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Abstract: The history of alluvial fan and terrace formation within a stretch of the Ouarzazate basin along the
southern margin of the Central High Atlas is reconstructed using geomorphological and °Be terrestrial
cosmogenic nuclide (TCN) methods. Alluvial fan and terrace incision was controlled partially by a drop in
base level during the Pliocene or early Pleistocene as the outlet channel, the Draa river, progressively cut
through the Anti-Atlas to the south of the Ouarzazate foreland basin, the drainage of which started to become
external after a long period of internal drained conditions. The alluvial fans and terrace surfaces have
abandonment ages that date to at least the past four glacial cycles. Their formation was strongly modulated by
climate on glacial—interglacial time scales as base level dropped. This demonstrates a strong climatic control
on sediment transfer and landscape denudation during the Quaternary and provides a model for understanding
sediment transfer in other intracontinental mountain belts. Furthermore, these data show that mean rates of
fluvial incision in this region range between 0.3 and 1.0 mm a~! for the latter part of the Quaternary. This
study provides the first comprehensive TCN chronology for the Atlas Mountains, and it illustrates the

applicability and limitations of TCN methods.

Understanding the nature of denudation, sediment transfer and
deposition, and landscape evolution in foreland basins is impor-
tant for defining and quantifying tectonic and geomorphological
models for orogenesis. Numerous studies have shown that
sedimentation during foreland basin development may progres-
sively advance away from the mountain belt as deformation
propagates into the foreland and as proximal basins overfill with
sediment (Flemings & Jordan 1989; Sinclair et al. 1991,
DeCelles & Giles 1996). These studies have broadly defined the
rates of sedimentary and geomorphological processes on million
year time scales, generally spanning the Cenozoic and/or Meso-
zoic. There are few studies, however, that provide data on
millennial time scales that span the Quaternary. Given the high
frequency and the large magnitudes of climatic change through-
out the Quaternary, it is likely that there has been a strong
climatic control on geomorphological and sedimentary processes
in general during this time span and that these climatic controls
have ultimately controlled the nature of the landscape evolution
of foreland basins. We therefore undertook a study of the
Ouarzazate basin in Morocco to examine the nature of Quatern-
ary landscape evolution of a foreland basin in the context of
Quaternary climate change.

The Ouarzazate basin is sandwiched between the High Atlas
and the Anti-Atlas Mountains to the north and south, respectively
(Fig. 1). The Atlas mountain system is considered as a type
example of an intracontinental mountain belt (Mattauer et al.
1977; Rodgers 1987; Ziegler et al. 1995). This active mountain
system formed during the Cenozoic in the interior of the African
plate ahead of the Rif—Tell plate boundary orogen.

Impressive alluvial fans and terraces rising more than 100 m
above active rivers flowing from the High Atlas are present
within the Ouarzazate basin. These fans and terraces record a
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history of sedimentation and denudation that allows rates of
denudation to be determined. Using geomorphological mapping,
sedimentology, and the '°Be terrestrial cosmogenic radionuclide
(TCN) method, the recent history of sedimentation and erosion
within a stretch of the Ouarzazate basin was reconstructed to
provide one of the first studies of the geomorphological evolution
of an intracontinental mountain belt foreland basin that is defined
by Quaternary geochronology, representing one of the first
chronological datasets for continental NW Africa.

Significant work has been undertaken on alluvial fans and
terraces around the Mediterranean, notably by Harvey & Wells
(1987), Macklin ef al. (1995, 2002), Fuller et al. (1998), Rose et
al. (1999), Kelly et al. (2000), Mather (2000), Santisteban &
Schulte (2007) and Schulte ez al. (2008). These studies argue for
strong links between climate, the fluvial system and landscape
evolution. However, no studies of the geomorphology of alluvial
fan and terraces have been undertaken in the forelands of the
Atlas Mountains. Our paper therefore presents the first quantita-
tive chronologies on terraces for the region, which begin to test
key questions about the role of tectonics, climate and autocycli-
city in landscape evolution in the Atlas Mountains and adjacent
regions.

Research area

The Ouarzazate basin is situated within the Alpine foreland of
the Rif—Tell orogen, which comprises several intracontinental
mountain belts and plateaux. The Atlas chains developed as a
consequence of continental convergence between Africa and
Europe, from the inversion of Jurassic rift or transtensional
basins during the Cenozoic (Choubert & Faure-Muret 1962;
Mattauer et al. 1977; Schaer 1987; Jacobshagen 1988; Laville &
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Piqué 1992; Beauchamp et al. 1996; Frizon de Lamotte er al.
2000; Gomez et al. 2000; Teixell et al. 2003; Arboleya et al.
2004). The High Atlas forms the most prominent mountain
chain, rising to 4000 m above sea level (a.s.l.); it is ¢. 100 km
wide, and extends roughly east—west for 2000 km from Morocco
into Algeria and Tunisia (Fig. 1, inset), where the range is known
as the Saharan Atlas and the Tunisian Atlas, respectively. The
High Atlas is composed at the surface of deformed Precambrian,
Palacozoic and Mesozoic rocks (mostly Jurassic) (Fig. 1).
Flanking the High Atlas to the south, the Anti-Atlas Precam-
brian—Palacozoic massif is a zone of wide domal uplift with
much weaker Alpine deformation, but still reaches altitudes of
more than 2000 m a.s.l. Part of the highly elevated topography of
the Atlas system is due to crustal shortening and thickening, but
a fraction of it is related to mantle upwelling (Teixell ef al. 2003;
Ayarza et al. 2005), expressed by 100 km scale lithospheric
thinning (Teixell et al. 2005; Zeyen et al. 2005; Missenard et al.
2006).

The Ouarzazate basin is located between the High Atlas and
Anti-Atlas Mountains; it has an elevation of 1200—1800 m a.s.l.,
extends more than 150 km roughly east—west and reaches a
width of 40 km near its western end (Fig. 2a). The basin is filled
with a thin (<1 km) succession of Cenozoic molasse that
comprises alluvial, fluvial and lacustrine sediments (Fraissinet et
al. 1988; Gorler et al. 1988; El Harfi et al. 2001; Teson & Teixell
2008). The Cenozoic sediments onlap the Precambrian to
Palaeozoic rocks of the Anti-Atlas to the south and are overthrust
by the High Atlas to the north (Fig. 2b). Basin rocks of Tertiary
age are deformed by a series of southward verging folds and
blind thrusts that propagate from the High Atlas Mountains (Fig.
2b). The Quaternary deposits are less deformed (Couvreur 1973;
Sébrier et al. 2006) and comprise essentially fanglomerates,
which radiate southward and cap the older rocks (Fig. 2a).

Streams drain southward and northward into the Ouarzazate
basin from the High Atlas and Anti-Atlas Mountains, respec-
tively. Most of these are ephemeral and experience flash floods
during heavy rainstorm events. These ephemeral streams ulti-

.. ] Neogene to Quaternary Jurassic

]—D Cretaceous-Eocene

Tinerhir

Fig. 1. Simplified geological map of the
western part of the Central High Atlas
Mountains, the Ouarzazate basin, and the
Anti-Atlas Mountains. Inset shows the
location of the map region in the Atlas
mountain system of NW Africa.

Pre-Mesozoic
basement and Triassic

mately drain into the Draa river (Fig. 2a), which was perennial
until the recent construction of a dam south of Ouarzazate. The
Draa river traverses the Anti-Atlas and has cut a deep box-
shaped gorge, which is >300 m deep (Figs 2b and 3). Impressive
successions of terraces are present along the streams that drain
the High Atlas Mountains. These terraces comprise straths in
Cenozoic rocks and are capped with Quaternary fanglomerates.
At least six well-defined surfaces comprising alluvial fans,
terraces and an active stream (Q1-Q6) can be recognized along
most of the main drainages. These are well illustrated in the
Madri and Izerki valleys (Figs 2a, 4 and 5). The Madri river
drains the High Atlas, in an area where the rocks that crop out
are mostly Precambrian to Palaeozoic in age, consisting primarily
of slate, greywacke and rhyolite. The mountainous headwaters of
the Madri river drains an area of c. 66 km? before joining its
main tributary, the Tagragra river, located to the west (Fig. 2),
which drains an area of c. 84 km?. The mean elevation of the
entire Madri—Tagragra catchment is 2275m a.s.l., and the
fraction of the catchment lying above 3300 m a.s.l. is negligible
(0.15%, i.e. c. 0.2 km?). The Madri basin, therefore, lies below
the snowline (3300 m a.s.l.) for the coldest stages of the
Pleistocene (Dresch 1941; see also references given by Hughes
et al. 2004, 2006).

The climate of the Ouarzazate basin is sub-Saharan, situated
within the subtopical high-pressure system. Precipitation ranges
from 1 to 20 mm per month, with the heaviest rainfall occurring
between December and March, and totals ¢. 100 mm a~! (Knip-
pertz et al. 2003). Temperature in the region ranges from 1 to
37 °C (Allmetsat 2007). Vegetation within the Ouarzazate basin
is sparse, comprising small xerophytic shrubs.

Field methods

Field work was undertaken throughout the Ouarzazate basin. The
Madri valley was chosen for detailed study because it contains
some of the best-formed and most well-preserved terraces (Figs
4 and 5). Furthermore, the valley is one of the major drainage
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Fig. 2. (a) Map of the distribution of Quaternary fans and terraces in the Ouarzazate basin. (b) Cross-section of the Ouarzazate basin located between the
High Atlas and the Anti-Atlas Mountains. This shows the wedge geometry of the basin and the low thickness of sediments accumulated in it (<1000 m).
Deformation in the High Atlas propagates to the south, leading to Neogene and Quaternary thrusts and folds within the basin.

systems along the southern margin of the High Atlas Mountains
(Fig. 2a). In addition, the catchment area is composed mostly of
rhyolite and other rocks that have high quartz contents, which is
essential for '’Be TCN surface exposure dating. A tectonically
deformed terrace west of the Madri valley was also studied and
dated to examine the possible effect of surface erosion during its
deformation (Fig. 4c). An extensive surface that extends for
about 15-20km to the west of the Madri valley was also
sampled at a location ¢. 11 km from the river (31.17°N, 6.80°W),
where there was no evidence of surface deformation or erosion.
Geomorphological mapping aided by remote sensing using
ASTER images (http://asterweb.jpl.nasa.gov/) and cross-valley
profiles were used to determine the sizes and relative ages of the
terraces and fan surfaces within the study areas (Figs 5 and 6).
The terraces, alluvial fan and active channel surfaces were
numbered Q1 (oldest) to Q6 (youngest). Sedimentary sections
were studied at natural exposures to examine the terrace and fan

deposits. Where fan surfaces were not contiguous, correlations
were based on relative elevations and surface characteristics.
These surface characteristics are listed in Table 1 and are shown
in Figure 7.

The development of TCN methods in recent years has allowed
alluvial fan surfaces in drylands to be successfully dated; studies
using these methods include those by Zehfuss er al. (2001),
Matmon et al. (2005), Benn et al. (2006), Akgar et al. (2007),
Frankel et al. (2007a, b) and Le et al. (2007). We build on the
methods used in these studies for sampling and interpretation of
the age data.

Samples for TCN surface exposure dating were collected by
chiselling off ¢. 500 g of rock from the upper surfaces of quartz-
rich boulders on high areas of terrace surfaces. Locations were
chosen where there was no apparent evidence of exhumation or
slope instability. The largest boulders were chosen to help reduce
the possibility that boulders were previously covered with
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Fig. 3. The Draa canyon in the Anti-Atlas (location shown in Fig. 2a).
South of the Ouarzazate basin margin, in the Anti-Atlas Precambrian
rocks, the Draa river incision is more than 300 m deep. The view also
shows light-coloured, flat-lying conglomerate deposits of Anti-Atlas
origin resting on the crystalline basement (arrow). The aggradation of
these Mio-Pliocene alluvial deposits near the ridge of the Anti-Atlas
suggests that overfilling of the Ouarzazate basin is a possible cause for
the change from internal to external drainage.

sediment. The typical boulder diameter was 70 cm; the dimen-
sions of all sampled boulders are listed in Table 2. Several (four
to seven) boulders were sampled from each alluvial fan or terrace
surface (Q1-Q5). Two boulders within the active stream surface
(Q6, boulders Maroc-50 and 51) were also collected. The degree
of weathering and the site conditions for each boulder were
recorded. In all cases, no topographic shielding correction was
necessary.

Laboratory methods

All the samples for TCN surface exposure dating were prepared
in the geochronology laboratories at the University of Cincinnati.
First, the samples were crushed and sieved. Quartz was separated
from the 250—500 um fractions using the methods of Kohl &
Nishiizumi (1992). After addition of °Be carrier, Be was
separated and purified by ion exchange chromatography and
precipitated at pH >7. Be-bearing hydroxides were oxidized by
ignition in quartz crucibles. BeO was then mixed with Nb metal
and loaded onto targets for the determination of '°Be/’Be ratios
by accelerator mass spectrometry (AMS) at the Center for
Accelerator Mass Spectrometry at the Lawrence Livermore
National Laboratory (USA). Isotope ratios were compared with
ICN Pharmaceutical Incorporated 'Be and NIST (National
Institute Standard of Technology) standards prepared by K.
Nishiizumi (pers. comm.) and using a 'Be half-life of
1.35 X 10° years. The measured isotope ratios were converted to
TCN concentrations in quartz using the total '°Be in the samples
and the sample weights. TCN '"Be concentrations were then
converted to zero-erosion exposure ages using a sea-level high-
latitude (SLHL) '°Be production rate of 4.98 atoms g~ of quartz
per year (Stone 2000). There is currently much debate regarding
the appropriate scaling models and geomagnetic corrections for
TCN production to calculate surface exposure ages (e.g. Pigati &
Lifton 2004; Staiger et al. 2007; Balco et al. 2008). We chose to
use '“Be production rates scaled to the latitude and elevation of
the sampling sites, applying the time-independent scaling factors
of Lal (1991) and Stone (2000) with 3% SLHL muon contribu-

tion, using the CRONUS Earth 2 calculator (Balco et al. 2008;
http://hess.ess.washington.edu/math/). However, we recognize
that other scaling models would produce ages that may differ by
up to 20% (see Balco et al. 2008). We also calculated the TCN
ages for an erosion rate of 3 m Ma~!, which we believe is the
maximum possible erosion in this environment (see discussion
below). Several sample ages (the oldest samples) could not be
calculated for 3 m Ma~! erosion because they were incompatible
with this erosion rate.

Age determination methods: accuracy and limits

Several problems are commonly recognized with TCN surface
exposure dating and it is important to discuss these before
assigning ages to each terrace. The first is that sampled boulders
may retain a signal of prior exposure inherited from their
previous location, sometimes referred to as ‘derived’ boulders
(Anderson et al. 1996; Hancock et al. 1999). Collecting multiple
samples from each terrace and looking for potential outliers, that
is, exposure ages that fall significantly outside (>20) the
weighted mean value for all the ages obtained for a given
landform, can help us to recognize the potential problem of
derived boulders. Furthermore, a second check on prior exposure
can be made by dating boulders from the modern floodplain
(Anderson et al. 1996). Young ages from the floodplain suggest
little inheritance whereas old ages highlight a potential inheri-
tance problem. A second problem is that boulders can produce
erroneously young TCN surface exposure ages. This is usually
caused by boulders that have been exhumed or toppled. The
potential of exhumation can be reduced by choosing the largest
boulders on a surface, sampling on ridges (not depressions) on a
landform surface, choosing boulders with maximum relief above
the surface (Table 2), and sampling the highest point on each
boulder surface. The potential for sampling toppled boulders is
reduced by choosing boulders on the distal edges of a landform
to avoid toppling from higher surfaces and by sampling boulders
that appear well embedded in the landform surface.

Disregarding problems of inheritance, TCN concentrations can
be interpreted as either minimum exposure ages (assuming zero
erosion) or maximum erosion rates (erosional equilibrium). For
estimating steady-state erosion rates, samples with older apparent
exposure ages provide limits on erosion rates. For many of the
samples collected in the study area, maximum erosion rates of
1-3mMa~! were calculated using the oldest boulders by
applying the methods of Lal (1991). Given that these are
maximum erosion rates and that it is unlikely that they are in
erosional equilibrium because the preserved fluvial forms
(rounded smooth surfaces) on many of the boulders suggest
moderate to little erosion, a reasonable estimation of erosion for
boulders in the study area is c¢. 1 m Ma~!. Furthermore, the
absence of notable weathering features, such as exfoliated
surfaces, suggests that erosion of boulders is <1 m Ma™'.
Assuming that all boulders weather at this rate, we can assess the
impact of this amount of erosion on our chronologies. For
samples having a 1 m Ma~! erosion rate, an age of 10 ka would
increase uncertainty by 1%; an age of 50 ka, by 4%; an age of
100 ka, by 10%; an age of 200 ka, by 22%; and an age of
300 ka, by 42%. An erosion rate of 1 m Ma~! is consistent with
the TCN data from studies in other dryland regions (Small ez al.
1997; Zehfuss et al. 2001; Owen et al. 2006). Given the
uncertainties in defining the erosion rate, we plot all our data
with zero erosion, but also present the ages in Table 2 for an
erosion rate of 3 m Ma~!, which places an upper limit on the
possible ages when considering erosion in this region.
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Fig. 4. Succession of terraces in the Madri (a, b and d) and Tagragra (¢ and e) valleys (terrace locations shown in Fig. 5) The asterisks indicate the
sampled terraces. (a) Madri river viewed to the south towards the Anti-Atlas (ridge line in the background). Terraces Q2 and Q3 are very extensive and
merge to the south of the study area. Longitudinal bars are preserved on terrace Q4. In the foreground, the badlands are Neogene deposits tilted to the
south and cut by the strath terraces. (b) Madri river viewed northwards towards the High Atlas showing four fill-terraces (Q3—Q6). Terraces Q2 to Q5 lie
at elevations ranging from 1585 m to 1510 m a.s.l., respectively (see topographic profile 2, Fig. 6). In the background the sampled terrace Q3a reaches an
elevation of 1740 m a.s.l. (see topographic profile 3, Fig. 6). The terraces are inset into the Neogene basin fill, which reaches an elevation of around

1850 m a.s.l. on the northern border of the Ouarzazate basin. (¢) Folding is active in this part of the Ouarzazate basin: in the area shown, flexure of terrace
Q2 generated an offset of 20 m. (d) Abandoned and deeply incised fan Q3a viewed to the north near the High Atlas Mountains front. (e) Poorly incised
fan located west of the Tagragra river viewed to the north; distance from the foreground to the fan apex is 1500 m. Foreground is the sampled surface

Qlb.
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Fig. 5. ASTER image of the study area showing the location of samples (left) and the mapped terraces (right). Also shown are the flexure and folding
axes of the Neogene and Quaternary deposits. Sample Q3¢ is not shown in this figure but is located ¢. 10 km to the west of the mapped area (Table 2
provides detailed locations). The trend of the Amekchoud anticline is highlighted in the right hand panel by the black line and dip arrows.

Results

The geomorphology of the terraces within the study area is
illustrated in Figures 4—6. The terraces are more incised near the
mountain front, where the sedimentary deposits are thickest (see
terrace Q3a in Fig. 4d and inset in Fig. 6). The thickness of the
Quaternary sediments varies considerably along the length of
each valley, reflecting infilling of large channels many tens of
metres across and more than 10 m deep. The sediments comprise
well-rounded clast-supported cobbles and metre-size boulders in
a sandy matrix, and show crude downvalley, low-angle cross-
stratification. Over most of the length of each terrace the capping
Quaternary sediments are 3—5 m thick.

Given the caveats discussed in the previous section, we assign
modelled ages to each of the dated surfaces. These modelled
ages represent the time when the terrace surface was abandoned,
leaving the boulders exposed to cosmic rays. Tables 1 and 2 list
the results of the TCN surface exposure dating, and in Figure 8
these data are plotted as scatter graphs and probability distribu-
tions. The range of ages for each surface varies considerably
(third column in Table 1). This probably reflects the variability of

geomorphological processes on terrace surfaces as discussed
above and the range is greatest for the oldest surfaces. However,
for many of the surfaces there is a clustering of ages (fourth
column in Table 1), notably Q3 and Q4 surfaces. Given the
clustering of ages and identification of possible inherited,
exhumed, toppled and weathered boulders, an age is assigned to
each surface (fifth column in Table 1). Table 2 also provides
details on the lithology and size of the boulders dated and their
weathering characteristics. The more resistant lithologies, and
larger and less weathered boulders would be expected to give the
oldest age on any given surface. However, there is no clear
relationship in the dataset between boulder size and/or weath-
ering characteristic and the age of the boulder for a particular
surface, so it is difficult to explain anomalously young ages as a
direct consequence of weathering.

Surface Q6 is the active channel of the Madri river and two
dated boulders in this channel give ages of 0.5 ka and 19 ka. The
first sample indicates that there is almost no inheritance in the
active channel and the second one indicates that there may be
some inheritance in some boulders but this is probably not
important given the very old ages for most terraces (see below).
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Surface QS5 is less than a few metres above the present
channel. This terrace is used for agriculture and sampling was
not possible, although it is likely that surface QS5 is historical.

Surface Q4 has ages that range from 7 to 36 ka, but the ages
cluster between 7 and 11 ka. The pristine nature of the surface
(well-preserved bar and swale forms and imbricated boulders)
support the view that boulders Maroc-20 (36 ka) and Maroc-21
(23 ka) have inherited TCN. Therefore it is likely that this
surface formed during the early Holocene or at the end of the
Late-glacial.

Surface Q3 is very extensive in the southern part of the
Ouarzazate basin. This surface was dated at three locations,
which are named Q3a, Q3b and Q3¢ (see Table 2 for sampling
locations). Ages span 85—105 ka, 87—121 ka and 84—-93 ka, and
cluster at 85-95 ka, 87—100 ka and 84-93 ka, respectively. An
age range of 87-93 ka is favoured given that the surfaces are
contemporaneous. Given some weathering (1 m Ma™!), these
ages become c. 10% older (c. 96—102 ka) and a maximum value
of 3mMa~! yields ages of 113—125 ka. The abandonment age
for the Q3 surface corresponds broadly to marine oxygen isotope
stage 5c. The age of the Q3 surface could straddle marine
isotope stage Se, however, given the uncertainty associated with
the different scaling models and geomagnetic corrections that
may be applied to calculate TCN ages (see discussion above).
We favour the view that incision and abandonment of the
sediments that form the Q3 surface occurred during the wetter
last interglacial, but recognize the possibility that the surface
may have formed during marine isotope stage Sc or earlier.

Surface Q2 is an extensive surface that can be traced in the
upstream parts of the Ouarzazate basin. Near our sampling
location, this surface has been gently deformed into a 2 m high
broad flexure, as a result of the foreland propagation of thrust
faulting. The ages on this surface range between 129 and 295 ka,
but cluster between 163 and 174 ka. Samples Maroc-16 (129 ka)
and Maroc-15 (295 ka) are probably from weathered—exhumed
and derived boulders, respectively. Given a weathering rate of
1 mMa~!, the remaining ages should be c. 22% older (c. 196—
211 ka), which suggests terrace deposition during the penultimate

-_‘r‘-'-__"""———-..

Fig. 6. Site location of abandoned filled
terraces on transverse and longitudinal
profiles. Along the Madri river, three
transverse topographic profiles (numbered
1, 2 and 3 from downstream to upstream)
have been performed where terraces have
been sampled except for terraces Qla, Qlb
500 and Q2. Samples Qla are located between
profiles 1 and 2. Samples Q2 and Q1b are
located 600 m NW and 1600 m west of
profile 2, respectively (see Fig. 5). The
asterisks indicate the sampled terraces.
Graph in the upper left corner shows the
sampled terraces projected (dots) onto the
longitudinal profile of the Madri river
extracted from SRTM90 DEM. Inset shows
the longitudinal profile from the source to
the confluence of the Madri river with the
Dades river.

5
Q6 active channel
Madri river

interglacial (marine oxygen isotope stage 7e) with incision and
abandonment during post- or late-penultimate interglacial time.

The oldest surface, QI, occurs on the top of mesas within
several kilometres of the mountain front throughout the basin.
These mesas have been deformed (Fig. 4c) and are intensely
eroded. To test the stability of deformed surfaces, samples were
collected from two relicts of the deformed surface Q1: the first
along the Madri river (Qla) and the second several kilometres
west of the Tagragra river (Q1b). Both sample sites are between
two flexures that merge to the east into the flanks of the east—
west-trending Amekchoud anticline (Fig. 5).

Ages on surface Qla range from 7 to 214 ka, but cluster
around 193-214 ka. This wide range of ages probably reflects
strong erosion, particularly for sample Maroc-8 (7 ka), which
probably was recently exhumed. Given the 1m Ma~! erosion
rate, the ages on this surface are likely to be at least 30% older
and fall in the range 250-278 ka. The oldest boulder is most
probably closest to the true age of the surface given that the
surface has been eroded. Therefore surface QI is older than
marine isotope stage 7e. Given the glacial—interglacial temporal
spacing of the other terraces and the strong carbonate develop-
ment (stage [IV-V of Gile ef al. 1981) in the terrace sediments
for Q1, we assign Q1 to the interglacial of marine oxygen
isotope stage 9c. However, this is tentative as the ages are widely
scattered, probably because the surface has been deformed and
eroded.

North of the Qla area, surface Q1b is deformed into a steep
monocline that rises between 5 and 7 m. This represents a
ramping thrust that is related to foreland-propagating deforma-
tion from the High Atlas. Although this surface morphostratigra-
phically correlates with Qla, the boulder ages range from 94 to
131 ka and they cluster between 109 and 124 ka. These are
significantly younger ages compared with those of surface Qla,
and suggest that the Q1lb surface has experienced considerable
erosion.

Rates of fluvial incision (determined by dividing the elevation
between surfaces by their ages) can be estimated using the depth
of incision of terraces Q2—Q4 from profiles measured in the field
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Table 1. Descriptions and TCN ages for terraces in the Madri valley and the adjacent region

Surface altitude
(m asl)

Surface name  Sample numbers Age range
using 0 m Ma™

erosion (ka)

Age cluster
using 0 m
Ma~! erosion
(ka)

Favoured age

: (ka)

Description of surface

Maroc-4, and
6to 10

Qla 7-214 193-214 250-278; 1590

MIS-9¢

Qlb Maroc-35 to 38, 40 94-131 109-124 MIS-9¢ 1660

and 41

Q2 Maroc-11, and 13 to 129-295 163-174 MIS-7e 1600

17

Q3a Maroc-27, 29, 30, 31, 85-105 85-95 MIS-5e 1730

33 and 34

Q3b Maroc-42, 43, 46, 47

and 49

87-121 97-100 MIS-5e 1495

Q3¢ Maroc-112, 113, 115 84-93 84-93 MIS-5e 1450

tol17

Q4 Maroc-20 to 26 1482

Early Holocene

Q5 Maroc-52 Not dated

Q6 Maroc-50 and 51 0.5-19 Not applicable recent recent

This is the highest surface and occurs on top of
small mesas. It is present within several
kilometres of the mountain front throughout the
basin. The surfaces undulate and have well-
developed desert pavements. Most surfaces may
have experienced considerable deflation and
erosion prior to desert pavement formation. The
surface sediments have a well-developed
carbonate cement (carbonate morphology stage
IV-V of Gile et al. 1981)

This surface has the same general
characteristics as Q1, but it is warped,
deformed by a growth fold. It has areas of
pronounced erosion

This surface is planar and can be traced for
many tens of kilometres across the basin. It has
a well-developed desert pavement, but few
boulders larger than 1 m in diameter. In places
this surface is subtly deformed by growth folds
and faults. A 10—15 cm thick calcrete layer is
present across part of this surface and the clasts
within the first few metres of this surface are
densely cemented with carbonate (carbonate
morphology stage IV-V of Gile et al. 1981)
Apex of fan near Imin Tazarhgt village.
Contains many boulders, with abundant bars
and swale forms (carbonate morphology stage
I1I of Gile et al. 1981)

This is an extensive surface that can be traced
many kilometres along and down the basin.
The surface is a flat surface with occasional
metre-size boulders. The surface is deformed
by a growth fold. The upper 2 m of sediment
has porous carbonate cement (carbonate
morphology stage III of Gile ef al. 1981)

This is an extensive surface that can be traced
for several tens of kilometres. The surface is
very flat, but faulted and warped in place, and
it has occasional metre-size boulders. The
upper 2 m of sediment has porous carbonate
cement (carbonate morphology stage III of Gile
et al. 1981)

Surface with many large boulders (>1 m in
diameter). The boulders are commonly
imbricated and form longitudinal bars. Desert
pavement is present between these bars.
Millimetre-thick carbonate rims are present
around clasts within the top few metres of the
surface sediment (carbonate morphology stage
II of Gile ef al. 1981)

Historical terrace; many boulders on
agricultural terrace. No carbonate development
Active channel; abundant large boulders. No
carbonate development

MIS, marine oxygen isotope stage.

(Fig. 6) and the assigned ages. Assuming that incision and
abandonment occurred during each interglacial, we use Winograd
et al. (1997) interglacial termination ages for the interglacials
that are assigned to the surfaces to provide maximum incision
rates. Incision rates based on surface Q2 are 0.28 mma~! and
0.49 mm a~! for profiles 1 and 2, respectively. For surface Q3,
calculated incision rates are 0.39 mma~', 0.70mma~' and

0.95mma~! for profiles 1, 2, and 3, respectively. If we assign
the Q3 surface to marine isotope stage Sc, the incision ranges
from 0.51 to 1.24mma~!. The rates of incision for the Q4
surface are less than 2.45 mm a~! and less than 5.18 mm a~' for
profiles 1 and 2, respectively. The higher incision rates for Q4
probably reflect the fact that the present interglacial cycle is not
yet complete, and given more time the rates are likely to be
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Fig. 7. Detail views of terrace surface characteristics. (a) Q1; (b) Q2; (¢) Q3; (d) Q4; (e) QS; (f) Q6. Terrace characteristics are described in Table 1.

substantially reduced. The fluvial incision rate calculations based
on the terraces in our study area is in accordance with rates of
fluvial incision for other semi-arid environments (e.g. Anders et
al. 2005).

Discussion

The history of the Ouarzazate foreland basin can be broadly
divided into two periods. Its early record is dominated by net
sedimentation as Tertiary fluvial and lacustrine sediments were
deposited within an internally drained basin confined between

the Atlas and Anti-Atlas Mountains (e.g. Gorler et al. 1988; Fig.
9a). In contrast, its later history is dominated by erosion and
began when the Draa river cut through the Anti-Atlas Mountains
and the basin became externally drained (Fig. 9b—g). Stdblein
(1988) suggested that the Draa river captured the Ouarzazate
basin by regressive erosion. Alternatively, the piracy may have
been induced when sediments overfilled the Ouarzazate basin
and overtopped ridges of the Anti-Atlas, which allowed the
southward drainage of streams from the basin via what is now
the Draa river canyon (Fig. 3). In any case, the timing of the
development of this superimposed drainage has yet to be defined,
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Table 2. Sample locations, descriptions, and terrestrial cosmogenic nuclide surface exposure data and ages

Sample Surface Latitude Longitude Altitude Lithology Height/width/ Buried* Weathering”  Sample 'Be TCN age (no erosion)!! TCN age (3 m Ma~" erosion)
number (°N) (‘W) (m) breadth of thickness  atoms g~
sampled clast (cm) SiO, (10°)  Age (ka) Internal External Age (ka) Internal External
(cm) error (ka) error (ka) error (ka) error (ka)
Maroc-4 Qla 31208  6.694 1590 Quartzite breccia 13/90/56 d n 2.5 271 +£0.11 21.8 0.9 2.2 23.1 1.0 2.5
Maroc-6 Qla 31209  6.695 1593  Unknown* 17/15/6 s n 6 18.40 + 0.46 157.7 4.1 15.6 315.5 21.7 81.6
Maroc-7 Qla 31210  6.695 1595 Quartzite* 11/7/4 s s 4 23.65+048 2017 43 19.9 § § §
Maroc-8 Qla 31209  6.695 1594  Metaconglomerate* 21/11/6 d N 6 0.80 £ 0.07 6.6 0.6 0.8 6.7 0.6 0.8
Maroc-9 Qla 31209  6.695 1599  Red sandstone* 15/11/8 s n 8 24274£049 2137 4.6 21.1 § § §
Maroc-10 Qla  31.208  6.695 1592 Red sandstone* 14/15/5 s s 5 22.55 +0.46 193.1 4.1 19.0 706.2 183.2 842.1
Maroc-35 Qlb  31.227  6.724 1662 Quartzite 26/68/56 d e 5 11.85 £ 031 94.1 25 9.2 127.3 49 17.6
Maroc-36 Qlb 31226 6.724 1660  Quartzite 15/61/4 d s 5 15.39 £ 0.50 123.9 4.2 12.4 194.3 11.5 34.0
Maroc-37 Qlb 31226 6.724 1661  Quartzite 15/51/42 d n 5 14.58 £ 0.32 117.1 2.6 11.3 177.0 6.6 283
Maroc-38 Qlb 31227 6.723 1660  Quartzite 19/58/40 d n 5 14.52 +0.36 117.2 3.0 11.4 177.2 7.5 28.6
Maroc-40 Qlb 31229 6.724 1654 Quartzite 22/54/41 d N 3 13.86 £ 0.35 109.2 2.8 10.6 158.5 6.4 24.1
Maroc-41 Qlb 31229 6.724 1655  Quartzite 43/92/59 d f 3 16.52 £ 0.41 131.2 34 12.8 215.1 10.4 393
Maroc-11 Q2 31212 6712 1603  Quartzite 26/46/40 d N 4 19.40 + 0.46 162.6 4.0 16.0 342.0 245 96.9
Maroc-13 Q2 31228 6.713 1599 Rhyolite 18/48/34 d n 4 20.38 £0.50 170.9 4.4 16.9 395.7 35.8 137.0
Maroc-14 Q2 31228 6.714 1600  Siliceous volcanic 20/49/40 d n 4 20.84 +0.61 176.1 5.4 17.7 438.1 549 180.4
rocks
Maroc-15 Q2 31227 6714 1600 Rhyolite 35/71/37 m n 3 3424 £0.82 2952 7.6 30.1 § § §
Maroc-16 Q2 31225 6.713 1602  Siliceous volcanic 18/65/36 m n 3 15.53 £0.39 128.6 33 12.6 207.4 9.8 37.0
rocks
Maroc-17 Q2 31226 6.714 1595  Quartzite 36/54/46 d N 2 24.85 +0.63 208.8 5.6 20.9 § § §
Maroc-27 Q3a 31271  6.680 1729 Rhyolite 37/114/120 d n 3 11.42 +0.28 85.1 2.2 8.2 111.0 3.8 145
Maroc-29 Q3a 31271  6.679 1735  Rhyolite 26/80/49 d n 2 14.16 + 0.34 105.2 2.6 10.2 149.9 5.6 22.1
Maroc-30 Q3a 31272 6.679 1736  Rhyolite 47/106/75 d f 3 12.73 £ 031 94.6 24 9.2 1283 4.6 17.7
Maroc-31 Q3a 31272 6.679 1737 Rhyolite 23/97/55 d n 3 13.84 £0.35 102.9 2.7 10.0 145.0 5.7 21.1
Maroc-33 Q3a 31270  6.679 1734 Rhyolite 39/87/53 d n 3 12.65 +£0.31 94.7 2.3 9.2 128.6 4.5 17.8
Maroc-34 Q3a 31254  6.680 1738 Rhyolite 35/71/69 d f 3 11.80 +0.29 87.6 22 8.5 115.5 3.9 153
Maroc-42 Q3b  31.199  6.691 1494 Rhyolite 15/58/34 d s 2 11.41 +£0.45 99.8 4.1 10.2 138.5 83 20.8
Maroc-43 Q3b  31.199  6.691 1494 Conglomerate 21/66/42 d s 3 11.71 £ 0.37 104.3 3.4 10.3 147.7 72 22.1
Maroc-46 Q3b  31.199  6.692 1498 Rhyolite 20/61/44 d n 2 9.97 £0.28 86.6 2.5 85 113.5 4.5 15.1
Maroc-47 Q3b  31.198  6.691 1496  Rhyolite 33/65/92 d s 3 10.16 + 0.35 88.8 32 8.9 117.5 5.8 16.2
Maroc-49 Q3b  31.195  6.689 1494 Sandstone 16/45/56 d e 1 13.79 £ 0.33 120.5 3.0 11.7 185.2 7.8 30.6
Maroc-112 Q3¢ 31.166  6.802 1449  Psammite 26/42/70 d n 5 98.11 £0.30 842 2.3 7.8 109.2 39 13.6
Maroc-113 Q3¢ 31.166  6.802 1449  Phyllite 20/30/75 d n 5 10.83 £0.26 93.1 2.2 8.6 125.3 4.2 16.2
Maroc-115 Q3¢ 31.166  6.802 1448  Phyllite 22/25/55 d s 6 10.26 +0.30 88.9 2.3 8.2 117.6 42 15.0
Maroc-116 Q3¢ 31.166  6.802 1450 Psammite 10/36/40 d s 4 10.27 £0.24 87.4 2.2 8.0 114.9 39 14.4
Maroc-117 Q3¢ 31.165  6.803 1446 Psammite 18/25/52 m n 4 10.38 £ 0.20 88.6 1.8 8.0 117.1 32 14.6
Maroc-20 Q4 31203  6.689 1481 Rhyolite 60/151/81 d n 2.5 4.1140.15 359 1.4 3.6 39.5 1.7 4.4
Maroc-21 Q4 31202 6.688 1480 Rhyolite 70/165/125 d n 2 2.60 £+ 0.11 225 1.0 2.3 23.9 1.1 2.6
Maroc-22 Q4 31201  6.688 1482  Rhyolite 63/120/80 d n 2 0.97 £0.18 83 1.6 1.8 8.5 1.7 1.8
Maroc-23 Q4 31201  6.688 1485  Gneiss 41/88/45 d n 2 0.95 £ 0.06 8.2 0.5 0.9 8.4 0.6 1.0
Maroc-24 Q4 31200 6.688 1482  Rhyolite /88/52 m f 5 0.80 £0.16 7.1 1.4 1.5 7.2 1.4 1.6
Maroc-25 Q4 31200  6.689 1484  Rhyolite 66/147/84 m n 3 121 £0.16 10.5 1.4 1.7 10.8 1.4 1.8
Maroc-26 Q4 31.200  6.688 1484  Siliceous volcanic 46/76/66 m n 2 127 £0.17 10.9 1.4 1.7 11.3 1.5 1.8
rocks
Maroc-50 Q6 31.231  6.695 1503 Rhyolite 23/38/66 d n 2 2.17£0.18 18.5 1.6 23 19.4 1.7 2.6
Maroc-51 Q6 31.231  6.695 1503 Rhyolite 30/30/50 d n 3 0.06 + 0.06 0.5 0.5 0.5 0.5 0.5 0.5

*d, deeply buried; m, moderate burial; s, slight burial.

Tn, no noticeable weathering; s, slight weathering; f, fractures; e, exfoliation.
iCobble.

SCannot calculate.

Ilnternal error incorporates only analytical uncertainty, while external error incorporates both analytical and production rate uncertainty.

but it probably occurred during the late Pliocene or early
Pleistocene, as there is little evidence of large cut—fill sequences
within Tertiary red beds within the basin.

The extensive and deep incision developed throughout the
Ouarzazate basin as the Draa river cut its way through the Anti-
Atlas and essentially lowered the local base level has resulted in
the succession of terraces we have described (Fig. 9b—g). The
TCN ages for the terrace Q4 argue for climate and vegetation
cover control of the fluvial behaviour at least for the last
interglacial. Q4 TCN dates cluster between 7 and 11 ka (Table
2). These ages correspond to the abandonment and the start of
incision of this terrace, now lying at 27 m above the active Madri
channel. In the northern margin of the Sahara, south of the Atlas
mountains of Algeria, after an arid glacial time, permanent
lacustrine conditions prevailed during the early to mid-Holocene
(from c. 11-10 to 5.7-3.3 ka; Gasse et al. 1987, 1990; Gasse
2000). Consistently, fluctuations in terrigenous supply to the
continental margin off southern Morocco indicate an abrupt
increase in humidity at 11.5-11 ka (Holz er al. 2007). This
humid period correlates with the replacement of the Last Glacial
Maximum (centred on c. 22 ka) cool grass—shrub steppe vegeta-

tion in north Africa (Lamb ez al. 1989; Jolly et al. 1998; Elenga
et al. 2000) by wooded biomes (temperate xerophytic wood or
warm mixed forest in mountain catchments) that were present at
elevations between 1200 and 2200 m a.s.l. by at least 6 ka (Reille
1979; Lamb et al. 1989, 1995; Salamani 1991, 1993; Jolly et al.
1998). Such a change in the vegetation cover suggest that
vegetation-controlled slope stabilization in the beginning of the
present interglacial reduced hillslope sediment supply to trunk
streams, causing the end of fluvial aggradation in the Madri
valley and, consequently, offering a mechanism for abandonment
and incision of Q4.

Correlation with climatic cycles is not so straightforward for
the older terraces (Q3 to Q1) because of uncertainties in the
TCN ages (see Table 2). With regard to the Q3 surface,
correcting for an erosion rate of 1 mMa~! places the most
probable age of this terrace at 96—102 ka. If the same relation-
ship to climate applies (i.e. incision during wet interglacial stages
as for Q4), the abandonment of Q3 can be attributed to
interglacial marine isotope stage S5e or the humid stadials of
marine isotope stage 5 (specifically stage 5c).

Although direct palaeoclimate data for this epoch in Morocco
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are lacking, marine palaeoclimate records are available for the
western Mediterranean (see, e.g. Cacho et al. 1999; Magri &
Parra 2002; Hoogakker et al. 2004), but correlation with the
terrestrial record across the Atlas Mountains is very tentative.
Some of these issues have been discussed by Tzedakis (2007).
However, previous studies on the Pleistocene fluvial behaviour of
the Mediterranean region (e.g. Lewin et al. 1995; Fuller et al.
1998; Harvey et al. 1999a; Macklin et al. 2002; Santisteban &
Schulte 2007; and references herein) provide important insights
and have emphasized the sensitivity of fluvial systems to climate
change, with sediment pulses in cold glacials or stadials and
incision in warmer interglacials or interstadials. Climatic controls
on alluvial fan and terrace development have long been recog-
nized in other semi-arid settings, such as in the Basin and Range

350

(MIS, marine oxygen isotope stage) are
based on the Devil’s Hole 8'0 record
(after Winograd et al. 1997).

400 450 500

province and the Mojave Desert of the Western USA (Bull 1991;
Harvey et al. 1999b). Moreover, Macklin et al. (2002) described
a major river aggradation stage occurring at 109—111 ka (marine
oxygen isotope stage 5d) in many Mediterranean catchments, a
result that is broadly compatible with the age of aggradation that
can be inferred for Q3.

We postulate that Q2 and Q1 correlate with the previous two
interglacials. To our knowledge, independent data on humidity
and vegetation cover in North Africa around these events are not
available for either interglacial, but we may speculate that the
same processes inferred for Q4 incision apply also for these
cases.

Macklin et al. (2002) argued that, over the last 200 ka, fluvial
aggradation phases generally occur during cool, dry glacials or
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Fig. 9. Schematic diagrams showing the evolution of the Ouarzazate basin highlighting the formation of terraces along the Madri River.

stadials because catchment erosion is most active and associated
rates of sediment supply are high. In consonance with what we
can deduce for the Holocene, they suggested that this process is
induced by changes in hydrology and vegetation cover: in periods
of cool and dry climate, steppe vegetation replaces forest or
wooded steppe biomes, the development of which occurs during
warm and wet interglacials or interstadials. Conversely, Macklin
et al. (2002) suggested that the inverse modification of vegetation
cover at the transition between glacial and interglacial stages
results in a decrease of the catchment erosion and associated
sediment supply, in response to an increase in slope stability.
Such processes together with an increase in humidity would be
responsible for the incisions in the trunk streams that are
documented around the Mediterranean for the interglacial stages.
Climate change throughout glacial and interglacial cycles is
complex and the relationship between precipitation changes may
not be simple (see Cacho et al. 1999; McManus et al. 1999).

Statements regarding precipitation changes between glacial and
interglacials must therefore be regarded as somewhat tentative
until independent proxies are available to quantify precipitation
changes on Milankovitch and sub-Milankovitch time scales.
Glacial landforms have been described from the highest
massifs of the High Atlas. These have been reviewed by Hughes
et al. (2004, 2006). The timing of glaciation, however, is
unknown, and thus this prevents any correlation of our fluvial
aggradation—incision history with glaciation. The deduced snow-
line for the coldest stages of the Pleistocene is >3300 m a.s.l.
(see references given by Hughes ef al. 2004, 2006). Hence, the
extent of glaciation in the High Atlas was very limited, and it did
not affect the Oued Madri catchment, most of which lies at an
elevation below 3300 m a.s.l. Furthermore, the headwaters of our
study area are about 10km to the SSW of the glaciated
catchments of the Central High Atlas (Mgoun massif) and would
not have been directly affected by glacially controlled hydro-
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logical changes. Glacial erosion processes, therefore, did not
control sediment supply in the study area.

We can conclude that the TCN dates of the terraces within our
study area provide evidence that abandonment of each terrace
and fan occurred at intervals of c¢. 100 ka, that is, at glacial—
interglacial time scales. Strong climatic control on fan develop-
ment and sedimentation has been recognized for Quaternary fans
and terraces in the foreland basins of other intracontinental
mountain belts, notably the Gobi Altai Mountains (Owen et al.
1997). Our study provides one of the most comprehensive
datasets for foreland basin landforms and it supports earlier
speculation on the climatic control of landscape evolution in
Morocco (e.g. Choubert 1965).

Surfaces Q1I, Q2 and Q3 are tectonically deformed, with
progressively more deformation on the older surfaces. The
absence of notable deformation on surfaces Q4 and Q5 suggests
that deformation progresses too slowly to deform Holocene
surfaces to a noticeable extent, and that there has been no
significant earthquake event during the last 10 ka that would have
produced significant deformation. The newly dated surfaces now
provide a framework for defining the magnitude of deformation
throughout the Ouarzazate basin. In addition, the young ages on
the deformed surface Q1b highlight the need to be careful when
applying TCN surface exposure methods to deforming surfaces
that may be progressively eroding.

The deformation of the fluvial terraces demonstrates that the
transition from aggradation to erosion in the Ouarzazate basin
occurred while thrust loading was still active along the High
Atlas margin. The modification of the drainage pattern from
internal to external and oscillations of the Quaternary climate are
the dominant factors controlling erosion in the Ouarzazate basin
at least during the past 300 ka. In addition, mantle-related uplift
of the entire system of mountains and basins with respect to base
level in the Late Cenozoic (Babault er al. 2008) provided
additional potential for erosion to overtake subsidence and
accumulation within the Ouarzazate basin.

Conclusions

The terrace and pediment incision in the active Ouarzazate
foreland basin was primarily induced by a drop in base level as
the main outlet channel of the basin, the Draa river, progressively
cut through the Anti-Atlas Mountains to the south. Geomorpho-
logical analysis and TCN surface exposure dating show, however,
that the development of Quaternary alluvial fans and terraces
along the northern margin of the Ouarzazate basin is strongly
controlled by climate oscillations on glacial—interglacial time
scales. Surface abandonment ages for four terraces define their
ages to the present and broadly last three interglacials. This
suggests that incision occurs during interglacial times, when the
region is wetter with hillslopes stabilized by wooded vegetation
cover in mountainous catchments and streams are more perva-
sive, albeit still ephemeral. In contrast, during the more arid
glacial times aggradation dominates, as increased hillslope
erosion enhances sediment supply and the hydrological regime is
less effective at transporting sediment. These data clearly demon-
strate that knowledge of the character of climate change is
essential to understand the nature of sediment transfer and
landscape denudation in foreland basins. Surface exposure dating
of abandoned fill-terraces suggests that rates of fluvial incision in
this region range between 0.3 and 1.0 mma~! for the later part
of the Quaternary. Furthermore, this study provides the first
comprehensive TCN chronology for alluvial surfaces in Morocco

and illustrates the problems associated with dating surfaces in
this region that are significantly older than 100 ka.
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