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ABSTRACT

Recent studies have shown that the uplift of the Moroccan Atlas Moun-
tains resulted from a combination of crustal shortening and mantle ther-
mal processes in the interior of the African plate. Within this framework,
to gain insight into the dynamics of these processes in recent times, we in-
vestigated the nature and rates of the Quaternary deformation in a case
field area, namely, the northern Ouarzazate Basin, which contains the best
dated records of fan and fluvial terrace deposits of the Atlas system. The
area selected is in the southern orogenic front of the High Atlas, where
thrusts and fault-related folds have affected a sequence of dated, stepped
terraces to varying degrees. Based on cosmogenic nuclide surface exposure
dating, we have calculated slow neotectonic deformation rates for the past
~250 ky. We have measured the local rates of structural uplift, yielding
0.2 mm/y in areas of the northern third of the Ouarzazate Basin. We
have estimated slip rates at 0.09-0.15 mm/y for the most active fault within
the basin. We also document that recent shortening rates (~0.1 mm/y
during the last ~250 ky) almost double the average rates from the defor-
mation onset (~0.04 mm/y since the Middle Miocene). These results raise
the point of the possible relations between such increases in the deforma-
tion rates and the erosional denudation of the Ouarzazate Basin since it

became externally drained in the late Pliocene or early Quaternary times.

1. Introduction

Over the past 10 years, different studies have investigated
the relationships between crustal shortening, mantle uplift,
and surface processes, as the factors that control the topog-
raphy of the Atlas Mountain system in Morocco [Teixell et
al. 2003, Arboleya et al. 2004, Teixell et al. 2005, Missenard et
al. 2006, Babault et al. 2008]. The structural style of the com-
pressional deformation in the Moroccan High Atlas (Figure
1a) is mainly thick-skinned as a consequence of the Ceno-
zoic inversion of extensional faults that were formed during
a Mesozoic rifting episode [Mattauer et al. 1977, Laville and
Piqué 1992, Frizon de Lamotte et al. 2000, Teixell et al. 2003].
Compressional deformation was active until Quaternary
times [Meghraoui et al. 1998, Morel et al. 2000, Sébrier et al.
2006, Mridekh et al. 2009]. The major seismic activity of the
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Atlas system follows the so-called Morocco Hot Line [Frizon
de Lamotte et al. 2009], which crosses the system in a broadly
SW-NE direction [Jacobshagen 1988, Ramdani 1998]. Al-
though the tectonic style in the Atlas is mainly thick-skinned,
the South Atlas Front (SAF) consists of a narrow fold-and-
thrust belt that involves Cretaceous to Neogene rock [Lav-
ille et al. 1977, Fraissinet et al. 1988]. A recent study
constricted the timing of the thrusting during the Tertiary,
based on tectonics—sedimentation relationships and magne-
tostratigraphic dating [Tes6n and Teixell 2008, Teson et al.
2010], deducing a continuous and slow shortening accom-
modation in the SAF, at an average rate of 0.3 mm/y since
the Oligocene.

The area analyzed in the present study is located in the
widest part of the Ouarzazate Basin (Figure 1b), in its west-
ern half, covering approximately 50 km of the High Atlas
foreland. Despite the discrepancies between studies, geolog-
ical cross-sections of the SAF suggest a significant reduction
in the accumulated shortening from E to W [Errarhaoui
1997, Tes6n 2009]. Deformed terraces indicate that the ac-
tivity of the SAF structures continued to recent times [Cou-
vreur 1973, Sébrier et al. 2006], although seismicity in the
area is not very different from other parts of the Atlas sys-
tem that show less deformation and no signs of recent tec-
tonics (Figure 1b).

The semi-arid climate of the southern High Atlas and
the erosive dynamics of the Ouarzazate Basin allowed the de-
velopment and preservation of extensive Quaternary terrace
deposits, which cover much of the current surface of the
basin. As these represent potentially datable surfaces, the
Quaternary deposits that cross active faults and folds make
ideal strain markers for the study of rates and kinematics of
recent deformation [e.g., Avouac et al. 1993, Lavé and Avouac
2000, Thompson et al. 2002, Gold et al. 2006, Amos et al.
2007]. The tectonic deformation in the Ouarzazate Basin can
be optimally characterized for both short (Quaternary mark-
ers) and long (bedrock) scales. Furthermore, both the tim-
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Figure 1. (a) Digital topography and tectonic sketch map of Morocco [after Teixell et al. 2009], showing the main morphotectonic units and the Moroccan
Hot Line (MHL). Light dotted areas indicate Cenozoic basins. (b) Sketch map of the Ouarzazate Basin, indicating seismic events Mv >3 since 1964 (extracted
from International Seismological Centre database). Background topography: Shuttle Radar Topographic Mission (SRTM90) composed image. The solid
line encloses the extent of Tertiary and Quaternary deposits in the basin. (c) Map of the central part of the Ouarzazate Basin indicating the main Quaternary
deposits (Q1 to Q3; see text for explanation) and structures. Boxes and numbers indicate the divisions of the study zone into the four areas (see text). Red
dashed lines indicate the location of the geological cross-sections in Figure 3. Amek: locality of Amekchoud; AITF: Amekchoud-Imidir thrust fault.

ing/rates of sediment aggradation [magnetostratigraphic dat-
ing in Teso6n et al. 2010] and degradation/incision rates [sur-
face exposure dating in Arboleya et al. 2008] have also been
roughly constrained. Profiles of deformed terraces extracted
from digital elevation models (DEMs), field observations,
seismic imagery, and surface exposure ages are combined to
evaluate recent tectonic styles and to calculate the uplift and
slip rates during the late Quaternary.

2. Geographical and tectonic setting

The Moroccan High Atlas (Figure 1a) is the most promi-
nent topographic relief in North Africa, and is the Alpine in-
tracontinental chain that was derived from the inversion of
a transtensive rift of Triassic to Jurassic age [eg. Mattauer et
al. 1977]. The total tectonic shortening across the High Atlas
has been estimated at 15% to 25%, increasing along the strike
eastwards, while the topographic elevation generally de-
creases [ Teixell et al. 2003]. This inverse correlation suggests
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that crustal thickening does not fully explain the observed
topography, and suggests a mantle-sourced, thermal contri-
bution to the uplift [Teixell et al. 2003], which is supported by
geophysical [Seber et al. 1996, Ayarza et al. 2005, Teixell et
al. 2005, Zeyen et al. 2005, Fullea et al. 2007] and geomor-
phic data [Babault et al. 2008].

Most of the orogenic shortening in the High Atlas is
concentrated in the southern frontal thrust belt (the SAF),
which affects Cretaceous to Neogene rock and overrides the
OQuarzazate foreland basin [Laville et al. 1977, Fraissinet et al.
1988, Gorler et al. 1988, Errarhaoui 1997]. The propagation
sequence of this narrow fold-and-thrust belt is not simply a
piggy-back one, but includes reactivation, and out-of-se-
quence and synchronous thrusting, that occurred essentially
during the Neogene [Tesén and Teixell 2008]. Based on the
restoration of a series of structural profiles, Teson [2009] cal-
culated the shortening for the SAF along different cross-sec-
tions from the eastern to the western boundaries of the
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study area, and documented a remarkable westward de-
crease in the shortening values.

The Ouarzazate Basin (Figure 1b) is located between
the High Atlas frontal thrust belt and the domal uplift of the
Anti-Atlas Mountains, which is composed of Precambrian
to Paleozoic rock. The basin stands at an elevation of 1200
ma.s.l. to 1800 m a.s.l., and extends from E to W for more than
150 km, and reaching a maximum width of 40 km. It is filled
by up to 1 km of Cenozoic (mainly Miocene) continental sed-
iments, which on-lap the Anti-Atlas to the south and are over-
thrust by the High Atlas to the north. The Neogene to
Quaternary history of the Ouarzazate Basin can be broadly
divided into two periods. Its early record is dominated by net
sedimentation, with Miocene fluvial and lacustrine sediments
deposited within an internally drained basin [e.g., Gorler et al.
1988, El Harfi et al. 2001]. In contrast, its later history is dom-
inated by erosion, and began when the Draa River cut through
the Anti-Atlas Mountains (Figure 1c) and the basin became
externally drained via the Draa River canyon [Stiblein 1988,
Arboleya et al. 2008, Guimera et al. 2011]. The timing of the
fluvial capture remains to be defined, although it probably oc-
curred during the late Pliocene or early Pleistocene, as there
is little evidence of large cutill sequences within the Terti-
ary infill of the basin [Arboleya et al. 2008]. A system of
stepped alluvial fans and fluvial terraces formed during the
late Pleistocene and Holocene, punctuating the incision.

3. Stratigraphy

3.1. Tertiary bedrock

The best profile for the Tertiary sedimentary succession
is provided by the Amekchoud anticline (Figure 1c), a km-
scale fold within the northern Ouarzazate Basin that exposes
the oldest basin infill, which consists of a thick succession of
red beds that were recently dated by magnetostratigraphy
[Teson et al. 2010]. The oldest infill is represented by the Ha-
dida formation [Gorler et al. 1988], which is composed of a
600-m-thick succession of red shale and sandstone, of Middle
Eocene age [Tes6n 2009]. After a sedimentary hiatus of ca. 23
My, the Ait Ouglif conglomerate [Fraissinet et al. 1988] were
deposited unconformable locally in the core of the Ameck-
choud anticline. Its age is Middle Miocene (Langhian-Ser-
ravalian) [Teso6n et al. 2010]. The finer-grained overlying Ait
Kandoula formation [Gorler et al. 1988, El Harfi et al. 2001]
(Middle to Upper Miocene) consists of a thick sequence (up
to 800 m thick) of fluvial and lacustrine red shale, sandstone
and conglomerate, with minor limestone, which overlies the
Ait Ouglif conglomerate.

3.2. Quaternary coarse-grained deposits

Much of the current surface of the Ouarzazate Basin is
covered with pediment and terrace sediments, often uncon-
formable over Miocene beds and traditionally attributed to

1005

the Quaternary. These are preferentially located in the west-
ern, widest part of the Ouarzazate Basin, and they are re-
lated to the streams that drain from the High Atlas
Mountains. Present-day streams are ephemeral and have ir-
regular flow during the year, and they experience flash floods
during heavy rainstorm events. Most of these have catch-
ment areas smaller than 200 km? and cross the basin in an
approximately N-S direction to the southern edge, where
they ultimately drain into the Dades-Draa River (Figure 1c).

Dating of the exposure surfaces (i.e., abandonment time
of fans and terraces) for the Quaternary deposits was re-
cently carried out by Arboleya et al. [2008] using cosmogenic
nuclides. This was possible because many clasts are com-
posed dominantly of rhyolite and other rock with high
quartz contents, which allowed °Be geochronology. Most
of the dated deposits are located in the Madri Valley, in the
west-central part of the Ouarzazate Basin (Figure 1¢), which
contains the best records of stepped fluvial terraces in the
entire basin. The surface of another extensive Quaternary
fan-shaped deposit formed by the Tanjout River was dated
near the locality of Ghassat (Figure 1c). On the basis of the
results of cosmogenic nuclide dating, Arboleya et al. [2008]
suggested that the creation and abandonment of the fan and
terrace surfaces was controlled by climatic factors. These au-
thors reported at least six well-defined surfaces, comprising
alluvial fans, fluvial terraces and an active stream. The three
higher surfaces show evidence of Quaternary deformation,
having been numbered as Q1 (older) to Q3 (younger).

Q1 is the highest and oldest surface, with a favored age
of 250 ka to 278 ka, assuming a weathering rate of 1 m/My.
This suggests that the terrace abandonment occurred dur-
ing the late MIS-9 interglacial stage [Arboleya et al. 2008]. Q2
is a narrow and elongated fluvial terrace that is preserved on
both sides of the current Madri River, and it can be traced
for many kilometers along the valley. Assuming a weathering
ratio of 1 m/My, the most favored age for this surface is 196
ka to 211 ka, which suggests terrace incision and abandon-
ment during the post- or late-penultimate interglacial stage
(MIS-7). Q3 was dated in the Madri Valley and at the Ghassat
alluvial fan (Figure 1¢). In both cases, it forms extensive sur-
faces that can be traced many kilometers along and across
the rivers. Arboleya et al. [2008] calculated the most favored
age for these surfaces as 96 ka to 102 ka (marine oxygen iso-
tope stage 5¢).

It should be pointed out that the Quaternary surfaces
of the Ouarzazate Basin are not always contiguous, and
some deformed terrace remains have not been dated. Ter-
race mapping requires a correlation of dated and undated
surfaces that is not always trivial. Avouac and Peltzer [1993]
suggested that the ages of the climatically controlled surfaces
are often similar across a region with similar climatic condi-
tions. Thus, the abandonment of Quaternary depositional
landforms should correspond to the general incision episodes
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Figure 2. Detailed map of the older Quaternary deposits in the study zone, with the main Quaternary structures (as 'a' to 'e'). The topographic
profiles of the Quaternary surfaces (red dashed lines) and the location of field photographs (numbered) are also indicated. AITF: Amekchoud-Imidir

thrust fault.

in the entire basin, and the correlation of surfaces can be car-
ried out by comparing their characteristics. We have com-
pared different features between dated and undated surfaces,
such as height above the current river, effects of secondary
fluvial incision, and stage of carbonate cementation. It needs
to be stressed that the absolute height of a terrace with re-
spect to the current river is only an approximate indicator, as
the incision rates might be different for each river.

The correlation is straightforward for the Q3 surfaces,
because Arboleya et al. [2008] obtained very similar ages in
two different valleys, which confirmed coeval terrace aban-
donment for the different rivers. In contrast, any attempt to
correlate terrace Q2 with other surfaces in the basin is spec-
ulative. Finally, the dated Q1 fan surface has been correlated
to other deposits in different valleys through comparisons of
the stage of carbonate cementation, the degree of superim-
posed rill incision, and the elevation of the surface.

4. Morphotectonic analysis and structural uplift

We focused our structural analysis on the frontal-most
thrust faults of the SAF in the north-western Ouarzazate
Basin (Figure 2). The tectonic structures in the Ouarzazate
Basin are broadly E-W oriented thrusts and fault-related folds
(anticlines and monoclines). We mapped four transects
across the main structures (Figure 1c, boxes 1-4) to investi-
gate the variations in deformational style and shortening.
Cross-sections were drawn along N-S streams cutting the tec-
tonic structures orthogonally and providing the best expo-
sures. Information from existing seismic reflection profiles
helped us to resolve the deep geometry of some of the struc-
tures. Faults and folds are evident in the Tertiary bedrock and
in the older Quaternary deposits (Q3 and older); however,
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they are difficult to trace in a continuous way, because of the
covering by the most recent colluvial and streambed sedi-
ments. Some of the structures show strong lateral variations
and can only be characterized in isolated outcrops. Thus, the
most effective way to unravel the recent structural evolution
is by topographic analysis of Quaternary surfaces used as tec-
tonic markers.

We divided the study region into four areas from E to W,
named according to the closest main river (Tabia, Madri,
Tanjout and Izerki; Figure 1¢) and with specific kinds of de-
formation.

A structural uplift of a Quaternary surface is here de-
fined as the deviation or offset from its regional gradient that
is produced by a fault or fold. The uplift was measured using
the DEM generated from the Shuttle Radar Topographic Mis-
sions (SRTM90). Although their precision can be argued for
short transects, SRTM90 data allow the slope of planar geo-
morphic surfaces to be averaged (for slope values less than
10°) with negligible error [e.g., Gorokhovich and Voustian-
iouk 2006]. However, problems do arise when narrow ridges
are measured; in this case, the elevation values obtained must
be considered as minimum estimates, because the real values
are influenced by the lower elevations at both sides of the
ridge. We compared the results obtained from SRTM90 with
field methods, such as use of high-precision altimeters, laser
levels, and the conventional global positioning system (GPS).
When recording the offset of a planar surface (e.g., Izerki's
case in Figure 3d), the difference between the values obtained
from the DEM and field methods was less than 10%, but
when the measure was undertaken at a narrow anticline crest
(e.g., for Tabia in Figure 3a), the difference increased by up to
25%. Thus, we concluded that the DEM SRTM90 allows cor-
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Figure 3. Topographic profiles of Quaternary terraces and geologic cross-sections of the northern Ouarzazate Basin. The topographic profiles were
constructed from DEM SRTM090, and the geological cross-sections were based on field data and seismic reflection profiles. The location of topographic
profiles is as indicated in Figure 2. The locations of the geological profiles are slightly offset from the Quaternary topographic profiles for the sake of
bedrock exposure, and are shown in Figure 1c. Circled letters indicate the tectonic structures labeled in Figure 2 and described in the text.

rect offset values to be obtained for kilometer-scale planar sur-
faces, but it is not a good tool to obtain reliable elevations or
slope values when the relief or slope change is concentrated
within a narrow zone. In these cases, we relied on the meth-
ods of altimetry, laser levels and conventional GPS. Another
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advantage of using DEM is the ability to construct many
topographic profiles of each deformed zone, which reduces
the error associated with a single transect, and removes the
effects of secondary fluvial incision. We also compared the
SRTM90 DEM with the ASTER30 DEM, with the latter
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core

Figure 4. (a) Photograph of a local unconformity between the Hadida and the Ait Ouglif formations in the core of the Amekchoud anticline in the Tabia
area, looking from the west. The field of view is ca. 40 m. (b) Minor unconformity within the Miocene red beds of the Ait Kandoula formation in the
core of the Amekchoud anticline in the Tabia area. The field of view is ca. 100 m. See Figures 2 and 3 for location.

yielding noisier and less accurate results.

Scarps produced by thrust faults on Quaternary deposits
are usually degraded and masked by colluvium wedges.
Hence, in most cases, we could not measure the slip produced
by the major faults directly in the field. Fortunately, well-pre-
served fan and terrace surfaces, which were originally flat,
can be used successfully for this purpose if they are preserved
at both sides of a fault. Even in degraded surfaces with con-
siderable roughness, the average surface gradient can be de-
fined despite the irregularities [e.g. Avouac and Peltzer 1993],
and offsets of this gradient due to faulting or warping can be
readily estimated. We measured the offsets of the terrace sur-
faces by comparing the current topographic profile with a re-
constructed original profile (Figure 3), on the assumption that
the original terrace gradient is preserved in the undeformed
zones far away from a fault or monocline. Hence, the struc-
tural uplift caused by a fault or fold on a Quaternary marker
can be obtained by projecting the terrace gradient from the
undeformed tracts to the deformed tracts.

4.1. The Tabia area
The river Tabia is located in the eastern part of the study

region, where the main tectonic structures are the Amek-
choud-Imidir thrust fault (AITF) and the Amekchoud anticline
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(Figure 2). The AITF can be identified in satellite images, where
it strikes E to W for atleast 15 km, at 7 km to 8 km south of the
mountain front. Based on field and seismic data, the cross-sec-
tion of the Amekchoud anticline (Figure 3a) suggests rough
fault-propagation fold geometry with a gently dipping back-
limb and a steeper forelimb. Nevertheless, the mechanically
weak nature of the Hadida formation makes its geometry and
kinematics more complex than the basic model of fault-prop-
agation folding [e.g., Suppe and Medwedeff 1990], as the an-
ticline core is disturbed by minor folds and faults.

The Tabia area is also characterized by having the best
Tertiary record throughout the basin, which was the subject
of a magnetostratigraphic study [Tesén et al. 2010]. The un-
conformity between the Hadida formation and the Ait
Ouglif conglomerate in the anticline core (Figure 4a) post-
dates an early stage of folding of this long-lived structure.
Similarly, intraformational unconformities within the Ait
Kandoula formation indicate synsedimentary folding
throughout the Miocene (Figure 4b). Seismic profiles reveal
that the location of the AITF ramp coincides with a pre-ex-
isting normal fault that involves the basement, although the
geometry of the fault-related fold (Amekchoud anticline) still
suggests that the thrust is a thin-skinned structure soled in a
ca. 2 km-deep detachment level, near the basement-cover
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Figure 5. (a) Field image of the Amekchoud-Imidir thrust fault (AITF) in the Tabia area, looking from the west. (b) Interpretation of the image showing
how the AITF reaches the surface and cuts the Quaternary deposits (Q1 and Q3). See location in Figures 2 and 3.

interface (Figure 3a). According to Teson [2009], this de-
tachment is rooted some 10 km northwards, in a major base-
ment-involved fault in the High Atlas.

The preserved Quaternary deposits appear to be much
less folded than the Tertiary beds. Field observations show
that the AI'TF reaches the Quaternary deposits near the sur-
face (Figure 5), although the fault scarp is degraded and
masked by colluvial accumulation. Quaternary terraces Q1
and Q3 are susceptible to tectonic analysis in the Tabia area
(Figure 3a). Q1 constitutes two exposure areas that are sepa-
rated by an eroded zone, which largely corresponds to the
core of the Amekchoud anticline. However, Q1 is preserved
all the way to the south of the anticline crest, where it has
been remarkably uplifted (Figure 3a). Our estimate of the
local uplift that affects this terrace is 60 =5 m (Figure 6a). Q3
is a well-cemented deposit that only extends for ca. 7 km?,
which covers part of the Amekchoud anticline. Its thickness
varies depending on its position with respect to the fault,
whereby on average it is 3 m at the footwall and less than 0.5
m at the hanging wall (Figure 5). This strath terrace has ex-
perienced 24 £3 m of local uplift at the anticline crest since
the abandonment of Q3 (Figure 6a). Based on the abandon-
ment age of the Q1 and Q3 deposits, at the crest of the
Amekchoud anticline, we can estimate an average uplift rate
of 0.2 mm/y to 0.3 mm/y during the past 250 ky.
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4.2. The Madri area

The Madri valley contains the best record of fluvial ter-
races in the entire Ouarzazate Basin [Arboleya et al. 2008].
Terraces Q1, Q2 and Q3 show progressive decrease in the de-
gree of deformation towards the younger and lower surface
(Figure 3b). The clearest evidence of Quaternary fault activ-
ity is encountered in the eastern incision slopes of the Madri
River near Imidir, where the AITF reaches the surface, dip-
ping 60° N and bringing the Miocene bedrock onto terrace
Q3 (Figure 7). The mapping shows lateral variations of the
structures cropping out in the Madri valley. The AITF is af-
fected locally by a slight orientation change (Figure 2), and
two north-verging structures appear: the northern one is lo-
cated 3 km north of the AITF (Figure 2 and 3b, as 'b'") and is
related to the evolution of the anticline backlimb; the south-
ern one (Figure 2 and 3b, as 'c') is an asymmetric anticline
with gently dipping limbs. This asymmetric anticline can be
observed striking WSW to ENE for at least 15 km west-
wards, with its maximum development in the Tanjout area.
The contact between the Miocene and the Quaternary de-
posits (Q1) along this north-verging structure is only slightly
unconformable, which suggested that this fold formed in re-
cent times. The core of the Amekchoud anticline comprises
two south-verging monoclines, both of which have steeply
dipping forelimbs (40° to 80°) (Figure 3b). The Amekchoud
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anticline also affects the unconformable Quaternary terraces,
but to a lesser degree than the Miocene.

The AITF fault scarp at terrace Q3 is degraded and
masked by a colluvium wedge (Figure 7). To avoid measure-
ment errors, the offset of this terrace was recorded using two
methods. The offset obtained by comparing the reconstructed
and actual topographic profiles (extracted from the DEM
SRT'M90) was compared with direct field measurements with
tape and laser levels; both methods yielded an offset of 9 £1 m
(Figure 6b). Sébrier et al. [2006] used a DEM constructed from
kinematic GPS data, and they reported an elevation difference
of 12 m between two points located north and south of the
AITE However, this estimate is greater than the true vertical
uplift related to the fault, because Sébrier et al. [2006] did not
take into account the terrace gradient (0.9° to 1.1%). Q2 and Q1
are also affected by the AITE which has produced a structural
uplift of 18 £3 m and 29 +4 m, respectively (Figure 6b).

4.3. The Tanjout area
The Tanjout area (Figure 1c) shows active tectonics ev-
idence that consists of strongly dipping Quaternary de-
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posits (Figure 8) and an alluvial fan apex sourced on an in-
trabasinal fold (Figure 9).

At least three major structures show Quaternary ac-
tivity here, as they are partially covered by Quaternary de-
posits. The most prominent is a monocline (Figure 2, as 'd")
that is related to a north-dipping basement-involved thrust
(Figure 3c), which is clearly identified in seismic profiles.
The Q2 and Q3 deposits are warped by this structure, thus
appearing much less folded than the Tertiary beds. North-
wards, two north-verging flexures (Figure 2, as 'c' and 'e")
are related to shallower blind back-thrusts (Figure 3c).
These structures affect the Tertiary and Quaternary de-
posits to a similar degree, attesting to their recent develop-
ment. The fault-related monocline 'c' locally tilts by 39° a
Quaternary deposit of unknown age (possibly Q2; Figure
8), and sources an alluvial fan within the basin. This area
recorded an earthquake in 1991 at a depth of 10 km, which
is listed in the online bulletin of the International Seismo-
logical Centre. The structural uplift related to the south-
ernmost monocline 'd' is recorded by Q2 and Q3, as 23 £3
m and 8 £1 m respectively. These values are comparable to
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Figure 7. Interpreted image of the eastern slope of the Madri valley where the AITF offsets Q3. The field of view is 400 m (see location in Figure 2).

Figure 8. Example of a strongly warped Quaternary deposit (probably Q2), which is almost paraconformant with the Miocene bedrock, at the north-
verging flexure 'c' in the Tanjout area. The field of view is 20 m. See location in Figure 2 and 3.

those produced by the AITF in the Madri area. The recent
deposits of the Ghassat alluvial fan (post-Q3) do not show
any detectable deformation.

4.4. The Izerki area

The Izerki area (Figure 1c) is the least deformed tran-
sect, and contains only two basement-involved blind
thrust faults of small displacement, which change to gen-
tle monoclines near the surface (Figure 3d). The mono-
clines (Figure 2, as 'd' and 'f') deform alike the Tertiary and
Quaternary deposits. The seismic imagery and the geome-
try of the monocline folds (narrow forelimbs and long, sub-
horizontal backlimbs) suggest deep-rooted faulting. The
northern structure is the westward continuation of the
south-verging basement-involved fault that was described
in the Tanjout area (Figure 2, as 'd"), but is less developed
(structural uplift of 15 m since Q1 abandonment). The
southern fold (Figure 2, as 'f') also shows a constant-eleva-
tion backlimb and forelimb (ca. 250 m long), which dips 5°
to 20°. This fold is easily identified on satellite images, and
produces 35 m of Q1 vertical uplift. Q1 forms here a well-
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preserved continuous terrace with a cumulative uplift that
is produced by both flexures, of ca. 50 m (Figure 6d) since
250 Ky to 278 Ky. The coeval activity of both structures has
thus produced an uplift rate of 0.19 £0.01 mm/y in the
northern third of the basin.

5. Analysis of the deformation rates

The southern margin of the High Atlas mountain belt
concentrates most of the tectonic shortening acquired
through the Cenozoic Atlas orogeny [Beauchamp et al.
1999, Bennami et al. 2001, Teixell et al. 2003, Tes6n 2009],
and possibly represents the locus of the most active defor-
mation in recent times [Sébrier et al. 2006]. Bedding and
fault attitudes in the Tertiary bedrock were used to con-
struct balanced cross-sections (Figure 3), and when com-
bined with the magnetostratigraphic dating [Tes6n et al.
2010], these constrain long-term shortening rates since the
late Cenozoic. We compared these long-term shortening
rates with the minimum shortening rates estimated for the
last ca. 250 ky. We constrained the recent fault slip-rates for
the most active structure in the Ouarzazate Basin. Previous
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Figure 9. Map of the Quaternary deposits and surface flexures in the
Tanjout area, on an ASTER image extract. South of Ghassat, an alluvial
fan is sourced on the structure 'c".

approximations to the active tectonic rates in the Ouarza-
zate Basin were based on speculative age estimates for the
Quaternary deposits.

5.1. Long-term shortening rates

The cross-sections in Figure 3 allow the estimation of
the tectonic shortening experienced by the Miocene forma-
tions, by line-length restoration. The maximum N-S shorten-
ing corresponds to the Tabia section (500-600 m), while the
minimum values correspond to the Izerki section (<50 m).
Therefore, the finite deformation accumulated by the Terti-
ary beds decreases from E-W within the basin, following the
general trend described for the SAF [e.g., Teson 2009].

The Tabia valley is where angular and progressive un-
conformities within the Tertiary succession provide infor-
mation on the timing of deformation, and so it is the best
place to document the long-term shortening rates of the
AITF fault and related folds. The unconformable contact be-
tween the Hadida Fm. and the overlying Ait Ouglif con-
glomerate in the core of the Amekchoud anticline shows
that gentle folding started before 14 my ago. A progressive
unconformity of the Ait Kandoula strata in the southern
limb of the anticline demonstrates continued folding, at least
during the rest of the Miocene, punctuated by minor un-
conformities near the anticline core (Figure 4b). The accu-
rate balanced cross-section in Figure 3a yields 500 m to 600
m of shortening for the 14-my-old Ait Ouglif marker bed,
which indicates an average shortening rate of 0.04 +0.01
mm/y for the AITF since the Middle Miocene. A previous
assessment by Sébrier et al. [2006] inferred the shortening
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rate for the AITF as between 0.04 mm/y and 0.1 mm/y, al-
though they assumed a Pliocene age for the beginning of the
AITF activity, and estimated only 200 m of total shortening.

5.2. Recent deformation rates

The offsets recorded by the stepped terraces in the
Madri area allow the estimation of the slip rates for the AITF
across different time-spans of the late Pleistocene. The ver-
tical offset produced by this 60°-dipping fault, combined with
the terrace chronology by Arboleya et al. [2008], allow the
calculation of a slip rate of ca. 0.1 mm/y over the last ca. 100
ky (since the abandonment of Q3).

We also estimated the shortening accommodated in the
Tabia area by line-length restoration of terrace Q1. The
striae orientations measured in a fault plane of a minor con-
jugate fault set in the Tabia transect (Figure 10) suggested
that the fault displacement is dip-slip and broadly N-S, per-
pendicular to the strike of the main structures. Hence, we
assumed pure reverse faulting without a lateral component.
A simple reconstruction for the eroded segment (linear join-
ing of the preserved segments) of the Q1 profile provides an
estimation of the minimum shortening experienced by this
terrace. The resulting shortening rate has been ca. 0.1 mm/y
since the abandonment of Q1. This value is certainly a min-
imum value, as we have used a very conservative recon-
struction of the anticline profile that does not take into
account the shortening accommodated by minor faults. We
have probably neglected the presence of most of these faults,
even in the preserved forelimb, because their effects over a
badly sorted terrace deposit can be imperceptible. As they
are easily eroded or covered by colluviums, the poor degree
of preservation of the fault planes, as well as the scarce pres-
ence of layers acting as deformation markers, can mask the
displacement produced by these small-slip faults.

6. Discussion

Most studies that have calculated slip rates of thrust
faults at Quaternary time-scales from the deformation of
terrace markers were carried out in settings with high tec-
tonic convergence rates, such as the Tien Shan [Thompson
et al. 2002], the Gansu Province in NW China [Gold et al.
2006], and the Mackenzie Basin in New Zealand [Amos et al.
2007]. These rates are often an order of magnitude greater
than the rates deduced for the Ouarzazate Basin. While
studies in fast tectonic areas usually record deformation
rates on time-scales between 1 ky and 10 ky, we have ana-
lyzed the deformation for terraces older than 100 ky. Long-
lived structures, such as the AITF and the Amekchoud
anticline, are usually not covered by terraces in fast tectonic
settings. The presence of four dated deposits with ages <250
ky provides a dataset on the deformation rates, enabling the
discussion of an apparent increase in the shortening rates
during the late Pleistocene.
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Figure 10. Interpretation of a field photograph showing a minor fault affecting Q1 at the Tabia area, looking from the east. See location in Figures 2 and
3. This fault, which dips 21° to the north and has a displacement of 2.5 m, is only recognizable at the well-cemented base of Q1. The fault plane is exhumed

and exposes the striae plotted in the stereogram.

6.1. Are recent deformation rates higher than the long-term ones?

The results of the present study indicate a difference be-
tween the long-term shortening rates calculated since the
Miocene, and the recent shortening, uplift and fault-slip rates
calculated for the late Quaternary. Recent increments in the
shortening rates is evident for the Tabia area, where we esti-
mated a minimum value of ca. 0.1 mm/y over the past ca.
250 ky. These rates are particularly high in relation to the av-
erage long-term shortening rates since the Middle Miocene
(0.04 £0.01 mm/y). Other criteria also favor the increment
of deformation rates towards the present; for example, the
vertical uplift measured at the crest of the Amekchoud anti-
cline is 24 3 m for Q3 (96-102 ky) and 60 +5 m for Q1 (250-
278 ky), which imply structural uplift rates as fast as ca. 0.25
mm/y. Assuming these rates since the deformation onset (14
My ago), the resulting total uplift would be at least three
times higher than that observed (Figure 3a). It might be ar-
gued that the total deformation rates calculated since the
Miocene are indeed long-term ones, as the sedimentary
record does not provide resolution to ascertain whether the
deformation was relatively continuous in time or heteroge-
neously distributed (with periods of fast movement sepa-
rated by periods of relative quiescence). However, we believe
that the maintenance of faster rates during the past 250 ky is
significant, and is supported by the recent development of
deformation structures. These recently created structures
have been recognized in the Izerki area and in the central
part of the basin (north-verging flexure 'c'), where the
boundary between the Tertiary red beds and the Quaternary
gravels is almost paraconformable (e.g., Figure 8).
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It is worth noting that the Miocene growth of the AITF
and the Amekchoud anticline occurred during net deposi-
tion of the Ait Kandoula formation in the Ouarzazate Basin,
which most likely overlapped the growing fold. A removal
of sediments has been documented since the aperture of the
formerly endorheic Ouarzazate Basin in the Pliocene or early
Pleistocene [Arboleya et al. 2008]. If we assume that the in-
crease in shortening rates recorded by the Quaternary mark-
ers is tectonically significant, then we can tentatively
underscore the temporal coincidence of the increased rates
with the erosional unloading of the Ouarzazate Basin. A clear
link between the slip history of active faults and mass fluctu-
ations on the Earth surface was recently established, by a
comparison of predictions from numerical models with geo-
logical and paleoseismological data [Hetzel & Hampel 2005,
Hampel et al. 2007, Turpeinen et al. 2008, Maniatis et al. 2009,
Fernandez-Ibafiez et al. 2010, Hampel et al. 2010]. Such mass
fluctuations include basin denudation and variations in the
volumes of ice-caps or lakes that occurred at time-scales of
10ky to 100 ky. Models show that loading and flexure of the
lithosphere decreases slip, whereas unloading and rebound
accelerates slip [Hampel et al. 2010]. We speculate that such
a correlation could also apply to the Ouarzazate Basin, al-
though further studies are needed to test this hypothesis.

6.2. Considering a potential large earthquake along the AITF
The AITF offsets vertically the cemented Q3 base by 13
+1 m, although it only displaces the terrace surface by 9 =1
m, where the fault scarp is degraded and covered by collu-
vium. This difference in offset between the base and top in-
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dicates that part of the deformation occurred during the dep-
osition of the fluvial terrace gravels. This interpretation is
reinforced by the differences in the terrace thicknesses at
both sides of the fault. A question that arises is how sepa-
rated in time are tectonic pulses along the fault. Although
the average dip-slip rate measured at the AI'TF has been ca.
0.1 mm/y since the abandonment of the Q3 surface (ca. 100
ky), the younger terrace Q4 (early Holocene) is apparently
not faulted or warped [Sébrier et al. 2006, Arboleya et al.
2008], which suggests that the AI'TF has not been active dur-
ing the last ca. 10 ky. These observations can be interpreted
in two ways: a) the tectonic activity is finished in this region;
or b) another slip increment might suddenly occur after 10 ky
of quiescence, to produce an earthquake. Shallow faults
along the southern High Atlas front are seismogenic, as
shown by the 1960 destructive Mw ca. 6, Agadir earthquake
[e.g., Meghraoui et al. 1998, Mridekh et al. 2009]. Consider-
ing the estimated fault slip rates (0.12 £0.03 mm/y), a qui-
escence period of ca. 10 ky, and a surface rupture length of
17 km, the AITF would be able to produce a Mw ca. 6.5
earthquake, according to the ratios of Slemmons and De-
polo [1986] and Wells and Coppersmith [1994]. A 50-cm-thick
porous travertine layer appears to be associated with the fault
zone in the Tabia area, with an extension of 300 m? (a rather
unique occurrence of this rock type in the Ouarzazate Basin,
to our knowledge), and might be related to the emanation
of hydrothermal fluids from depth after an earthquake [e.g.,
Hancock et al. 1999].

7. Conclusions

The frontal thrusts of the Atlas orogenic belt penetrate
and deform the Ouarzazate foreland basin, which includes
Quaternary deposits. These structures have lateral variations
and abrupt terminations. Within the western Ouarzazate
foreland basin, the folding dynamics suggest that two coeval
tectonic styles occurred simultaneously: faults involving the
basement in the west, and faults related to a shallow detach-
ment level (at the base of post-Paleozoic cover) in the east.
Deep seismic reflection images and topography features at-
test to the different tectonic styles. In the western Ouarzazate
basin, the 250 ky to 278 ky Q1 deposits of the Izerki valley lie
above the Tertiary bedrock with an almost concordant geom-
etry, which indicates that most of the observed deformation
has occurred since the Upper Pleistocene. The AI'TF started
its activity at least 14 million years ago, and it has also been ac-
tive during the last ca. 250 ky. The comparison of the esti-
mated short-term (ca. 0.1 mm/y during the last ca. 250 ky)
with long-term shortening rates (ca. 0.04 mm/y since the
Middle Miocene) suggest that the tectonic activity of the SAF
structures is not continuous in time, whereby it was greater
during the Quaternary. We tentatively relate this increment in
the AITF activity to sediment unloading of the Ouarzazate
Basin since it became externally drained.
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