null point (Williams et al.,(1989). A fault may have been a normal fault
during rifting, with thickening of syn-rift sediments into the active extensional
fault. Upon inversion the hanging wall is uplifted until the pre-rift unconformity
(Hercynian) is uplifted above the pre-rift unconformity in the footwall. The null
point as referred to by Williams et al., would occur when there is no
stratigraphic displacement of the pre-rift unconformity across a fault. This
relationship can result in interpretations that assume deformation by
extensional tectonics, when a significant amount of compression normal to the
fault may have occurred. Identifying inversion on faults is important as
inversion may affect hydrocarbon migration and trapping in either a positive or
negative manner. For example, on seismic line 85KB11 the null point would
occur when the base Triassic-Hercynian unconformity (Figure 2.14, A-A') is
juxtaposed across the fault that is dipping to the west.

An example of a reactivated fault that has been uplifted above the null
point can be seen on seismic line MR17 (Figure 2.15). This line has been
migrated and depth converted to help position and restore the fault geometry.

There has been an apparent uplift of the base Cretaceous unconformity to the
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north of the fault by at least 2 kilometers. North of the fault reflections in the
Jurassic can be seen truncating beneath the base Cretaceous unconformity.
The highly reflective Triassic basalts can be seen clearly above the Hercynian
unconformity. The reactivation of this fault may have occurred along a
previous syn-rift fault, or by reactivation of a pre-rift fault. Steeply dipping
planar faults allow for a limited amount of shortening normal to the fault plane.
Faults such as the fault on line MR17 reactivate by initial slip along the fault
plane, inverting the hanging wall and forming a fault propagation style fold
above the syn-rift fault (below the base Cretaceous unconformity). Further
shortening across the fault zone was accommodated by the generation of a
fault propagation fold (verging to the south). This fold was later cut by the
breakthrough of the fault upwards along the forelimb of the fold. The syncline
to the south of the fault on line MR17 (Figure 2.15) is the conjugate fold
related to the initial fault propagation fold. If the principal compressive stress
was oriented at an angle that was oblique to the fault plane, then it would be
expected that oblique or strike-slip deformation might accommodate further
strain across the fault (Coward, 1997). This style of deformation is similar to
the style of deformation that was mapped at Jebel Missour (Figure 2.7).
Another more subtle criterion that indicates inversion is seen on seismic
line PKM-09 (Figure 2.16). This seismic line ties well KSAB-102 drilled by
Phillips in 1983 at a total depth in the Jurassic. Line PKM-09 shows a
thickening of the Jurassic from east to west across the section, from 644

milliseconds to 826 milliseconds two-way travel time. This thickening occurred
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Figure 2.13 Major unconformities that illustrate tectonic phases (Hercynian,
base Cretaceous and Turonian?) are seen on seismic line MR-07. The
Hercynian unconformity has been flattened by the inversion of the stratigraphic
section. The syn-rift and post-rift sections have been rotated upwards
reversing the original sense of regional dip. (Location on Figures 2.12 &

Figure 2.17)
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Figure 2.14 Seismic profile 85Kb11 located near the southeast margin of the
Middle Atlas mountains (location on Figure 2.12). The null point is the point at
which A-A’ are adjacent across the fault. Note the uplift of the Triassic
unconformity. Erosion by the base Cretaceous unconformity has removed any
indication of whether the fault was a reactivated syn-rift fault, or a newly

formed reverse fault.
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Figure 2.15 Seismic profiles MR-17 shows the uplift of the Hercynian
unconformity above the null point. There has been an apparent uplift of 2
kilometers on the Hercynian unconformity. The amount of shortening normal
to the fault is limited due to the geometry of the fault, and subsequent strain is
accommodated by strike-slip or oblique-slip movement. (location on Figure

2.12)



Depth (km)

]
=

Missour Ba

sin

i il .

Ce_tacgﬂou

>

North




100

during rifting, and the sedimentary rocks thicken towards a reactivated normal
fault to the west. The inversion has resulted in an anticlinal structure (in the
subsurface and surface) where there was previously a half graben.

A common feature of rifting is syn-depositional growth strata, or a
progressive unconformity associated with an extensional half graben. Major
unconformities such as the base Cretaceous commonly appear to have been
flattened due to uplift and inversion. These unconformities originally dipped
basinward as a result of post-rift subsidence (Figure 2.17). Regional seismic
lines that extend across the basin were tied to wells drilled in the basin using
synthetic seismograms and time-depth curves, and major stratigraphic
boundaries were mapped throughout the basin. These interpreted
stratigraphic boundaries were then digitized and redisplayed to produce the
interpreted cross sections in Figure 2.17. One important feature as mentioned
previously, is the lack of faulting in the Missour basin as a whole, with the
overall deformation having occurred along the margins of the basin both
during the extensional syn-rift phase, and in later inversion phases of
deformation (Figure 2.17). A common inversion characteristic recognized on
the seismic data in the basin is dip reversal relative to the direction of
sedimentary thickening (Figure 2.13).

Evidence of a previously unrecognized phase of uplift (Turonian), or a
change in sea level, can be seen on seismic line MR-7 (Figure 2.13) based on
growth strata. The lack of Lower Cretaceous (Berriasian-Albian) sedimentary
rocks above the base Cretaceous unconformity indicates a missing 40 my of
sedimentary rocks in the Missour basin (Figure 2.13). The lack of deposition

during this time might be related to isostatic uplift of the Atlas rift shoulders or
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Figure 2.16 Seismic profile PKM-09. Inversion can be demonstrated by the
uplift of a previous half graben. Thickening from the right to left across the
section can be seen from a reflector in the syn-rift sequence to a reflector at

the top of the Triassic basalts. (location on Figure 2.12)
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margins. The basin was positioned on such a shoulder or margin during the
onset of the post-rift subsidence phase. This isostatic uplift of the rift margins
(Missour Basin, High Plateau and Moroccan Meseta-Figure 2.1) during the
return of the rift to thermodynamic equilibrium, would have resulted in the
deposition of Lower Cretaceous sedimentary rocks into the subsiding Atlas rift
basin. The Lower Cretaceous sedimentary sequence would not have
necessarily been represented on the shoulders of the Atlas post-rift
subsidence basin (Missour basin). Some Lower Cretaceous sedimentary
rocks (Albian) are preserved in the High Atlas mountains to the south of the
Missour basin. The inversion of the post-rift Atlas basin would have resulted in
the uplift and erosion of the Lower Cretaceous sedimentary rocks from most of

the Atlas mountains.

Fault Restorations

Both planar and listric faults were formed in the extensional phase of
rifting of the Atlas rift systems. Listric faults interpreted in the Missour basin
shallow to a detachment in the Paleozoic. One such example is seen on
seismic line MR22 trends northwest along the margin of the Middle Atlas
mountains (Figures 2.12 & 2.18). Thickening of the syn-rift sequence is clearly
evident from the southeast to the northwest into a listric normal fault that dips
to the southeast. This line was migrated, depth converted, and plotted at a
one-to-one scale for modeling and balancing of the section. Line MR22 was
correlated to a cross line that was then tied to well OSD-1 using a time-depth
curve to the north of line MR22 (Figure 2.12). The base Cretaceous and

Hercynian unconformities diverge from southeast to northwest, and the
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Figure 2.17 Interpretations of regional seismic profiles across the Missour
basin. Note the thickening of the syn-rift sequences (Triassic-Jurassic) out of
the Missour basin into the paleo-Atlas rifts (Middle and High Atlas mountains).
Regional inversion effects can be seen by the uplift of the stratigraphic section
near the basin margins. The base Cretaceous unconformity has in some
cases may have removed the sense of syn-rift thickening into the rift (KB-2).

The location of Figure 2.13 and 2.18 are shown.
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Figure 2.18 Seismic line MR-22 was migrated and depth converted to enable
the modeling of the reactivated listric normal fault seen on the seismic profile.
Thickening of the syn-rift sedimentary rocks is evident from the southeast to

the northwest into a listric normal fault that dips to the southeast.
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Hercynian unconformity has been uplifted so that it is near horizontal. This
seismic line is important as it illustrates what is believed to be a common
inversion structural style in the Missour basin and the Atlas mountains. Listric
normal faults as illustrated on line MR22 are easier to reactivate than steeper
planar faults due to a lower friction on the fault plane, particularly when the
maximum compressive stress is horizontal. The listric fault on line MR22 was
initially inverted by slip along the lower part of the fault, as the hanging wall
half graben was rotated up the fault plane. As the dip of the fault plane
steepened it became easier to generate a new fault that cut through the
footwall as a lower angle thrust fault, than to continue the inversion of the
hanging wall up the steeper section of the original syn-rift normal fault (Figure
2.19A). This new shortcut fault formed a ramp-flat geometry similar to that
generated in a fault-bend-fold style of deformation associated with purely
compressional tectonics. Continued shortening across the fault zone develops
a fault-bend-fold over the ramp in the footwall. The generated fold is an open
fold that is slightly asymmetrical. Further shortening across the fault zone
results in the initiation of a breakthrough fault along the forelimb of the fault-
bend-fold, and continued shortening is accommodated by uplift along the
steeper reverse fault (Figure 2.19B). This breakthrough by reverse faulting
occurs instead of further shortening along the ramp by the fault-bend-fold.
Reconstruction of line MR22 to the base Cretaceous unconformity (Figure
2.19C) llustrates the geometry of the half graben prior to inversion.
Stratigraphic relationships in the half graben east of the listric fault indicate
there may have been a phase of uplift prior to the Cretaceous, as erosion and

folding are apparent in the syn-rift sedimentary rocks. The syn-rift geometry
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may also represent the fold geometry associated with the syn-rift listric fault.
Using relationships from the restoration of line MR22 to a post-rift pre-
inversion phase, an estimate for the amount of shortening across the fault
zone can be calculated. This technique has been proven to be effective for
the estimation of 3 as defined by Mckenzie (1978) for normal faults across

tilted fault blocks (Le Pichon et al., 1982).

d=angle between listric fault and pre-rift unconformity

Y=angle between pre-rift unconformity and a syn-rift stratigraphic horizon
B=sin®/[sin(P-V¥)

®=22°, W=12°, B=2.15 (stretching factor,1/ 3 = 0.46)

The amount of stretching obtained of 2.15 for this half graben in the Missour
basin is the ratio of the crust before and after extension as defined by
Mckenzie (1978). Values of B for the North Sea (Figure 2.3) based on seismic
reflection data are approximately 1.4 (Barr, 1987). Stretching values () for
the Rhine graben = 1.15, the Armorican margin = 1.53, and the Afar rift system
= 3.0 (Le Pichon et al., 1982).

Similarly, the subsequent amount of shortening across the fault zone
can be calculated using the distance between the pin line and loose line of the
restoration of line MR22 (Figure 2.19). The distance between the pin line and
loose line prior to restoration is 17 kilometers, and the distance before
shortening is 20 kilometers. The resulting amount of shortening across line
MR22 is approximately 15%.

High-angle normal faults such as interpreted on line MR17 (Figure

2.15),
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Figure 2.19 Restoration of migrated and depth converted seismic reflection
line MR-22. Reactivation of the syn-rift listric fault occurs until the fault
steepens, and the syn-rift fault is bypassed. Shortening is then
accommodated by a thrust that cuts the footwall at a lower angle (C). A fault-
bend-fold forms over the new footwall ramp (B), and is later faulted along the
forelimb by the reactivation of the original syn-rift normal fault (A). Shortening
then occurs in the hanging wall along the high-angle reverse fault. Shortening
of the original half graben is approximately 15%. The thinning factor B is

approximately 0.46 that is the inverse of Mckenzie’s (1978) stretching factor .
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will accommodate much less shortening with stress oriented normal to the
fault plane. Steep faults in the Missour basin are accommodating strain
created by horizontal compression by strike-slip or oblique-slip deformation. A
significant amount of strain may be accommodated by the strike-slip and
oblique-slip movement on high-angle normal faults, but the amount of strain
and shortening across these faults is difficult to quantify due to movement in
and out of the plane of the seismic section. The combination of both high-
angle and listric normal faults in the Missour basin and Atlas mountains results
in a complex tectonic history after inversion. Horizontal stress applied to the
syn-rift fault systems of the Atlas have probably resulted in deformation by
oblique-slip reverse movement as well as fault-bend-fold, and a thin-skinned

style of deformation resulting from inversion.

Inversion Tectonics

Structural inversion related to intracontinental rifting occurs when
extensional rift faults reverse their sense of motion during subsequent
episodes of compressional tectonics. Features generated by extension such
as half grabens are uplifted to form positive anticlinal structures.

It is important to validate that a structure is actually an inversion feature,
or a newly generated compressional structure, since reactivated rift faults have
prospective stratigraphic relationships. A common feature of rifting is syn-
depositional growth strata, or a progressive unconformity associated with an
extensional half graben. Reactivation of the growth fault by later compression
normal to the fault will result in a thicker syn-rift section in the hanging wall
anticline than in the footwall syncline. It is sometimes difficult to recognize

inversion when uplift of the hanging wall has occurred to the point where
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erosion has removed any indication of the original thickening associated with
the half graben.

The reactivation of normal syn-rift faults invert previous half grabens
into anticlinal structures, with the axis of the half graben centered below the
axis of the inversion anticline. Anticlinal structures in the Missour basin and
Atlas mountains frequently represent an inverted half graben. Because of this
relationship hanging wall anticlines formed by the inversion of syn-rift half
grabens, will have a thicker syn-rift section in the hanging wall than in the
footwall even though the hanging wall may be above the footwall. The
resulting inverted fold geometry is controlled by the geometry of the
extensional fault (planar or listric) and the depth of detachment (e.g., Mitra,
1993). Reactivated listric faults normally form inversion anticlines that exhibit
fault-bend-fold geometry, and allow for greater shortening than planar faults.
This style of inversion and shortening may have contributed to the creation of
the high elevations (>4000 meters) in the High Atlas mountains. Inversion
along listric faults can generate a compressional fault-bend-fold that is more
open or symmetrical than a fault propagation fold generated by the
reactivation of a planar fault (Mitra, 1993). Folds generated by reactivated
normal faults are commonly associated with fault breakthrough along the
forelimb of the anticlines, as well as footwall thrusts.

Half grabens formed during rifting are divided into a syn-rift and post-rift
sequence separated by an unconformity (base Cretaceous in the Missour
basin) (Figure 2.13). Sedimentary rocks associated with the post-rift
sequence normally have lower dips usually associated with regional
subsidence into the paleo-rift basins. The syn-rift sequence on the other hand

is associated with steeper dips related to the original hanging wall fold shape
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and stratigraphic growth. The dips of sedimentary rocks in the inverted
anticlinal structure are steeper in the core of the anticline than along the flanks
of the inverted structure. Planar faults that do not develop hanging wall
anticlines frequently preserve the relationships of steeper dipping syn-rift
sedimentary rocks after they are inverted into fault propagation folds. The
structure at Jebel Missour exhibits this relationship, where flat-lying post-
inversion Neogene sedimentary rocks onlap more steeply dipping Upper
Cretaceous rocks, that in turn overlie Jurassic rocks exhibiting yet even
steeper dips.

Listric faults that generate hanging wall rollover folds during extension
must be "unfolded" during inversion, before the hanging wall can be refolded
into an inversion anticline (Mitra,1993). The restoration of the inverted listric
fault on seismic line MR-22 (Figures 2.18 and 2.19) show that there are syn-rift
reflectors indicating dips that may be related to an earlier extensional hanging
wall rollover fold. It is difficult to restore an inverted listric normal fault to the
exact geometry present prior to inversion, possibly due to slip out of the plane
of the section.

Inverted structures are important exploration objectives, as extensional
half grabens may contain source rocks as well as reservoir rocks.
Hydrocarbons generated during rifting are generally trapped in the syn-rift
sequence up-dip along the crests of footwall anticlines associated with
extensional half grabens, such as in the North Sea. The inversion of faults
associated with footwall anticlines results in the uplift of the hanging wall
graben above and sometimes over the top of the original footwall anticline
(Figure 2.19). The result of this inversion is the creation of a hanging wall

compressional fault-bend-fold, in combination with a subthrust footwall
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anticline/ramp. This relationship produced by inversion tectonics creates the
opportunity for stacked structural traps, both in the original footwall anticline,
and in the inverted hanging wall fold. This type of potential trap could be
important with significant shortening and inversion. Large amounts of
horizontal shortening may place Triassic sedimentary rocks containing salts
and evaporites above Jurassic source and reservoir rocks in the footwall
providing an effective seal. This seal formed by the thrusting of the Triassic
sequence could help to maintain traps formed during rifting in the Jurassic,
and help to form a new trap that can collect hydrocarbons that are remigrated

by subsequent inversion.

Hydrocarbon Potential

The Missour intermontane basin was formed by the uplift and inversion
of the margins of the Atlas rift system. The stratigraphic relationships of the
Missour basin are such that the distribution of syn-rift sedimentary rocks
(Triassic-Jurassic) of source rock facies, as in most rift basins, would not be
expected to be encountered along the margins of the rift. Most source rocks
related to syn-rift phase of the Atlas rift system would have been deposited in
what is now the High and Middle Atlas mountains (Atlas paleo-rift). For this
reason, the most prospective areas for hydrocarbon traps in the basin are
along the margins of the High Atlas and Middle Atlas mountains. These
regions are important exploration fairways as hydrocarbons generated during
the syn-rift and post-rift phases of the Atlas rift system would have migrated
updip towards the basin margins. Hydrocarbons trapped in the original rift
structures may have remigrated towards the margins of the Atlas mountains

upon the inversion of the rift system. There are two potential hydrocarbon
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systems present in the Missour basin and Atlas mountains: (1) the Paleozoic-
Triassic system sourced from the Paleozoic, sealed by Triassic salts and
basalts with potential Triassic sandstone reservoirs, and (2) the post-Triassic
system with potential sources and reservoirs in the Jurassic and Cretaceous.
The structural models developed for the inversion of syn-rift normal faults in
the Missour basin and High Atlas mountains are favorable for trapping

hydrocarbons in the following scenarios:

A) The inversion of a listric normal fault may position Jurassic source rocks in
the footwall of fault-bend-fold style structure. This creates the possibility of
moving immature syn-rift source rocks into the oil window in the footwall of a
thrust. Triassic evaporites may in some cases be thrust over source and

reservoir rocks in the footwall, creating an effective top seal.

B) Inversion creates the possibility of preserving hydrocarbons trapped during
rifting. As observed along the margins of the Atlas mountains, not all syn-rift
faults are reactivated. Some extensional structures that trapped hydrocarbons
during rifting may be preserved beneath thrust faults originating from

reactivated listric faults (footwall shortcut faults).

C) Paleozoic source rocks (Carboniferous-Silurian-Devonian) are more
prospective in the Missour basin and the margins/shoulder areas of the paleo-
Atlas rift systems. Paleozoic source rocks in the Atlas rift would probably have
been buried too deeply to have any remaining source rock potential. A lower
geothermal gradient and depth of burial in the Missour basin and other rift

margins may Yyield potential traps sourced by Paleozoic source rocks.
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Hydrocarbons sourced from the Paleozoic may be trapped in Triassic
sandstones and sealed by overlying and interbedded salts, anhydrites and
basalts of the Triassic.

Source rock samples were collected in the field in the Middle Atlas
mountains to the west of the Missour basin that indicate favorable source rock
parameters (Table 2.2). Upper Pliensbachian source rocks yield total organic
carbon values between 1.66-3.87%. The Tmax (Rock Eval) values of 421-
437°C for these upper Pliensbachian marls (Type IlI) are approximately
equivalent to vitrinite reflectance values of 0.5-0.6 (Ro) (Miles, 1989). These
data indicate that the upper Pliensbachian (Dommerian) source rocks are
early mature for oil generation. These source rocks may be similar to source
rocks of the same age found in the Paris Basin and other parts of central and
southwest Europe (Hallam, 1987). dditional potential may be present in
Pliensbachian-Bajocian reefs developed along the margins of the basin such
as are found at Jebel Mechkakour, sourced by rocks of the same age (Figures
2.6 and 2.12) (El Alji & Ouazzaba, 1995). Maastrichtian source rocks yield
high total organic values (~18%), and have excellent potential for generating
hydrocarbons when they occur in the footwall of a sub-thrust style structure.
These Maastrichtian source rocks may be related to other known source rocks
deposited in the Late Cretaceous during a transgressive phase, which were
widespread organic-carbon rich sediments in Morocco (Schlanger et al.,
1987). Shales and similar deposits grade into laterally equivalent
phosphorites of Late Cretaceous to early Tertiary age laid down on the
southern margin of Tethys, stretching from North Africa into the Middle East
(Hallam, 1987). The OSD-1 well drilled in the western Missour basin near the

Middle Atlas mountains.
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Table 2.2. Geochemical Data from the Middle Atlas Mountains and Well OSD-
1

Middle Atlas Mountains

Latitude Longitude TOC S1 S2 S3 Tmax HI Ol Age

33°25.46N  4°20.65W 3.87 0.81 25 0.96 437°C 323 25 Pliensb.
33°25.66N  4°20.65W 1.66 6.61 84 0.23 421°C 506 14 Pliensb.

33°08.53N  5°09.48W 18.12 6.21 117.4 222 419°C 648 12 Maastricht.

Well OSD-1

Latitude Longitude Depth TOC S1 S2 S3 Tmax HI Ol Age

33°11.24N  3°48.12.5W 1768m 1.92 0.09 0.27 0.23 474°C 14 11 Westphalian
33°11.24N  3°48.12.5W 2066m 1.64 0.01 0.43 0.14 452°C 26 8 Westphalian
33°11.24N  3°48.12.5W 2401m 11.44 0.52 18.7 0.62 439°C 163 5 Namurian

33°11.24N  3°48.12.5W 2556m 1.28 0.04 0.52 0.15 453°C 40 11 Namurian

TOC = weight % organic carbon Tmax =pyrolitic yield in °C
S1,S2 = mg hydrocarbons/g rock HI = S2*100/TOC
3 = mg carbon dioxide/ g rock Ol =S3*100/TOC

Conclusions

The integration of surface geological mapping, seismic reflection data,
well data, and remote sensing has given a better understanding of the tectonic
processes, timing, and structural styles resulting from the various

deformational phases forming the Atlas mountains and associated basins.
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The Missour basin was a stable shelf margin separating the High and Middle
Atlas rift systems. Regional shortening across the region during the Late
Cretaceous and Tertiary resulted in the uplift of the entire Missour basin region
contemporaneously with the uplift/inversion of the paleo-Atlas rifts. Shortening
across the region has occurred mainly along the margins and the interior of
the paleo-Atlas rift systems. Most of the shortening across these rift systems
was along pre-existing faults formed during Mesozoic rifting or the previous
Hercynian orogeny. The geometries of structures generated by inversion are
controlled by the type of extensional faults formed during rifting and the
orientation of the maximum compressive stresses relative to these faults
(Figure 2.20). There are a variety of fault types (planar and listric), fault
polarities, and fault distributions present within the Missour basin and the
adjacent Atlas mountains.

Several phases of deformation resulted in the shortening and inversion
of the paleo-Atlas rift system and the Missour intermontane basin; uplift related
to the Hercynian orogeny, an uplift phase in the Middle Jurassic, uplift in the
Early Cretaceous related to subsidence, a major uplift/inversion phase in the
Early Tertiary (Paleogene), recent deformation in the Neogene-Quaternary
(left-lateral oblique-slip) along the Middle Atlas-Missour basin margins, and
right-lateral oblique-slip movement along the High Atlas-Missour basin margin
(Figure 2.3a). The Missour basin may have been uplifted/inverted by the
culmination of several phases of deformation. The region was previously part
of the shelf margin or shoulder of the Atlas rift system and has been uplifted

and translated to the northeast.
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The combination of both high-angle and listric normal faults in the
Missour basin and Atlas mountains result in a complex tectonic history

following inversion. Horizontal stress applied to the syn-rift fault systems of
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Figure 2.20 Faults associated with the Atlas rift system occur as both listric
and planar normal faults. Fault bend folds are frequently formed by the
reactivation of listric faults, when compression is applied normal to the fault
plane. Fault propagation folds can form when compression is normal to a fault
plane of reactivated planar faults. Listric faults reactivate by dip-slip
movement when subjected to normal compression, while planar faults

commonly reactivate by oblique-slip movement.
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the Atlas has resulted in deformation by oblique-slip reverse movement as well as
fault-bend-fold, thin-skinned style of deformation resulting from inversion. Applying
structural inversion models to observed structures in the Atlas mountains may present
new exploration opportunities that have not previously been attempted as an

exploraiton strategy in Morocco.
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CHAPTER THREE

Inversion tectonics and the evolution of the
High Atlas Mountains, Morocco, basegI on a
geological-geophysical transect

Abstract

The High Atlas Mountains of North Africa were formed by the
reactivation of a major intracontinental rift system that 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 20-30 Ma (Miocene-Oligocene), 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 kilometers
wide, comparable to the width of the present-day Red Sea. Syn-rift and post-
rift sedimentary rocks were uplifted by the reactivation of syn-rift normal faults,
with further shortening along newly formed thin-skinned thrust faults.

Structures formed by the reactivation of syn-rift faults resulted in structures

Submitted as: Weldon Beauchamp, Richard W. Allmendinger, Muawia Barazangi, Ahmed
Demnati, Mohamed El Alji and Mohammed Dahmani, Inversion tectonics and the evolution of
the High Atlas Mountains, Morocco, based on a geological-geophysical transect, Tectonics,

1997.
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with different geometries than those created by newly formed fault-bend and
fault-propagation faults. Shortening across the High Atlas Mountains resulted
in a partitioning of strain, with the greatest magnitude of shortening occurring

along the margins of the High Atlas Mountains.

Introduction

Pre-existing intracontinental rift systems are important tectonic features
as they focus strain during plate convergence along nearby plate boundaries.
The style and magnitude of rifting (pure shear or simple shear) and the
orientation of the rift system relative to plate convergence contribute to the
magnitude of shortening and style of inversion. The overall geometries of rift
systems may control the vergence or bi-vergence of thrusting during inversion.
Stresses transmitted during plate convergence may result in the decoupling of
the crust at different levels based upon the variation of crustal thickness and
yield strength associated with rifts, resulting in multiple levels of detachment.

The High Atlas Mountains of Morocco were formed by the reactivation
of a major intracontinental rift system during convergence of the African and
European plates during the Cenozoic (Dewey et al., 1989). This rift system
extended from what is now the Atlantic margin of Morocco, to the
Mediterranean coast of Tunisia (~2000 km) (Figure 3.1). A geophysical-
geological cross section (Transect A-A’, Plate 3) was constructed across the
central High Atlas Mountains of Morocco to develop a better understanding of
how intracontinental mountain belts are formed (Figure 3.2).

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
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Figure 3.1. Tectonic map of North Africa showing the location of the region of
Transect A-A’, the High Atlas, Anti-Atlas, Tell Atlas and Betic Rif orogens
overlain on digital topography. Estimates of crustal thickness in Morocco are

also shown.
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Figure 3.2. Map showing the location of seismic reflection profiles (KT6-Tadla
Basin, OZ-5a & OZ-5b, OZ-6 & OZ-7) used in the study and the location of

transect A-A’.
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European and African plates is partitioned. Based on the interpretation of
previously unpublished seismic reflection profiles and field work, the
shortening between the Ouarzazate basin (regional pin line) and the Tadla
basin (local pin line) on the deformed and restored sections (A-A’) are
estimated to have been 36 km (Plate 3).The amount of shortening across what
is interpreted as having been the original High Atlas rift basin (113 km in width,
restored section) was estimated between reference lines (A) and (B) (Plate 3).
Values for shortening indicate the Atlas rift basin was shortened by a minimum
of 36 km (32%).Previous estimates of the amount of shortening across the
High Atlas had been placed between 10-20% (Brede, 1992).  Shortening
across the High Atlas Mountains resulted in a partitioning of strain, with the
greatest magnitude of shortening occurring along the margins of the High
Atlas. Several pin lines and loose lines were placed along transect A-A’ to
determine the magnitude of shortening across the High Atlas (Plate 3).
Thrusting and inversion resulted in the largest magnitude of shortening along
the margins of the High Atlas over a distance of 10 km (Plate 3, Transect A-A’)
with little shortening in the interior of the High Atlas Mountains along the cross
section.

Many foreland fold and thrust belts have only one sense of thrusting
and vergence. Intracontinental mountain belts are commonly bi-vergent and
have a more complex history for the timing and sequence of thrusting. The bi-
vergence of thrusts in intracontinental mountain belts may be related to the
reactivation of rift fault systems that are often bi-vergent (e.g., Bally, 1984;
Fraissinet et al., 1988; Hayward and Graham 1989; Jossen and Filali-Moutei,
1992).A bi-vergent intracontinental mountain belt implies that at some point in

the orogen there should be a null point where the sense of vergence will be
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reversed.  Bi-vergent thrusting/inversion may result in foreland basins
developing on both sides of the orogen. Tectonic thickening of the upper crust
along the margins 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 bi-vergent
mountain belt that has been affected by moderate to strong inversion

(Gauthier, 1960; Rolley, 1978; Lowell, 1995).

Regional Setting

Topography and Crustal Thickness Variations

Crustal thickness variations across the High Atlas highlight one of the
most remarkable aspects of this orogen. Despite topography locally in excess
of 4 km elevation, the crust apparently is nowhere in excess of 40 km thick.
The continental crust of North Africa contains significant sedimentary rift
basins as a result of thinning of the crust during the Mesozoic . The
convergence of the North African and European plates during the Cenozoic
through Present may be partially accommodated by shear along Proterozoic
zones of weakness in the crust (Mattauer et al., 1972; Milanovsky, 1981;
Ziegler, 1982; Laville and Pique, 1991; Giese and Jacobshagen, 1992).

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 (Sandvol et al., 1996). A refraction study parallel
to the axis of the High Atlas Mountains (Makris et al., 1985) found the crust
beneath the Meseta (Figure 3.1) is 30 km thick, thinning 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 margin
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(24 km).Gravity data were modeled (2-D) along two profiles across the High
Atlas indicating crustal thickness between 34-38 km. Makris et al. (1985)
noted these gravity models indicate a lack of isostatic compensation relative to
the topography of the High Atlas Mountains. Later refraction studies were
oriented perpendicular to the High and Middle Atlas Mountains (Wigger et al.,
1992). The crustal root 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 dipping 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 3) .

Pre-Rift Phase

The Anti-Atlas south of the High Atlas Mountains expose Paleozoic
through Precambrian age rocks of the West African 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 African craton were then

affected by deformation in the Hercynian orogeny (330 to 250 Ma).
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Precambrian granites and volcanics crop outin the Anti-Atlas at the
southern end of the transect A-A’ of this study (Figure 3.2). Similar
Precambrian rocks have not been recognized to the north of the High Atlas
Mountains. Igneous rocks exposed north of the High Atlas Mountains are
granites of Hercynian age (Michard, 1976). The absence of Precambrian
rocks in outcrop or penetrated by wells may indicate a much thicker Paleozoic
sequence north of the High Atlas Mountains. It is also possible that there is no
Precambrian crust north of the Atlas Mountains.

During the Early Paleozoic to Middle Devonian, western and central
Morocco was a shallow platform distinguished by the deposition of
epicontinental facies. Silurian age sedimentary rocks are composed of thick
black, organic rich graptolitic shales (Michard, 1976) and thin sandstone and
crinoidal limestones (Figure 3.3). These Silurian shales range from 200 to
1000 meters in thickness, and provide an important sedimentary sequence for
the nucleation of thrusts and duplexes within the Paleozoic. The Late
Devonian to Early Carboniferous was characterized by transtensive
sedimentary basins (Pique et al., 1993) that are not uniformly distributed
throughout Morocco. Permo-Carboniferous rocks may have been eroded from
constraining bends (flower structures) and preserved in the releasing 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 3.2).

Syn-Rift Phase

The Atlas rift system began in the Triassic and was active through the
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Figure 3.3. Generalized Stratigraphic section of the central High Atlas
Mountains compiled from geological maps (Saadi et al., 1977; Saadi et al.,
1979, 1985; Fetah et al., 1990), measured sections (Michard, 1976; Rolley,
1978; Jabour, 1988; Ensslin, 1992), and well data (Tadla basin DRZ-1 and
KMS-1).
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Jurassic (Michard, 1976; Manspeizer et al., 1978; Schaer and Rodgers, 1987;
Laville, 1988). The syn-rift sequence of the Atlas began with the deposition of
continental Triassic clastics composed of interbedded sandstones, shales,
anhydrites, and volcanics (Manspeizer et al., 1978; Beauchamp, 1988;
Medina, 1988). The basal Triassic is composed of continental red beds which
are overlain by thoeliitic basalts (~400 m, western Atlas) (Manspeizer et al.,
1978). Thicknesses of Triassic strata range between 4000-5000 meters in the
western High Atlas, with thicknesses of less than 1000 meters in the central
High Atlas, eastern High Atlas, Middle Atlas Mountains, and Missour basin
(Manspeizer et al., 1978, Beauchamp et al., 1996) (Figure 3.1). Triassic age
rocks are absent in the Ouarzazate basin and Anti-Atlas south of the High
Atlas Mountains, along the southern extent of the cross section A-A’ (Figure
3.2). Well data in the Tadla basin (DRZ-1 and KMS-1) indicate that Triassic
rocks north of the High Atlas have thicknesses between 350-450 meters.
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 meters in
thickness.

Triassic evaporites provide a weak stratigraphic interval that controlled
the development of Cenozoic contractional structures. In the field, Triassic
evaporite rocks are intensely deformed and sheared. The evaporites and
associated basalts characteristically have a high amplitude response on
seismic reflection data which is a key marker for interpretation (Beauchamp et
al., 1996).

Syn-rift Jurassic sedimentary rocks were deposited only within the Atlas
rift system within the present High Atlas Mountains, with the exception of the

Missour basin and High plateau (Laville, 1988; Beauchamp et al., 1996)
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(Figure 3.2). 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 sedimentary rocks display complex facies
distribution, varying both normal to the Atlas rift basin axis as well as along
strike. Jurassic sedimentary rocks of the eastern High Atlas (Figure 3.1) are
generally more calcareous, and range from shallow water reef carbonates to
deep water calcturbidites in the center of the rift basin (Crevallo et al., 1987).
The central High Atlas Mountains to the west expose Middle Jurassic (Dogger)
sedimentary rocks that are more clastic and often contain thick sandstone and
shale intervals (Rolley, 1978). The Late Jurassic sedimentary rocks are
composed of thick massive limestones and dolomites (Liassic). Upper
Jurassic (Oxfordian-Kimmeridgean-Tithonian) through Lower Cretaceous
(Berriasian-Albian) sedimentary rocks in the High Atlas Mountains and
margins are not well preserved, and may never have been deposited (Figure
3.3).

The syn-rift Triassic and Jurassic sedimentary rocks have been
interpreted by several researchers to have been deposited in a transtensional
rift environment (Crevallo et al., 1987; Laville E., 1988; Beauchamp, 1988;
Laville and Pique, 1991). Extension combined with strike-slip movement has
been used to explain different syntectonic sedimentary relationships such as
facies changes, angular disconformities and abrupt changes in thickness.
There are also a variety of explanations for these relationships such as lateral
ramps, high relief accommodation zones, and changes in fault polarity

(Rosendahl et al., 1986).
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Post-Rift Phase

Post-rift 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 margin of Africa during the Late Jurassic and Early Cretaceous
was a regional tectonic response to the opening of the Atlantic, resulting in
erosion and/or non-deposition.

Cretaceous sedimentary rocks are composed of transgressive 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 meters (Schmidt, 1992).
These Tertiary rocks (Paleogene/Neogene) overlie Cretaceous rocks
(Cenomanian/Turonian) composed of siltstones, fine sandstones and marls
(Schmidt, 1992). The Paleogene and Late Cretaceous age rocks onlap
Paleozoic and Proterozoic 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 European 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 Pique, 1993). Thrusting and
inversion during the Oligocene formed the current topographic relief for the
High Atlas Mountains, yet Tertiary foreland basins to the north and south of
the High Atlas are lacking. Tertiary thicknesses in the foreland regions are on
the average less than 1 km. Northwest of the Ouarzazate basin, Jebel Mgoun
reaches elevations of over 4000 meters. The lack of developmentof foreland
basins may indicate a high rigidity for the upper crust along the margins of the

Atlas.
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Structural/Geophysical Transect of the High Atlas

Geological/Geophysical Data

The location of transect A-A’ (Plate 3) was chosen to parallel the
direction of thrust transport (Figure 3.4) and as near as possible to the existing
seismic reflection profiles along the northern and southern margins of the High
Atlas (KT-6, north; OZ-5, south; Plate 4). Abundant examples of small scale
deformation exist along the trend of the transect and make a significant
contribution to the overall shortening along the transect. Although many
structures were mapped 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 GPS
receiver. Additional regional data were collected along dip oriented transects
across the Ait Attab syncline parallel to seismic profile KT-6 and across the
High Atlas along transect A-A’ ( Figure 3.2). 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.

Syn-rift normal faults commonly can be identified by the presence of
Jurassic basalts that were intruded along the fault plane, as well as
sedimentary thickening into faults. In the field, many small Mesozoic normal
faults thus identified have not been reactivated. A common characteristic of
structures in the High Atlas along transect A-A’ is the asymmetric style of fault-
related folding. Many of the topographic ridges are directly related to

structures of this nature. It is believed that these structures were generated by
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fault-propagation folds that originate from evaporites in the Triassic (Figure
3.5). 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 3)
displayed together with digital topographic data illustrate the asymmetry of the
High Atlas Mountains (Figure 3.6). The regional Bouguer gravity low beneath
the High Atlas, and the topographically highest region of the Atlas show a
correlation along the southern margin of the mountains. The Bouguer gravity
data show a decrease in the asymmetrical anomaly northward along the
traverse A-A’ as does the topographic profile.

Given the amount of tectonic loading along the southern margin, and
the lack of a significant foreland basin, the High Atlas Mountains appear to be
uncompensated. Magnetic data displayed along traverse A-A’ shows a broad
regional anomaly beneath the High Atlas Mountains of approximately 100 nT.
Several smaller magnetic anomalies along the traverse are on the order of 10-
15 km in wavelength, and show a 20-30 nT deflection in the regional magnetic
gradient (Plate 3). These magnetic anomalies may be related to gabbroic
intrusives of Triassic to Lower Jurassic age.

Digital copies of seismic reflection profiles acquired for petroleum
exploration by ONAREP (Office National de Recherches et d’Exploitations
Petrolieres) 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 post-stack processing was carried out on
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Figure 3.4. 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).
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the lines south of the High Atlas Mountains (OZ-5, Ouarzazate basin) (Figure
3.2). These seismic profiles were chosen because of their orientation relative
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 OZ-5 were acquired by CGG (Compagnie Generale de
Geophysique) for ONAREP using a Vibroseis source (50 meter shot spacing,
96 channels, 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 construction of the cross section A-A’ (Figures 3.2 and 3.7).
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 (Ordovician) sedimentary rocks (Figure 3.7).

Description of Structures

Northern High Atlas Mountains

Seismic profile KT-6 is oriented at about 45° to the direction of thrust
transport in the northern High Atlas (Figure 3.7). Bedding dips seen on this
line, for the most part, are apparent. Structures interpreted along profile KT-6
were corrected for true dip and then projected along strike to transect A-A’
(Plate 3). 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, Triassic and into the Ordovician without
encountering Lower Cretaceous or Jurassic rocks (Plate 4). Reflections

correlative to the
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Figure 3.5 A photograph and corresponding geological sketch showing kink
axes related to a fault propagation fold at depth. These kink axes are located
along the southern margin of the Ait Attab syncline, 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.
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Figure 3.6 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 regional gravity low. The lack of
significant foreland basins may indicate that the High Atlas are

uncompensated.
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stratigraphic intervals encountered in the two wells clearly extended to within
less than 1 km of the exposure of massive Lower Jurassic carbonates in the
foothills of the High Atlas. No clear evidence 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 illustrates
by a spectacular field relation located on the northern limb of the Ait Attab
syncline (Figures 3.7 and 3.8). A low angle thrust fault dips 15° towards 210°
(SSW). Massive Early Jurassic carbonates and Triassic clastic rocks in the
hanging wall flat of this fault are thrust over Late Cretaceous red shales and
sandstones Cenomanian in age (Figure 3.8). The zone is composed of
breccia several meters in thickness. This breccia is composed of angular
fragments of the overlying massive dolomites and limestones, and range up to
0.5 meters in size. The breccia is poorly cemented with the exception of the
recent deposition of travertine. 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 previously mentioned thrust

The Ait Attab syncline (Figure 3.7) 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 3.9). Thickening of the Middle and Lower
Jurassic rocks across the syncline from southeast to northwest indicates that
the syn-rift rocks were deposited in the hanging wall of an active normal fault
that dipped southwards into the paleo-Atlas rift basin. The folded rocks lie

above
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Figure 3.7 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

infrared band 5).
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Figure 3.8 A photograph showing a field location along the northern margin of
the Ait Attab syncline (fault is shown on Figure 3.7). 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.
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high amplitude reflectors that dip more gently than the overlying exposed
rocks in the Ait Attab syncline (Figure 3.9). The lower reflections are
interpreted as being the footwall flat of the major fault, described above, along
the northern margin of the Ait Attab syncline (Figure 3.7). This broad, open
syncline has a wavelength of ~12 km and is interpreted to have formed
between two fault-bend anticlines (Figure 3.9, Plate 3). Locally, the geometry
of the limbs has been complicated by small fault-propagation folds (Figure 3.5
and Plate 4). In three dimensions, the syncline displays a classic type-2 fold
interference pattern (Ramsey and Huber, 1987). The older of the two fold
axial surfaces strikes NE to E and the younger fold axial surface strikes NW
and is near vertical. It is believed these two phases of folding were generated
by one phase of deformation, with the thrusting of the rift sedimentary rocks

northwestward over a lateral ramp.

Central High Atlas Mountains

Shortening in the central High Atlas mountains is insufficient to explain
the topography found in this part of the orogen, and presents an interesting
problem. The small amount of shortening expressed in this region indicates
that the topography of the area must be related to shortening at depth. 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 ramp from an interpreted décollement in the Triassic (Plate 3). The
central region of the High Atlas known as Ait Mohammed is bounded by two of
these large scale structures. The gently dipping syncline of Ait Mohammed is

approximately 20 km wide. Beneath Ait Mohammed, a fault duplex system
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Figure 3.9 A detailed portion of seismic line KT-6 across the Ait Attab
syncline (see Figures 3.2 and 3.7 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
steepened by fault propagation folds (Figure 3.5). Bedding above the thrust
fault is not parallel to the fault along the southeast end of the line (previously

deformed), that may be syn-rift rocks inverted along a reactivated normal fault.



Depth (km)

Northwest Line KT-6 Southeast

U.Cretaceous

=

M.
JUI‘aSSI.C .

e
) T, el .
L Jurassic -
W

S 138516 (29 : B

30 Distance (km) 35



161

was interpreted in the Paleozoic to achieve the amount of uplift present above
the décollement (~12 kilometers thickness). Without this duplex system there
is insufficient sedimentary thickness to balance the area between the
décollement and the surface. The duplex geometry in the Paleozoic shown in
Plate 3 probably does not represent the true geometry of the deformed beds in
the Paleozoic, 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.

Southern High Atlas Mountains

Three seismic lines from the Ouarzazate basin were supplied 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 3.10). The southern end
of line OZ-5 shows a high amplitude reflector that dips 15° northward (Figure
3.11). 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 Ouarzazate basin there
are no exposures of Triassic, Jurassic or Lower Cretaceous rocks. The only
syn-rift 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 margin of the High Atlas can

be easily
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Figure 3.10 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 are 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 meters) that been uplifted by the reactivation of syn-rift faults. The
Paleozoic rocks in the core of this anticline have been intensely deformed by

what is thought to be a series of fault duplexes (Plate 3).
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Figure 3.11 Seismic line OZ-5a located along the southern margin of the
Ouarzazate basin and the Anti-Atlas (see Figure 3.10 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
interpreted as Paleozoic rocks that are truncated by the Upper Cretaceous

unconformity.
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identified on LANDSAT-TM images (Figure 3.10). Fault-bend folds deformed
the post-rift rocks of the Ouarzazate basin during uplift and inversion of the
Atlas rift basin. Based on interpretation of Line OZ-5b (Figure 3.12), we
suggest that the base of the Upper Cretaceous is the principal decollement in
the basin. 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 westward onto transect A-A’. At least two thrust
faults repeat post-rift rocks to the surface in the Ouarzazate Basin. Because
Neogene rocks unconformably overlie the hanging wall of fault (A) (Figure
3.12) but are cut by fault (B), we infer an out-of-sequence progression of
faulting. Further evidence for out-of-sequence thrusting is present by the fact
that faults closer to the High Atlas Mountains are not folded by faults to the
south in the Ouarzazate basin (Plate 4).

Northward along line OZ-5b the décollement at the base of the Upper
Cretaceous is cut by a younger thrust that places syn-rift sedimentary rocks
over post-rift Upper Cretaceous and Paleogene rocks (Figure 3.13 and Plate
4). The rocks in the footwall of this thrust were originally deposited along the
platform margin of the Atlas rift (no syn-rift age rocks). The syn-rift Triassic
and Lower Jurassic rocks were thrust in the hanging wall of a thrust fault from
within the Atlas rift basin, and then transported onto the platform margin of the
rift basin. It is important to be able to differentiate 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 Jurassic over a short distance in the
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Figure 3.12 Seismic line OZ-5b located along the southern margin of the High
Atlas Mountains (see Figure 3.10 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
believed to have occurred first with Fault (B) occurring out-of-sequence, as

Fault (B) has not been folded by Fault (A).
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Figure 3.13 Seismic line OZ-5b located to the north of Figure 3.12 shows
what is interpreted as syn-rift sedimentary rocks transported in the hanging
wall of a new thrust (see Figure 3.10 for location). These syn-rift strata are
thrust out-of-sequence over an earlier thrust formed between the Upper

Cretaceous and Paleozoic.
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hanging wall of the thrust, possibly related to syn-rift deposition during
extensional faulting (e.g., growth fault). The rocks in the hanging wall of this
reactivated fault were previously deformed during the syn-rift extensional
phase (hanging wall rollover) of deformation, and were subsequently
transported up the same normal fault until a new thrust fault was formed

transporting syn-rift rocks over the platform margin of the rift (Plates 3 and 4).

Construction of a Geological-Geophysical Transect

This study set forth to generate a transect across the High Atlas
Mountains along a transect(A-A’) that would optimize the data available, and
would for the first time generate a cross section across the High Atlas
Mountains that is balanced and restorable. Such a transect would 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 syn-rift normal faults, while
new thrusts are 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 section, conserved area between the
deformed and restored section, and that line lengths remain the same before
and after shortening (Woodward et al., 1989). Refolded folds are common

throughout the High Atlas and violate the 2-D assumptions inherent in cross
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section balancing. However, because our transect is nearly parallel to the
second fold axial surface, the effect of the refolding is minimal. A depth to
detachment calculation was made (approximately 12 km depth) based upon a
composite thickness from well data, and measured thicknesses in the High
Atlas, Anti-Atlas. This depth to detachment calculation is in agreement with a
proposed detachment based on previous geophysical studies (10-15 km)
(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 (Figure 3.11). The post-rift Late Cretaceous age rocks were
assumed to not thicken significantly into the center of the Atlas rift basin during
subsidence, and measured thicknesses 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 3). The construction of the
transect also assumesthere was no pre-existing Paleozoic or Proterozoic
basin, or crustal root present beneath the High Atlas. There is no indication of
abnormally 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) suggest that there are no abnormal density anomalies beneath
the High Atlas that in turn might suggest possible delamination based upon
gravitational instability of the crustal root (Seber et al., 1996).

Estimates of shortening attained from this study based upon transect A-
A’ (Plate 3) are a minimum estimate of the amount of shortening across the
High Atlas. A local pin line was placed outside of the orogen in the Tadla
basin to the north, and a regional pin line in the Ouarzazate basin south of the

High Atlas Mountains. Based upon a depth of décollement calculation of 12
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km a template was created for the footwall of the original Atlas rift system
(Plate 3). The depth of basement in the footwall of the template (Plate 1,
deformed and restored sections) was derived from seismic reflection data
(Figure 3.11). Whereas the original rift basin was comprised of many normal
faults with various displacements, vergence and magnitudes, only the main rift
bounding faults are considered for reactivation along transect A-A’. Syn-rift
sediments deformed in the hanging wall of the rift basin were transported up
the southern rift bounding fault (Figure 3.14 and Plate 3). Thrusts with a fault-
bend fold geometry are north verging (Figures 3.8 and 3.9) along the northern
margin of the High Atlas, ramping upwards from evaporites in the Triassic

(Plate 3).

Discussion

Historical Evolution

The Atlas mountain belt is the largest in Africa, and is similar in size and
extent to the Appalachians, Urals, and Zagros mountains. Convergent
mountain belts such as the Andes and Himalayas have been studied
extensively regarding 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 several
hundred kilometers through the crust to an intraplate region where strain was
accommodated along crustal weaknesses formed by rifting in the Mesozoic

and probably earlier Paleozoic orogenic events The evolution of the Atlas
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Figure 3.14 The tectonic evolution of the High Atlas Mountains involved
newly formed fault-bend folds and fault-propagation folds combined with
reactivated syn-rift faults and new thrust faults (A-B). 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 upwards until a new thrust or footwall
short cut fault is formed. Syn-rift rocks transported in the hanging wall of these
thrusts will not be parallel to the fault plane due to previous deformation. The
newly formed thrusts and footwall short cut faults are mechanically more

efficient.
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Mountains and the resulting structural styles were predetermined by conditions
ensuing from earlier tectonic events. Triassic age basaltic intrusives found in
the Central High Atlas Mountains yield ages of 210-182 Ma, and are of a
MORB-like composition indicating a subcontinental to suboceanic
composition, with crustal contamination (Fiechtner et al., 1992). The presence
of volcanic rocks intercalated with the rift strata of the Atlas Mountains
indicates crustal thinning was accomplished by a pure shear or a similar rifting
mechanism (Figure 3.15a).

The post-rift phase of the Atlas rift basin coincided with the successful
opening of the Atlantic Ocean (Figure 3.15b). During the Late Jurassic and
Early Cretaceous the northwestern margin of the African plate was uplifted
due to thermal expansion and rifting in the Atlantic. Subsidence along the
Atlantic margin was amplified during the Late Jurassic Early Cretaceous with
continued rifting and spreading. Though sedimentary rocks of Late Jurassic
and Early Cretaceous are preserved offshore along the Moroccan passive
margin, few sedimentary rocks of these ages (161.5-97.5 Ma) are preserved in

the Atlas Mountains and margins onshore Morocco (Figure 3.3).

Crustal Distribution of Shortening

Structural inversion occurs when rift faults reverse their sense of motion
during subsequent episodes of compressional tectonics. Features originally
generated by extension, such as half grabens, are uplifted to form positive
anticlinal structures (Figure 3.14). Structural relationships commonly found in
rift basins such as low and high relief accommodation zones, pull-apart basins,

extensional transfer zones and changes in fault polarity,
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Figure 3.15 Schematic cross sections showing the tectonic history of the
Atlas syn-rift phase (A), the post-rift phase (B), and the final uplift and
inversion of the Atlas rift system (C) to form the present day Atlas Mountains.
Two regional pin lines are shown which are equivalent to those in Plate 3 (a)
and (b). The distance between these pin lines after restoration is
approximately 141 km (Figure 3.15A), which yields the original width of the
Atlas rift system. Subsidence during the Late Jurassic to Tertiary is also
shown (Figure 3.15B). Convergence between the African and Iberian plates in
the Tertiary (Miocene-Oligocene) resulted in the inversion of the Atlas rift basin
by bi-vergent 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 mid-lower crustal

levels (Figure 3.15C).
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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 (141 km to 105 km) based on a restoration of
the deformed section(Plate 3 and Figure 3.15). The greatest shortening (10-
14 km) is confined to a narrow region(~10-15 km) along the margins of the
High Atlas mountains (Figure 3.15c). The central High Atlas Mountains
display far less shortening in the shallow crust (syn/post rift strata) with ~12
km of shortening across ~60 km of Transect A-A’. These conclusions indicate
a partitioning of strain across the High Atlas Mountains that may involve the
transfer of shortening from the margins at shallow depths, to deeper in the
mid-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
mid-lower crust. The transfer of shortening and the accommodation of strain
to the mid-lower crust in the central High Atlas may be manifested by the
distribution of seismicity. Seismicity beneath the High Atlas Mountains occurs
to considerable depths in the crust (< 30 km) (Tadili and Ramdani, 1983).

Transect A-A’ was constructed using only regional structural features
(e.g., Ait Attab syncline, 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 additional 25-40 % of
deformation in extensional terrains, and that these same estimates may apply
to shortening in compressional terraines (Marrett and Allmendinger, 1992).
Hence, 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.
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It has been shown in this study that, while thin-skinned deformation
along newly formed faults occurred in the post-rift sequence of the Moroccan
Atlas, further deformation by the reactivation of syn-rift normal faults (thick-
skinned) has resulted in a “hybrid” thick and thin-skinned style of deformation
(Figure 3.14). Faulting along the southern margin of the High Atlas Mountains
and northern Ouarzazate basin (Figures 3.10 and 3.12) involves thin-skinned
faults similar to those reported in the Algerian Saharan Atlas Mountains
(Outtani et al., 1995). Thick-skinned deformation inverts syn-rift strata along
pre-existing faults, often with continued transport of strata along newly formed
thin-skinned faults towards the exterior of the basin (Figures 3.14a and 3.15c).
The lower angle thrusts allow for larger displacements and greater shortening
than the reactivated syn-rift faults. The overall process of inversion has the
effect of concentrating shortening where the syn-rift strata are extruded over
the margins of the rift and onto the adjacent platform. If reactivation of a listric
syn-rift fault follows the upward steepening fault, a high angle fault
breakthrough may occur to accommodate shortening (McClay and Buchanan,
1992). It is possible that larger normal faults at the margins of the rift have
been, in part, bypassed by footwall short cut 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 syn-rift normal fault (Beauchamp et al., 1996).

Conclusions
The objective of this study was to develop a better understanding of
how intracontinental mountain belts evolve. A geological-geophysical cross

section was constructed across the central High Atlas Mountains of Morocco
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to study the geometry and kinematic history of the orogen. Seismic reflection
data acquired by ONAREP (Office National de Recherches et d’Exploitations
Petrolieres) were reprocessed and combined with field mapping, LANDSAT-
TM images, gravity, and magnetic data to facilitate the construction of an area-
balanced cross section across the High Atlas mountains.

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
non-deposition. The major uplift phase in the Atlas Mountains occurred
between the Miocene-Oligocene (20-30 Ma). Syn-rift and post-rift sedimentary
rocks were uplifted by the reactivation of syn-rift normal faults, with further
shortening along newly formed thin-skinned thrust faults. These inverted syn-
rift rocks have different geometries and exhibit significant changes in thickness
over a short distance, that is different from newly formed fault-bend and fault-
propagation style folds. Transect A-A’ across the High Atlas 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 margins of the Atlas
rift basin resulted in a partitioning of strain, with the greatest magnitude of
shortening occurring along the rift margins and very little shortening in the
interior of the mountain belt. Thrusting in the High Atlas Mountains is bi-
vergent, with thrusts dipping to the south along the northern margin (Tadla
basin), and northward dipping faults to the south (Ouarzazate basin). This bi-
vergence may have been influenced by the original rift configuration. The
minimum shortening in the central part of the topographically High Atlas

Mountains suggests significant mid-lower crust shortening. The results of this
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research clearly demonstrates the remarkable difference between the
evolution and present structural architecture of this intracontinental mountain

belt, in comparison to those associated with plate boundary processes.
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CHAPTER FOUR

Superposed folding resulting from inversion of a

syn-rift accommodation zone, Atlas Mountains, Morocco

Abstract

A conspicuous offset of the northern margin of the High Atlas
Mountains in Morocco is comprised of several large superposed folds, the
largest of which is known as the Ait Attab syncline. The original northeast
trending syncline (F1) was folded by a second set of fold axes (F2) that trend
northwest. The superposed folding was generated by one phase of Cenozoic
compression, with thrusting of syn-rift rocks northwestward over a prior
accommodation zone formed during Mesozoic rifting. This accommodation
zone is expressed in the exposure of syn-rift rocks, the exposure of Paleozoic
strata in the footwall, and a coincident offset of topography. Inversion was
accomplished by the transport of syn-rift strata along reactivated normal faults
and newly formed thrusts. The unique spatial pattern of refolding is believed

to be characteristic of inversion that is influenced by pre-existing rift structures.

Introduction

Existing models of inversion are predominantly 2D accordion style
models that assume extension and subsequent compression are coaxial. Rift
systems characterized by long straight faults bounding the rift system result
from orthogonal extension (McClay and White, 1995). The inversion of rift
systems where compression and extension are orthogonal produce structures

that trend parallel to the preexisting rift structures.
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However, many rift systems show patterns of en echelon normal
faulting and segmented faults (McClay and White, 1995), that are the product
of oblique extension during rifting. It can be expected that compression
relative to structures produced by oblique extension would produce structural
geometries that are a result of 3D strain. The study area in the High Atlas
Mountains indicates extension was oblique during rifting, displaying
accommodation zones, en echelon normal faults and pull-apart basins. During
inversion in the Tertiary, compression resulted in a unusual pattern of
superposed folding, influenced by preexisting extensional structural
geometries.

Intracontinental mountain belts such as the Atlas Mountains often form
by the inversion of pre-existing intracontinental rift systems (Bally, 1984,
Beauchamp et al., 1996). The High Atlas Mountains evolved from a major
Mesozoic rift system (~2000 km) that was uplifted and inverted in the
Cenozoic (Beauchamp et al., 1996, 1997a, b). The convergence of the
African and Iberian plates in the Tertiary resulted in the inversion of Mesozoic
strata along pre-existing syn-rift faults, and by the transport of these rocks

along newly formed low angle thrusts.

The Jebilet Accommodation Zone

The northern margin of the High Atlas Mountains in Morocco contains a
conspicuous offset (~90°) of the topography and exposure of the syn-rift
Mesozoic rocks (Figure 4.1). Syn-rift strata thicken dramatically to the south
and east into the High Atlas Mountains. The present day Tadla, Haouz and
Ouarzazate basins were the shelf/platform margin areas of the paleo-Atlas rift

(Figure 4.1). Mesozoic strata are absent along the eastern margins of the
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Jebilet, where Paleozoic age rocks crop out (Figure 4.1). Immediately to the
south and east of the Haouz Basin and the exposed Paleozoic rocks of the
Jebilet, are 2-3 kilometers of preserved syn-rift strata (Beauchamp et al.. ,
1997). North of the Ait Attab syncline (Figure 4.1) well data show that syn-rift
Jurassic strata are absent and Triassic strata are condensed to less than 500
meters in thickness (Jabour and Nakayama, 1988). The Jebilet and offset in
topography are interpreted to be related to a syn-rift accommodation zone.
The accommodation zone affected the deposition of syn-rift strata during
rifting, and later, influenced the thrusting of syn-rift strata northward from the
rift basin to the shelf margins. The geometry of this accommodation zone may
have controlled the thrusting and subsequent superposed folding.

The Jebilet extends eastward across the accommodation zone where
the anticlinorium plunges to the southeast (Figure 4.1). This anticline
separates the Guettioua syncline and the Ait Attab syncline (Figure 4.2) and is
not affected by a second phase of folding. The Paleozoic strata of the Jebilet
is believed to be in the hanging wall of a thrust system which verges northward
from the Atlas Mountains. This thrust may have formed as a footwall short-cut

fault that transported Paleozoic rocks from the margin of the rift basin.

Cenozoic Folding Patterns

Prominent large scale refolded folds bound the proposed
accommodation zone (Figure 4.1). These folds were formed during uplift and
inversion in the Oligocene-Miocene related to convergence between the

African and Iberian plates. Fault related folding is believed to have been
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Figure 4.1 Location and simplified tectonic/structural map of the study area in
the High Atlas Mountains, Morocco. Fold axes in the High Atlas are
approximately parallel to the orogen and normal to the direction of thrusting,
except where preexisting accommodation zones have influenced the regional
stress field, resulting in polyphase deformation. Also shown (box) is the
location of a more detailed geological map that displays superposed folding
(Figure 4.2). Compiled from geological maps (Saadi et al., 1977; Rolley, 1978;
Saadi et al., 1985; Jenny, 1988).
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controlled by a preexisting geometry formed during the syn-rift phase of the
Atlas system.

Superimposed folding is a common structural occurrence in orogenic
belts. However, the timing and sequence of folding in the Atlas Mountains
display a unique pattern of folding. Folds trend approximately parallel to the
margins of the Atlas mountain belt (Figures 4.1 and 4.2) on either side of the
proposed accommodation zone, indicating the direction of transport (thrusting)
was normal to the orogen. However, folding is also parallel to the proposed
accommodation zone and coaxial to the fold trends on either side of the

transfer zone.

Ait Attab Syncline

Folding within the accommodation zone (Figure 4.2) display two phases
of folding (F1 and F2). The Ait Attab syncline is north of the accommodation
zone, and demonstrates an early phase of folding (F1) oriented NE,
characterized by upright cylindrical folds that are refolded by second phase
(F2) oriented NW. Folding of the F1 axial plane about a vertical F2 axis yields
a Type-2 interference pattern (Ramsay, 1987). Strike and dip data were
divided into separate regions (A,B & C) for the Ait Attab syncline that represent
homogeneous domains of folding (Figure 4.2). The cylindrical best fit through
poles to bedding for each domain (F1) was plotted on a stereogram to define
the interimb angle (Figure 4.3). Fold domain “A” shows a fold trend of
089° and a plunge of 13° (Figure 4.3), compared to domain “B”, with a fold
trend of 031° and a plunge of 03°. Since these folds are upright cylindrical
folds, the trace of the F2 axial plane (330°) is the bisector of these two fold

trends (Figure 4.2).
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Figure 4.2 Detailed geological map of the accommodation zone along the
northern margin of the High Atlas (see Figure 4.1 for location). The first phase
of folding (F1) of the Ait Attab and Jebel Sidal structures is normal to the first
phases of folding in the Guettioua structure. Likewise, the second phase of
folding (F2) of the Ait Attab and Guettioua synclinal structures are also normal
to one another. The sequence and orientation of folding necessitates that
folding was influenced by a preexisting accommodation zone during tectonic
inversion. The map was compiled from field work, Landsat-TM images and
geological maps (Huvelin, 1972;Saadi et al., 1985; Jenny, 1988). Stereoplots

of poles to bedding show the dip domains of folding.
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Domain “B” of the Ait Attab syncline has a fold trend of 031° and a plunge of
3° (Figures 4.2 and 4.3). The trend (264°) and plunge (03°) of domain “C”

vary from domain “B” as a result of a similar axial plane of refolding (328°).

Jebel Guettioua-Sidal Synclines

Farther to the south, the Guettioua syncline displays an early phase of
folding (F1) oriented NW followed by a later phase of folding (F2) oriented NE.
The Jebel Sidal syncline was folded first (F1) along a NE trend and folded later
by a second phase (F2) NE. The sequence and timing of folding in the area of
study (Figure 4.2) indicate that the first phase of folding (F1) seen in the Ait
Attab and Jebel Sidal structures was oriented to the NE. These fold axes (F1)
are normal to the first phase of folding (F1) of the Guettioua structure (NW)
(Figures 4.2 and 4.3). The orientation of the second phases of folding
illustrates a similar discrepancy. The second phase of folding (F2) of the Ait
Attab syncline (Figure 4.2), is normal to the second phase (F2) of folding of the
Guettioua and Jebel Sidal structures. Data for the Guettioua syncline was
also analyzed by separate domains (A, B and C) (Figure 4.3). Fold domain
“‘A” of the Guettioua syncline shows a fold trend of 094°, plunging 03° to the
east. Domain “B” has a fold trend of 311° and a plunge 06° to the NW. The
Guettioua syncline is also an upright cylindrical fold, and the bisector of fold
trends “A” and “B” is the trace of the F2 axial fold plane (023°) (Figures 4.2
and 4.3). Domain “C” is separated from “B” by a similar F2 axial fold plane.
The trace of the F2 axial fold plane (023°) is strongly oblique to the F2 axial
trace of the Ait Attab syncline (330°). The dip domain “B” for both the Ait Attab
syncline and the Guettioua syncline are nearly coaxial, as were the initial F1

fold axes of the two synclines (Figure 4.3).
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Figure 4.3 Stereograms displaying the cylindrical best fit through poles to
bedding, and the trend of the fold axes of the separate fold domains of the

refolded Ait Attab and Guettioua synclines.
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Summary: Paradox of different orders of superposition across the
accommodation zone

The sequence of folding seen in the region of study implies that two
separate phases of deformation could not have generated the unique pattern
of folding, without the presence of pre-existing structural elements. Offsets in
the basin margins result in 3D strain across the accommodation zone. During
compression and subsequent inversion across these accommodation zones, a
3D strain is produced coupled to the preexisting accommodation zone. The
structures formed by compression across these accommodation zones are
affected by 3D strain, and result in unique refold patterns.

The Paleozoic exposure of the Jebilet anticlinorium trends eastward
and then plunges to the southeast (Figure 4.2). The expression of this
anticline can be seen by the gentle dips in the Jurassic on both limbs of the
fold. The trend of the Jebilet anticline is not affected by the second phase of
folding (F2) that refolds the Ait Attab and Guettioua synclines. This unusual
fold relationship was likely generated as a result of the fold forming parallel to
the ramp of an accommodation zone, rather than forming over a preexisting

normal fault.

Interpretation of the structural evolution of the refolding geometry
Inversion of the down-to-the-basin normal faults resulted in the
transport of the rocks in the hanging wall of the normal faults northward out of
the basin. Inversion may have been achieved by the transport of strata from
the hanging wall of the normal fault northwards along low angle thrust faults
(Figure 4.4, a and b). One such thrust is exposed on the northern limb of the

Ait Attab Syncline (Figure 4.2) (Beauchamp et al., 1997a, b). This thrust
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transports syn-rift Lower Jurassic strata in the hanging wall of the thrust over
Upper Cretaceous strata in the footwall. The uplift and inversion of the syn-rift
strata may also be achieved by footwall short-cut faults that transport part of
the footwall in the hanging wall away from the rift basin onto the margins (e.g.
Jebilet).

We propose that in the High Atlas Mountains a single continuous phase
of deformation across a preexisting structural feature, such as a extensional
accommodation zone, resulted in the unique pattern of superposed folding.
The sequence of superposed folding in the High Atlas Mountains of Morocco
show that this style of folding are an important characteristic of inversion.

Accommodation zones are common features of rift systems. The
geometries of these extensional structures result from a change in strike of the
rift basin margin produced by a ramp/relay fault system or transfer fault. The
step-like accommodation of two parallel normal faults by a higher angle fault
forming a ramp, is a common feature in extensional rift basins (Rosendahl,
1986). It was found that en echelon normal faults form in rift systems when
extension is oblique to the margin of the rift system (McClay and White, 1995).
Transfer faults are also a common characteristic of extensional terrains, and
allow for the transfer of extensional slip between faults. These faults are
analogous with lateral ramps in thrust tectonic terrains. Extensional transfer
faults, as with lateral ramps, transport rotational strike and dip components
during rifting (Gibbs, 1984). These transfer faults occur as oblique or lateral
accommodation zones and may involve a change in fault polarity. A transfer
fault in cross-section may have a high angle flower geometry during rifting

(Gibbs, 1987), in which case the fault may be normal to the basin margin, or
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Figure 4.4 Schematic models showing the formation of superimposed folding
as a result of two different stress orientations (4a and 4b). The shortening and
inversion of the accommodation zone may have occurred by the transport of
strata from the hanging wall of the syn-rift half graben northward along low

angle thrust faults (4c and 4d).
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more oblique, and involve a lower angle extensional ramp. Faults offset by
these transfer faults can be parallel to the rift basin and have a planar, listric or
extensional fault ramp geometry. The geometry of transfer faults often
influences the development of younger folds upon inversion (Alonso, 1989).
The transfer faults or ramps may be oblique or normal to the basin margin,
and the orientation of the extensional/compressional ramp will result in
differential movement in the hanging wall (in the sense of the transport
direction) on the oblique ramp during inversion (Casas-Sainz, 1993).

Superimposed folding is often associated with a change in the
orientation of a regional stress field through time. Superimposed folds may
occur by successive deformational events separated by long time intervals,
multiple deformational phases in one orogenic cycle, continuous deformation
in one orogenic cycle, and simultaneous folding from several directions in one
orogenic phase (Ramsay, 1987).

The Cobar Basin of Australia is an inverted Paleozoic basin that
exhibits superposed folding (Smith and Marshall, 1992). Superposed folding
in the Cobar basin is proposed to have occurred due to margin-normal
shortening, followed by progressive oblique deformational shear. The
Davenport Province of Central Australia (Stewart, 1987), is another region
where superposed folding of Proterozoic age rocks resulted from two episodes
of deformation that utilized pre-existing syn-sedimentary normal and transfer
faults reactivated in reverse and strike-slip senses, respectively. In this region,
major sedimentary faults such as those associated with accommodation zones
in a rift system, controlled the structural domains of each fold trend.

Steeply dipping faults offer greater resistance to reverse dip-slip

movement during compression, and may form buttresses where displacement
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is concentrated (Velasque et al., 1989). Folding can result from pre-existing
structures (e.g., folds, faults or diapirs) which provide buttresses that
concentrate strain. The geometry or configuration of pre-existing structures

will control or alter the stress field affecting folding.

Discussion and Conclusions

The superposed folding along the northern margin of the High Atlas
Mountains in Morocco was attributed by Laville (1978) to have occurred by
successive rotation of compressional phases from WSW-ENE to NNE-SSW.
Superposed folding in the eastern High Atlas Mountains was recognized by De
Sitter (1960), and was attributed to separate tectonic phases and stress
orientations.

However, we relate the unusual sequence and relationship of folding to
pre-existing structural control (Figure 4.5). Separate tectonic phases and
stress orientations would have yielded a different pattern of folding than is
found in this region of the High Atlas Mountains. Superposed folding resulting
from two different stress orientations often yields two phases of folds (F1 and
F2), each phase having parallel fold axes (Figure .4.4a and 4.4b). In the Atlas
mountains, as in the Davenport Province of Australia, oversteepened fold
limbs (common in the Atlas) were probably caused by the second phase of
folding. Both examples from Australia exhibit Type 1 and 2 interference
patterns (Ramsay, 1987). The folding in the study area of the Atlas Mountains
exhibit a Type 2 interference pattern (Ramsay, 1987), where the axial surfaces
of the first folds are folded along with the limbs of the first folds. The
superposed folding in the Atlas Mountains may have resulted from a syn-rift

accommodation zone made



206

Figure 4.5 The inversion of a syn-rift accommodation zone (4.5a) by margin-
normal shortening created first folds (F1) that are oriented parallel to pre-
existing ramps and down-to-the-basin normal faults (4.5b). Continued
compression across the accommodation zone results in the interference of the

first F1 folds and the formation of F2 folding (4.5c).
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up of a ramp/fault relay, or a transfer fault normal to the basin margin. This
ramp transfers slip laterally between two major down-to-the-basin (southward
dipping) normal faults (Figure 4.5a). Folding in the area of this study yield
folds that are normal to one another in both phases (F1 and F2) (Figure 4.5b
and 4.5c). Continued shortening across the accommodation zone may have
created interference of the first F1 folds. The refolding of the F1 folds resulted
in the F2 phase fold axes.

The presence of pre-existing structural geometries such as
accommodation zones, fault ramps, fault relays, en echelon folding and other
features formed by rift processes will have an effect on subsequent
compressional stress fields generated by plate convergence and other tectonic
processes. These structural geometries formed during rifting will affect the 3D
strain field which may often result in superposed folding that is disharmonic.
Superposed folding which is disharmonic may be a unique characteristic to

inverted rift systems that result in intracontinental mountain belts.
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