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The Moulouya river system has intensely eroded the Arhbalou, Missour, and Guercif Neogene foreland basins in
northeastern Morocco, having changed from net aggradation during the Miocene–early Pliocene to net incision
punctuated by alluvial fan deposition at late Pliocene or early Quaternary time. This region as a whole has expe-
riencedmantle-driven, surface uplift (dynamic topography) since the late Cenozoic, being locally affected by up-
lift due to crustal shortening and thickening of theMiddle Atlas too. Knickpoints located along themajor streams
of the Moulouya fluvial network, appear on both the undeformed margins of the Missour and Guercif foreland
basins (High Plateaus), as well as along the thrust mountain front of the southern Middle Atlas, where they
reach heights of 800–1000 m. 500–550 m of the knickpoint vertical incision might be explained by long-
wavelength mantle-driven dynamic surface uplift, whereas the remaining 450–500 m in the southern Middle
Atlas front and 200–300 m in the northeastern Middle Atlas front seem to be thrust-related uplift of the Jebel
Bou Naceur. Be-10 terrestrial cosmogenic nuclides have been used to date two Quaternary river terraces in the
Chegg Ard valley at 62 ± 14 ka and 411 ± 55 ka. The dated terraces allow the incision rates associated with
the frontal structures of the Middle Atlas to be estimated at ~0.3 mm yr−1. Furthermore, these ages have served
to evaluatemantle-driven regional surface uplift since themiddle Pleistocene in the central Missour basin, yield-
ing values of ~0.1–0.2 mm yr−1.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

The Atlas Mountains of Morocco and the surrounding plains
underwent long-wavelength surface uplift caused by thermal mantle-
driven buoyancy since the late Cenozoic (Anahnah et al., 2011;
Babault et al., 2008; Teixell et al., 2003, 2005; Zeyen et al., 2005). Defor-
mation of drainage networks and geomorphic indexes suggest that sur-
face uplift is still active (e.g., Barbero et al., 2011; Barcos et al., 2014).
This mantle-driven surface uplift is superimposed onto the tectonic ef-
fect of the thickened crust of the High and Middle Atlas produced by
thrusting since the Paleogene. Although tectonic shortening ismoderate
in the Atlas thrust belts, deformation registered in Quaternary alluvial
deposits at the southern fronts of the High and Middle Atlas indicates
that thrusting is still active (Delcaillau et al., 2008; Laville et al., 2007;
Pastor et al., 2012; Sébrier et al., 2006).Within this framework, the land-
scape of the foreland of the High and Middle Atlas (Arhbalou, Missour,
and Guercif basins; Fig. 1), changed from net aggradation to erosion
and fluvial incision in late Pliocene or Quaternary time (Bouazza et al.,
2009). The Moulouya river system currently drains these basins, its
headwaters being located in the flanking reliefs of the Middle Atlas,
the High Atlas, and the High Plateaus (Fig. 1a). The Arhbalou, Missour,
and Guercif basins are only deformed in the proximity of the High and
Middle Atlas thrust fronts (Fig. 1b), and, together with the flanking
mountain belts, provide a useful natural laboratory to examine the trig-
gers of landscape change and, in particular, to evaluate the sources of
surface uplift.

This work presents a tectonic and geomorphic study on the
Arhbalou, Missour and southern Guercif basins, as well as on their east-
ern and western margins, featuring an analysis of stream profiles in the
upper Moulouya river drainage network. The river profiles reveal the
systematic presence of large knickpoints or knickzones on tributaries
draining both flanks of the Moulouya river system, i.e., the folded Mid-
dle Atlas and the undeformed High Plateaus, enabling a discussion on
the origin of knickpoints as due to large-scale surface uplift. We present
the first 10Be terrestrial cosmogenic nuclide (TCN) dating of Quaternary
deposits within theMissour basin, allowing the determination of fluvial
incision rates since the Middle Pleistocene, which, in turn, can be con-
verted to surface uplift rates. Combined with the geomorphic analysis,
the geochronological data allow us to assess the relative role of different
driving-mechanisms of surface uplift in the landscape evolution of the
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Fig. 1. a) Digital elevationmodel (DEMSRTM90) of northeasternMorocco,with themainmorphotectonic features and theMoulouya drainage basin. SMAFZ, SouthernMiddleAtlas frontal
zone. b) Geological map of part of the area shown in panel a.
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northeastern Atlas region. Other studies elsewhere attempted to re-
trieve magnitudes of mantle-driven uplift from geomorphic indicators
(e.g., Nereson et al., 2013; Paul et al., 2014; Schildgen et al., 2012).
This study intends to discriminate for the first time the amount and
rate of river incision directly related to tectonic deformation from
those associated with the large-scale mantle-driven dynamic
topography.
2. Regional setting

The Moulouya river (~650 km-long) is, after the Nile, the second
largest river in North Africa that drains to the Mediterranean Sea
(Fig. 1a). From headwaters to outlet, the Moulouya river flows across
the Arhbalou, Missour, and Guercif Neogene foreland basins, draining
an area of ~74,000 km2, that includes the High Plateaus in the east,
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the High Atlas in the south, the Middle Atlas towards the west, and the
eastern Rif in the north-west, to eventually enter theMediterranean sea
near Nador in northern Morocco. The Moulouya river begins at 2000
m.a.s.l. at the junction of the Middle and High Atlas, which is the drain-
age divide between rivers flowing to the Atlantic and to the Mediterra-
nean. The course of the Moulouya river is at least twice the distance
from its headwaters to the Atlantic. For that reason, slopes are steeper
on the Atlantic Atlas side, where headward eroding rivers threaten to
capture the upper part of the Moulouya catchment.

The geologic evolution of the Arhbalou andMissour sedimentary ba-
sins is related to the thrust loading of the Cenozoic High and Middle
Atlas orogenic belts (Arboleya et al., 2004; Beauchamp et al., 1996),
whereas the Guercif basin has been influenced by the Rif orogen
(Gomez et al., 2000). These three basins are mostly filled with Miocene
alluvial and lacustrine sediments. The sedimentary record has been de-
scribed in detail by Bernini et al. (1999, 2000), Gomez et al. (2000),
Krijgsman et al. (1999), Krijgsman and Langereis (2000) and Sani
et al. (2000) for the Guercif basin, by Beauchamp et al. (1996) and
Ellouz et al. (2003) for the Missour basin, and by Dutour (1983) for
the Arhbalou basin. Bouazza et al. (2009) proposed that sedimentation
in the Guercif basin ended at early Quaternary time when the basin
probably have changed from endorheic to externally drained,
connecting the Moulouya river to the Mediterranean Sea.

The Middle Atlas is a NE-trending, basement-involved thrust belt
that derives from the inversion of a Triassic–Jurassic rift, with a relative-
ly simple structure and a modest amount of total orogenic shortening
(b10%, Gomez et al., 1998; Arboleya et al., 2004). The southern Middle
Atlas front defines the western margin of the Missour basin (Fig. 1b).
The mountain front coincides with the foot of the Jebel Bou Naceur,
where Jurassic rocks of theMiddle Atlas overthrust Tertiary and Quater-
nary fanglomerates at the foot of Jebel Bou Naceur range (jebel is
Moroccan for mountain) (Fig. 1b). The Jebel Bou Naceur is a mountain
ridge with a maximum elevation of 3356 m.a.s.l., rising ~2500 m
above theMoulouya basin, which is limited by a southeastern facing to-
pographic scarp that Delcaillau et al. (2008) interpreted as an active
fault zone. The Neogene–Quaternary basin fill onlaps the undeformed
Jurassic bedrock of the High Plateaus on the eastern margin of the
Missour basin. Plio–Pleistocene lacustrine deposits overlap much of
the Jurassic carbonates of the High Plateaus. The timing of initial thrust-
ing at Jebel Bou Naceur is unknown, but according to Laville et al.
(2007), the thrust system was active during the Neogene, when Meso-
zoic rocks were thrust over fluvial rocks of the Bou Irhardaiene Forma-
tion. Paleomagnetic data reported by Krijgsman and Langereis (2000)
suggest that the deposit of the Bou Irhardaiene Formation lasted till
the lower Pliocene (Zanclean). Thrust-related folding occurs in the
northwesternmargin of the basin and deforms the Bou Irhardaiene For-
mation and Quaternary alluvial gravels; the gravels are unconformable
in some places (Delcaillau et al., 2008).

The mean elevation of the Middle Atlas mountains (between 1500
and 2000 m) contrasts with its crustal thickness, recently determined
in ca. 32 km by a wide-angle seismic survey (Ayarza et al., 2014). The
relatively thin crust suggests a modest degree of crustal thickening,
which is consistent with the amount of observed shortening, and pro-
vides support to the view that the crust is not isostatically equilibrated
at crustal level. To explain this discrepancy, the subcrustal structure
was investigated bymeans of potential-fieldmodeling, which indicated
that the lithosphere was thin (b90 km) under the Middle Atlas moun-
tains and the Arhbalou–Missour basins (Fullea et al., 2010; Teixell
et al., 2005; Zeyen et al., 2005), an inference recently confirmed by seis-
mological data (Miller and Becker, 2014; Palomeras et al., 2014). Hence,
surface uplift of the Atlas region is divided into two components: a com-
ponent of crustal isostasy related to (modest) thickness variations of the
crust during the Atlas orogeny, and a component related to changes in
mantle buoyancy, probably due to an asthenospheric upwelling
(which was described as dynamic topography by Teixell et al., 2005,
and Sun et al., 2014). The first component is circumscribed to the High
andMiddle Atlas deformed belts, whereas the second is of longer wave-
length and affects also the peripheral Arhbalou and Missour basins. On
the basis of unconformable, Messinian-age marine deposits at high alti-
tude, Babault et al. (2008) estimated the magnitude of post-Miocene
mantle-driven rock uplift in the Middle Atlas is ~1000 m. Furthermore,
geomorphic indexes from the lower Moulouya river led Barcos et al.
(2014) to suggest that this component of uplift is still active.

3. Methods

3.1. Knickpoints and paleoprofile reconstruction

The river profiles shown in this paper are based on the Digital Eleva-
tionModel (DEM)with 90m of pixel resolution provided by the Shuttle
Radar Topography Mission (SRMT) from the National Aeronautics and
Space Administration (NASA).

The term knickpoint describes an abrupt change in river gradient,
which creates a local convexity in the generally concave-up idealized
graded stream longitudinal profile (Whipple and Tucker, 1999). The
termknickzone is usedwhen the convex segment of the river longitudi-
nal profile persists along some kilometers. In our analysis, we consider
the present-day position of knickpoint as due to an incision wave relat-
ed to base level fall by comparing the current longitudinal profile with a
reconstructed past hypothetical ideal longitudinal profile (paleoprofile).
Therefore, we use paleo-longitudinal river profiles as a proxy for surface
uplift. A paleo-longitudinal river profile can be determined for the seg-
ment located upstream of a knickpoint by using the equation proposed
by Hoke et al. (2007). This approach implies that knickpoint separates
an unmodified upstream segment from a downstream one that adapts
its slope to the new boundary conditions imposed by the base level
fall (Bishop, 2007; Whipple and Tucker, 1999). It is also assumed that
the upstream segment (headwater from the knickpoint)was equilibrat-
ed to the conditions prior to the base-level fall. Under these assump-
tions, the empirical power–law gradient–area relationship (Flint,
1974; Howard andKerby, 1983) togetherwith the relationship between
downstream distance, x, and cumulative drainage area (Hack, 1957),
can be used to reconstruct a paleo-longitudinal river profile from the
equation (Whipple, 2001; Whipple and Tucker, 1999):

z Xð Þ ¼ kska
−θ 1−hθð Þ−1 L1−hθ−x1−hθ� �

þ z Lð Þ h θ≠1; xc ≤x≤L;

ð1Þ

where z(X) is the elevation z at a distance X from drainage divide, L is
the distance from the outlet to the drainage divide, xc is the distance
from the divide at which fluvial processes become dominant over hill-
slope processes, ks is the steepness index, θ is the concavity index, ka
is Hack's (1957) coefficient and h is Hack's (1957) exponent. The differ-
ence in elevation between the paleo profile and the present-day down-
stream segment at the outlet gives the knickpoint height. We have
reconstructed the unmodified upstream segment profile (inherited
from the old boundary conditions), which allowed us to obtain values
for ks and θ, and used these values to the downstream segment, affected
by the new boundary conditions.

3.2. Surface dating

We have dated two alluvial fan/terrace surfaces (T1 and T2) in the
Chegg Ard valley, which traverses the Middle Atlas and the eastern
Missour basin. The surfaces dated in this study were mostly composed
of pebbles, cobbles, and occasional small boulders limestone and
dolostone. However, there are also minor amounts of sandstone and
phyllite cobbles. We selected cobbles of sandstone and phyllite for
10Be TCN dating. The sampled surfaces are flat and extensive, and unaf-
fected by topographic shielding. Samples were collected from sites far
enough from hill slopes as to minimize material gained from upper



Table 1
Sample numbers, descriptions, locations, 10Be data, and 10Be ages for surfaces in the Chegg Ard valley.

Sample
number

Surface Lithology Class size
Height/width/length
(cm)

Sample
thickness
(cm)

Latitude
(°N)

Longitude
(°E)

Altitude1

(m.a.s.l)
Topographic
correction

10Be
concentration2

(atoms/g SiO2

× 104)

Age
Time independent
Lal (1991)/Stone
(2000)3,4

(ka)

Age
Desilets and
Zreda
(2003),
Desilets et
al. (2006)5

(ka)

Age
Dunai
(2001)5

(ka)

Age
Lifton
et al.
(2005)5

(ka)

Age
Time
dependent
Lal
(1991)/Stone
(2000)5

(ka)

Age
Time
dependent
Lal
(1991)/Stone
(2000)5

applying 1.4
m/Ma
erosion
(ka)

M908 T1a Quartzite 12/8/5 5 33.36906667 −3.880783333 1144 1 383 ± 8 473.6 ± 47.8 (11.5) 464.5 ± 62.7 447.2 ± 59.8 444.4 ±
50.2

424.1 ± 41.1 n/a

M909 T1a Sandstone 35-long 5 33.36913333 −3.88035 1140 1 351 ± 11 431.8 ± 44.4 (14.9) 421.9 ± 57.3 404.5 ± 54.4 401.5 ±
45.9

385.5 ± 38.2 n/a

M910 T1a Sandstone 17/11/8 5 33.36906667 −3.88035 1143 1 351 ± 9 430.7 ± 43.6 (12.7) 420.5 ± 56.5 403.2 ± 53.8 400.3 ±
45.2

384.5 ± 37.5 n/a

M911 T1a Sandstone 15/8/5 5 33.36893333 −3.879966667 1145 1 464 ± 13 590.6 ± 62.6 (18.9) 573.3 ± 80.4 553.1 ± 76.8 549.8 ±
46.7

528.5 ± 53.6 n/a

M912 T1a Sandstone 10/8/05 5 33.36965 −3.879683333 1147 1 355 ± 11 435.0 ± 44.8 (15.0) 425.2 ± 57.7 407.3 ± 54.8 404.4 ±
46.3

388.1 ± 38.4 n/a

M913 T1a Sandstone 15/10/5 5 33.36973333 −3.87945 1147 1 364 ± 12 446.4 ± 46.3 (16.0) 437.4 ± 59.7 419.6 ± 56.8 416.2 ±
48.0

397.8 ± 39.7 n/a

M915 Tlb Sandstone 14/10/5 5 33.37775 −3.896533333 1208 1 392 ± 11 463.0 ± 47.5 (14.5) 451.4 ± 61.4 434.5 ± 58.5 431.1 ±
49.3

412.3 ± 40.6 n/a

M916 Tlb Sandstone 17/10/6 6 33.37796667 −3.897616667 1212 1 363 ± 9 427.0 ± 43.1 (12.3) 413.4 ± 55.4 397.4 ± 52.8 394.4 ±
44.4

380.3 ± 36.9 n/a

M917 Tlb Sandstone 11/7/05 5 33.37855 −3.897766667 1211 0.8542 345 ± 8 474.4 ± 48.3 (12.9) 462.7 ± 62.7 445.9 ± 59.9 442.6 ±
50.3

424.1 ± 41.4 n/a

M918 Tlb Sandstone 15/11/5 5 33.37838333 −3.89695 1209 1 316 ± 10 363.5 ± 36.8 (12.4) 348.1 ± 46.4 335.4 ± 44.3 332.5 ±
37.4

320.9 ± 31.3 n/a
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M919 Tlb Sandstone 11/9/04 4 33.37893333 −3.898333333 1214 1 451 ± 15 534.1 ± 56.9 (20.4) 521.0 ± 72.9 501.3 ± 69.5 498.1 ±
58.8

478.6 ± 49.0 n/a

Average 411 ± 55
M920 T2a Sandstone 17/13/6 6 33.39696667 −3.905066667 1134 1 45 ± 2 50.8 ± 5.3 (2.7) 49.8 ± 6.5 48.6 ± 6.3 47.8 ±

5.4
45.7 ± 4.6 48.5 ± 5.1

M921 T2a Sandstone 13/7/4 4 33.39696667 −3.905083333 1135 1 73 ± 2 81.5 ± 7.5 (1.9) 80.9 ± 9.9 78.6 ± 9.6 77.8 ±
8.0

74.3 ± 6.6 81.7 ± 8.1

M922 T2a Sandstone 13/8/6 6 33.39696667 −3.905 1135 1 51 ± 3 57.3 ± 5.8 (2.9) 57.1 ± 7.4 55.6 ± 7.2 54.7 ±
6.1

51.9 ± 5.2 55.8 ± 5.9

M923 T2a Sandstone 15/12/7 7 33.39673333 −3.905066667 1134 1 59 ± 3 67.5 ± 6.8 (3.2) 67.0 ± 8.7 65.4 ± 8.4 64.7 ±
7.2

61.8 ± 6.1 66.6 ± 7.1

M924 T2a Sandstone 9/7/06 7 33.3967 −3.9048 1135 1 69 ± 5 79.3 ± 9.5 (6.4) 78.6 ± 11.4 76.4 ± 11.0 75.6 ±
9.7

72.3 ± 8.5 79.2 ± 10.3

M925 T2a Sandstone 12/8/05 5 33.39643333 −3.90445 1134 1 42 ± 10 47.0 ± 12.0 (11.2) 46.0 ± 12.3 45.1 ± 12.0 44.4 ±
11.5

42.6 ± 10.8 44.8 ± 12.0

M926 T2b Siltstone 26/18/7 7 33.35616667 −3.856266667 1018 0.8542 236 ± 10 368.5 ± 39.3 (17.5) 360.2 ± 49.6 345.8 ± 47.2 343.6 ±
40.4

327.8 ± 33.8 671.5 ±
193.2

M927 T2b Phyllite 7/7/07 7 33.35606667 −3.856516667 1021 1 92 ± 3 116.4 ± 11.3 (4.5) 113.7 ± 14.5 110.7 ± 14.0 109.7 ±
11.9

105.1 ± 10.0 119.7 ± 13.2

M928 T2b Sandstone 20/7/7 7 33.35596667 −3.857266667 1022 1 48 ± 2 59.8 ± 5.8 (2.5) 60.2 ± 7.6 58.7 ± 7.4 57.9 ±
6.3

54.6 ± 5.2 58.8 ± 6.0

M929 T2b Sandstone 20/10/4 4 33.35536667 −3.855733333 1016 1 17 ± 1 21.1 ± 2.1 (1.0) 22.7 ± 2.8 22.4 ± 2.9 22.1 ±
2.4

20.4 ± 2.0 20.9 ± 2.1

M930 T2b Sandstone 18/8/5 5 33.35615 −3.857966667 1021 1 69 ± 3 84.5 ± 8.2 (3.3) 84.6 ± 10.7 82.2 ± 10.4 81.4 ±
8.8

77.3 ± 7.3 85.3 ± 9.0

M932 T2b Sandstone 16/8/6 6 33.35588333 −3.853433333 1012 1 19 ± 2 22.7 ± 2.7 (1.9) 24.3 ± 3.5 24.0 ± 3.5 23.7 ±
3.1

22.0 ± 2.6 22.5 ± 2.7

Average6 52 ± 20

1 Altitudes were determined using a handheld GPS with an uncertainty of ±30 m.
2 Six blanks were measured with 10Be/9Be ratio = 4.24 ± 2.3 × 10−14.
3 Ages were determined using a rock density of 2.75 g/cm3 and 07KNSTD standard. Uncertainties include analytical and production rate/scale model uncertainties.
4 Uncertainty includes analytical and production rates and uncertainty in parenthesis is only analytical.
5 Samples M926 and M927 were not included in average.
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levels. We also selected sampling sites with little evidence of erosion,
generally in areas with well-developed rock varnish. The sampled cob-
ble was 5–10 cm-tall and 10–20 cm in diameter (Table 1).

Samples were prepared at the TCN Geochronology Laboratories of
the University of Cincinnati. About 500 g of each sample was crushed
and sieved to obtain 250–500 μm fraction, from which quartz was sep-
arated using themethods of Kohl and Nishiizumi (1992). Be carrier was
added to each sample, and by means of an ion exchange chromatogra-
phy technique, Be was separated, purified and precipitated as Be(OH)2
at a pH 7. The Be(OH)2 gel was calcinated by ignition at 750 °C for
5min in quartz crucibles. The resultant BeOwasmixedwith Nb powder
and loaded into steel targets. 10Be/9Be ratios weremeasuredwith accel-
eratormass spectrometry at the Purdue Rare IsotopeMeasurement Lab-
oratory of the Purdue University. Isotope ratios were compared with
ICN Pharmaceutical Incorporated 10Be and NIST (National Institute
Standard of Technology) standards prepared by K. Nishiizumi.

Ages were calculated with CRONUS-Earth online calculator Version
2.2, applying appropriate 10Be standardizations (Balco et al., 2008)
with a sea-level high latitude (SLHL) production rate of 4.49 ±
0.39 10Be atoms g−1 of quartz yr−1, a 10Be half-life of 1.36 × 106 years
(Nishiizumi et al., 2007) and a rock density of 2.75 g cm−3 at zero-
erosion rate.

There is currently much debate regarding the appropriate scaling
models and geomagnetic corrections to calculate surface exposure
ages from TCN production (e.g., Pigati and Lifton 2004; Staiger et al.
2007; Balco et al., 2008). We present ages for all scaling models, but
choose those of Lal (1991) and Stone (2000) in our discussion
(Table 1). However, we are aware that other scalingmodels would pro-
duce ages that may be up to 10% older (Table 1).

3.3. Quantifying fluvial incision and deformation rates

Incised fluvial surfaces allow fluvial incision rates (I) to be estimated
by using the age (A) and height (h) of the surface with respect to the
present-day position of the river channel, such that I = h/A (e.g.,
Burbank and Anderson, 2001). In this work, the absolute elevation of
terrace surfaces (h) as obtained from the SRTM90DEM,whoseprecision
is optimal when measuring surfaces with slopes b 10% (Gorokhovich
et al., 2006). The accuracy decreases when measuring the absolute ele-
vation of surfaces narrower than 180 m, as occurs in some parts of the
river channel and locally in terraces. In these cases, the elevation data
have been contrastedwith fieldmeasurements obtainedwith a conven-
tional altimeter. Although absolute elevation values requires frequent
calibration (according to atmospheric conditions), in our analysis we
do not use absolute elevation data, but elevation difference between
terrace surfaces and present-day river channel. Thus, altimeter accuracy
is approximately 1mwhen the elevation of two surfaces is measured in
a short time lapse. Relative structural uplift has been calculated by com-
paring the relative elevation of a geomorphic surfacewith respect to the
present-day river channel at both sides of a tectonic flexure, thus as-
suming that the original surface sloped at a gradient similar to today's
stream.

4. River profiles and knickpoint analysis

4.1. Moulouya river

The Moulouya river profile is not the typical concave up shaped
denoting equilibrium, but it shows a series of knickpoints. The upper
reach of theMoulouya riverflows over its own alluvial deposits through
a wide valley, presenting a surprisingly gentle gradient of 0.16° along
50 km, after which slope abruptly increases (gradient N 0.3°) for about
10 km defining a 80 m-high knickpoint (Fig. 2b). The knickpoint coin-
cides with scarcely erodible Paleozoic granitic bedrock. Downstream,
theMoulouya riverflows again over alluvial deposits and shows its gen-
tle slope until its confluence with the Asseghmir river. The Asseghmir
river drains ~1350 km2 of the northern flank of the High Atlas,
representing a third of the total drainage area of the Moulouya river
downstream of their confluence. The Asseghmir river has a knickpoint
of similar characteristics to those on the Moulouya river (Fig. 2a),
though located in the northern flank of the High Atlas Mountains at an
elevation ~300m higher than in theMoulouya river. From the tributary
junction, theMoulouya river flows east for almost 50 km across Jurassic
limestone, granite and slate of the Aouli Massif, showing a steeper gra-
dient of 0.38° until it reaches the Tamdafelt fold system (Figs. 1 and 2a).
This steeper segment defines a knickzone that is 300–400 m-high
(Fig. 2b). The Enjil river joins theMoulouya downstream this knickzone,
also depicting a knickzone, located close to the confluence (Fig. 2a).

Downstream from the Tamdafelt fold system (Fig. 1), the Moulouya
river flows along the Missour sedimentary basin where its gradient be-
comes gentle again, averaging 0.14° for N150 km. A slight increase in
gradient occurs again at the boundary between theMissour and Guercif
basins, where the river cuts Jurassic dolostones, but the gradient be-
comes gentler in the Guercif basin, averaging 0.12° until the outlet.
Along the Missour and Guercif basins, the Moulouya river joins
tributaries, that drain both the High Plateaus and the Middle Atlas
(Jebel Bou Naceur), the most important one being the Za river.

4.2. Streams draining the High Plateaus

Thewestern edge of theHigh Plateaus is drained by tributaries of the
Moulouya, which have significant knickzones (red reaches in Fig. 3).
Fig. 4a shows the profiles of the Moulouya river and its tributaries, all
shearing the same distance to the Mediterranean outlet. All profiles
have gentler slopes in their upper courses (generally b0.2°), with an
abrupt slope increase along their middle courses, and progressively
gentler slopes downstream. The gentle gradient of the upper segments
suggests that little channel incision has occurred upstream of the
knickpoints, and therefore these upper course gradients can be
interpreted as inherited from the Missour basin paleosurface. In this
case, the lateral correlation of these gentle gradients allows us to
delineate a paleosurface reaching 500–550 m above the present
Moulouya river (Fig. 4a). The knickpoints for the Fajane and Kaddou
tributaries, draining the High Plateaus into the Missour basin, are 500
and 550m-high, respectively (Fig. 4b and c). The Za river is themain trib-
utary of theMoulouya river, draining ~20,000 km2 of the High Plateaus to
the lower Guercif basin. The upper Za course is ~300 km-long into the
Plio–Pleistocene fluvial deposits of the High Plateaus, with entrench-
ments of ~100m close to the knickzone. The gradient of the upper course
is 0.15°, while downstream, the gradient increases to 0.33° for almost
80 kmat the eastern edge of theGuercif basin that is composed of Jurassic
carbonates and showsa400–450m-highknickzone (Fig. 4d). Considering
an average entrenchment of 100m for the Za river into the Guercif basin,
the total height of this knickpoint is 500–550 m.

4.3. Streams draining the Jebel Bou Naceur

The Chegg Ard, El Mansoor, El Berd and Timrhout rivers drain the
southeastern Jebel Bou Naceur into the Missour and Guercif basins
(Fig. 3). The Chegg Ard has a catchment area of ~240 km2 upstream
the Missour basin, showing an impressive 1000 m-high knickpoint
(Fig. 5a), located at approximately the contact between Toarcian marls
and overlying Bathonian–Callovian sandstone (Charroud, 2002). The
upper course of the Chegg Ard river flows for ~10 km on a wide valley
(Fig. 5b), where the channel is slightly entrenched and has a gradient
of 1.3°. Downstream, channel gradient abruptly increases to 3.1° and
is deeply entrenched. Finally, the Chegg Ard river has an average gradi-
ent of 0.9° from the knickpoint to the confluence with the Moulouya
river.

Tributary streams that flow parallel to the structural grain of the
Middle Atlas drain the eastern edge of the Jebel Bou Naceur. These trib-
utaries converge downstream to become the Melloulou river, which, in



Fig. 2. a) Profiles of theMoulouya river system fromheadwaters to theMediterranean. The color bar indicates the area of the upstreamdrainage area. b) Profile of theMoulouya river in the
Arhbalou andMissour basins, showing a knickzone located 100–150 km from the headwaters. The reconstructed profile (using Ks = 21 and θ= 0.24) shows a difference in elevation of
300–400 m with respect to the current river channel.
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turn, joins theMoulouya river in the central Guercif basin. Tributaries of
theMelloulou river include the ElMansoor, El Berd and Timrhout rivers,
whichhave large knickpoints in theirmountainous courseswith heights
of 700–800 m (Fig. 5c and d). The channel of the Timrhout river has
been blocked by a rock-slide to form a lake (Gualta Tamda; Fig. 5e).
The location of the rock-slide coincides with the upper segment of an
800 m-high knickpoint, thus suggesting that slope instability may
have been partially triggered by rapid fluvial incision.

5. Quaternary fluvial surfaces in the lower Chegg Ard valley

Alluvial fan surfaces and fluvial terraces along the Chegg Ard, the
main river draining the Jebel Bou Naceur to the Missour basin, were se-
lected for dating because they preserve a good record of fluvial deposits
and exhibit signs of recent deformation related to folds associated with
the southern Middle Atlas thrust front (Fig. 6) (Delcaillau et al., 2008;
Laville et al., 2007). Four sets of fluvial deposits and abandoned alluvial
fan surfaces were mapped along the Chegg Ard valley, which we have
named T1 (oldest) to T4 (youngest) (Figs. 6 and 7).

The T1 is an extensive alluvial fan surface, which has a radial length
of ~12 kmwith its apex located near the mountain front, at the bound-
ary between theMiddle AtlasMesozoic carbonate rocks and the Tertiary
clastic deposits of the Missour basin. This alluvial fan surface is
entrenched by the Chegg Ard channel to a depth of 135–185m. The sur-
face is defined by 1–5 m thick fanglomerate level, which conformably
overlies Tertiary conglomerates of the Bou Irhardaiene Formation. The
T1 fanglomerate is composed of cobbles and boulders that become
smaller downstream. Locally, in the upper areas of the abandoned allu-
vial fan, old longitudinal bars composed of N50 cm-diameter imbricated
boulders are observed, suggesting of a highly energetic depositional en-
vironment. The clasts mainly comprise carbonate rocks. The T1 surface
also shows well-developed pedogenic carbonate cement (Stage V of
Gile et al., 1981). The alluvial fan is almost completely eroded south-
ward of the frontal monocline fold (FMF; Fig. 6), being restricted to
small patches in the forelimb. Stratified conglomerates abutting the
forelimb of the FMF, which are unconformable on the Bou Irhardaiene
Formation conglomerates, may be the sole distal remnants of T1 at the
foot of the FMF. The presence of embedded deposits suggests a relative
base level drop, and we assume that remnants of T1 had to be formed
above the T2, at least 35 m above the present-day channel height.

The abandoned fluvial and alluvial surface T2 is present in three lo-
cations along the Chegg Ard valley (Fig. 6b). The main exposure occurs
south of the FMF, where it forms a large lobe of an alluvial fan that ex-
tends for 14 km until it reaches the Moulouya river (T2b). Other rem-
nants are present as river terraces in the cores of the FMF and the Beni
Aioun anticline (T2c and T2a; Figs. 6a and 7a). The T2 deposits have
the same general characteristics as T1, but the average size of the clasts
is smaller, rarely reaching N20 cm in diameter. T2 usually showsmoder-
ate pedogenic carbonate development (carbonate morphology stages
III–IV of Gile et al., 1981). The T3 and T4 deposits are well preserved
south of the FMF, displaying similar features to T2, though carbonate
cement is less developed. T3 is composed of decimeter-size clasts,
some of them reaching 30 cm in diameter, whereas T4 has smaller clasts
(rarely reaching 15 cm in diameter).

6. 10Be terrestrial cosmogenic nuclide results

6.1. Erosion rate estimates

TCN concentrations can be used to estimate steady-state erosion
rates (erosional equilibrium; Lal, 1991). Thus, samples with higher
TCN concentrations provide lower limits on erosion rates. We have



Fig. 3. Digital elevation model (DEM SRTM90) for the Missour and Guercif basins (central segment of the Moulouya river). The river courses analyzed in this study are highlighted. The
dashed white line marks the location of the topographic profile shown in Fig. 10.
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used 10Be concentrations in the clasts for T1 samples (except M918,
which yielded an age significantly younger than the other ones) to esti-
mate erosion rates by using the method of Lal (1991). This provides a
minimum erosion-rate estimate because we preferentially selected
clasts that appeared more resistant to erosion, most of them still pre-
serving rounded fluvial shapes and an absence of notable weathering
features, such as exfoliated surfaces, pitting, or granular disintegration.
Moreover, T1 surface is strongly cemented, thus increasing its resistance
to erosion. The ten oldest ages of surface clasts provide a mean erosion
rate of 1.4 ± 0.2 m Ma−1, which is in good agreement with those ob-
tained in climatically similar settings (e.g., Matmon et al., 2009;
Portenga and Bierman, 2011), as discussed by Arboleya et al. (2008) in
their study on terrace dating in the Ouarzazate basin.

6.2. Terrace ages in the Chegg Ard Valley

Sampled boulders may retain a signal of prior exposure with
inherited TCNs, which result in ages that are older than the surface
being dated (Anderson et al., 1996; Hancock et al., 1999). Intense
weathering or exhumation of clasts may result in lower concentrations
of TCNs, which, in turn, would underestimate the age of the surface.
Collecting multiple samples from each terrace and looking for potential
outliers, that is, exposure ages that fall significantly outside the mean
value (N2 σ) of all the ages obtained for a given landform, can help to
identify the problem of derived and/or weathered/exhumed boulders.
We have used the erosion rates estimates based on the oldest ten ages
of surface clasts (as described in the previous sub-section) as a test to
assess the likely effects of erosion on the samples used to define the sur-
face ages. For samples having an erosion rate of 1.4mMa−1, a calculated
age of 10 ka would underestimate the true age by a ~1%, an age of 50 ka
by ~5%, an age of 100 ka by ~10%, and an age of 300 ka by ~50%. Given
the uncertainties in defining the erosion rate, we have plot all our ages
with zero erosion, but also present them in Table 1 for an erosion rate
of 1.4 m Ma−1, which places an upper limit on the possible ages.

Terrace T1 has been dated by using 11 samples from two different
localities (T1a and T1b in Fig. 6), which yield ages from 321 to 528 ka
(Fig. 8), with a mean age of 411 ± 55 ka (uncertainty = 1 σ). The sam-
pled clasts of sandstone and phyllite were carefully selected from the
surface, mainly composed of carbonate rocks. Since the sampled clasts
were well rounded, retaining their original shape, we argue that they
have not undergone significant weathering. Twelve samples were
dated on T2 terrace at two different localities (T2a and T2b in Figs. 6
and 7a), yielding ages between 20 and 327 ka (Fig. 8). Samples M926
(327.8 ± 33.8 ka) and M927 (105.1 ± 10.0 ka) are considered outliers
since they are N2σ older than themeanage of the rest of thepopulation.
The presence of conglomerate clasts at locality T2b reworked fromT1 or
from the Bou Irhardaiene Formation supports the view that M926 and
M927 have been derived from an older surface. Omitting the ages of
M926 and M927, the T2 terrace has a mean age 52 ± 20 ka
(uncertainty = 1 σ). Two other samples, M929 and M932, fall outside
the mean value (N2 σ) with ages of 20.4 ± 10.0 ka and 22.0 ± 2.6 ka.
We recognize that these younger age samples might have been ex-
humed, although we cannot prove this assumption. Omitting the ages
of M929 and M932 too, the T2 terrace has a mean age 62.6 ± 14.1 ka



Fig. 4. (a) Profiles for theMoulouya river and its tributarieswith drainage areas over 50 km2 projected on the same plane.Most of the tributaries draining the stablemargin of theMissour
basin exhibit anomalously low gradients in their upper courses and similar knickzones. The prolongation of these upper courses allows reconstructing the basin paleosurface, which was
500–550 m above the current Moulouya river channel. (b) Profile of the Kaddou river (see location in Fig. 3) draining the stable margin of the Missour basin; red dashed line shows the
reconstructed paleoprofile (usingKs=13and θ=0.19) that reaches 550mover the currentMoulouya river. (c) Profile of the Fajane river (see location in Fig. 3); red dashed line shows the
reconstructed paleoprofile with Ks= 83 and θ=0.40; this paleoprofile reaches 500m over theMoulouya river channel. (d) Profile of the Za river (see location in Fig. 3) draining the High
Plateaus to the Guercif basin; red dashed line shows the reconstructed paleoprofile using Ks = 34 and θ = 0.26, which reaches 450 m over the Moulouya river channel.
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(uncertainty = 1 σ). In the following we will use the older mean value
for the age of T2 (62 ± 14 ka).
6.3. Tectonic uplift and incision rates

The dated T1 and T2 terraces are incised by the Chegg Ard river in
different places along the Chegg Ard Valley, where incision can be mea-
sured in both the tectonically uplifted area of the basin margin and the
central Missour basin. The FMF and Beni Aioun anticline (Fig. 6) have
deformed the upper segments of terraces T1 and T2. The FMF is the
frontal-most structure of theMiddle Atlas, being located ~12 kmdown-
stream from the mountain front. This SE-vergent fold trends SW–NE
and shows an almost horizontal backlimb and a subvertical forelimb,
whereas the Beni Aioun anticline (BAA in Fig. 6) is a gentle anticline lo-
cated between the mountain front and the FMF.
Immediately northwards of the FMF in the tectonically uplifted fold
limb, T1 surface is 133±3mabove the current river channel (Fig. 9). T1
is also tilted by the Beni Aioun anticline and reaches 182 ± 5 m above
the current river channel near themountain front (Fig. 9). Thus, incision
rates measured from T1 in the tectonically uplifted area range from
0.32 ± 0.04 to 0.44 ± 0.06 mm yr−1 (Fig. 9). The difference between
these rates is ~0.1 mm yr−1, and is likely due to the local uplift generat-
ed by the Beni Aioun anticline.

Surface T2 is not continuously preserved along the Chegg Ard valley
and shows very little deformation, though its elevation with respect to
the current river channel significantly varies along the valley. Thus, T2
is present in the cores of FMF and Beni Aioun anticline, being at ~51 to
55 m above the present-day channel respectively (T2c and T2a in
Figs. 6b and 7a; Fig. 9). T2 also forms the alluvial fan located down-
stream from the FMF, being incised ~16 ± 3 m in the distal course
and 32 ± 3 m in its upper one (T2b in Figs. 6b and 7a; Fig. 9). The



Fig. 5. (a) Profile of the Chegg Ard river (see location in Fig. 3),which drains the Jebel BouNaceur to theMissour basin. Red dashed line shows a reconstructed paleoprofile (usingKs=680
and θ=0.62) that reaches 1000mover the currentMoulouya river channel. (b) Satellite image fromGoogle Earth of themountainous course of the Chegg Ard river. Upstream the channel
flows along a wide valley; downwards the profile exhibits a large knickpoint, downstream from which the channel is deeply incised. (c) Profile of the El Mansoor river (see location in
Fig. 3), which drain the Jebel Bou Naceur to the Guercif basin. Red dashed line shows a reconstructed paleoprofile (using Ks = 950 and θ = 0.62) that reaches 750 m over the current
Moulouya river channel. (d) Profile of the El Berd and Timrhout rivers (see location in Fig. 3), which drain the Jebel Bou Naceur to the Guercif basin. Red dashed line shows a reconstructed
paleoprofile (using Ks= 5722 and θ=0.75) that reaches 7200m over the currentMoulouya river channel. (e) Satellite image fromGoogle Earth showing themountainous course of the
Timrhout river blocked by a rock-slide, that created an abrupt knickpoint and the lake Gualta Tamda.
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difference between these incision values, with higher incision in the
apex and lower incision in distal parts of the fan, is probably mostly
due to the difference in gradient between the steeper slope of the in-
cised alluvial fan and the gentler slope of the contemporary river. Con-
sidering an age of 62 ± 14 ka for T2, we calculate incision rates that
range from 0.28 ± 0.12 mm yr−1 in the distal alluvial fan surface to
0.55 ± 0.17 mm yr−1 in the fan apex (Fig. 9). T2c, in the core of the
FMF is uplifted ~19mwith respect to the proximal parts of T2b, located
500 m downstream (Fig. 9). This difference in elevation corresponds to
tectonic uplift related to the FMF since the abandonment of T2, which
yields an average rate of ~0.3–0.4 mm yr−1. Such a rate is comparable
to those recorded for the past 250 ka in the deformed terraces of the
proximal Ouarzazate basin in the foreland of the High Atlas (Pastor
et al., 2012).

The incision rate calculated for terrace T1 at the backlimb of the FMF
is 0.32 ± 0.04mm yr−1, which is significantly lower than that obtained
from T2c and T2a (0.93 ± 0.26 mm yr−1 and 0.88 ± 0.25 mm yr−1 re-
spectively; Fig. 9). We suggest that the more recentmost rates
(calculated from T2) are probably overestimated because of the terrace
formation cycle of incision/aggradation has not been completed (aggra-
dation of the newest riverbed terrace), as Arboleya et al. (2008) docu-
mented in the Ouarzazate basin. Therefore, the longer-term incision
rates are likely more representative of tectonic uplift than recentmost
ones, the latter being significantly higher due to climatic factors.

7. Discussion

7.1. Knickpoints, surface uplift and erosion in the Moulouya catchment

The analysis of river profiles reveals the systematic presence of large
knickpoints or knickzones in the Moulouya river and its main tribu-
taries. The formation and upstream retreat of knickpoints is typically
understood as the dominant mode of channel adjustment in response
to either regional or local perturbations due to one or more of the fol-
lowing triggering factors: regional surface uplift (e.g., Burbank and
Anderson, 2001; Lavé and Avouac, 2001; Quezada et al., 2010; Wobus



Fig. 6. (a) Google Earth image of the centralMissour basin and the Jebel BouNaceurwith themain geologic structures and rivers. (b) Close-upof theCheggArd valley showing themapping
of fluvial deposits and landforms, tectonic flexures, sample location, and the trace of the profile in Fig. 9 (red dashed line). CAF— Chegg Arg fault; MF—mountain front; BAA— Beni Aioun
anticline; FMF — Frontal monocline.

Fig. 7.Views of terrace levels at thewestern side of the Chegg Ard from the fold crest of the Frontal monocline. (a) View to the SEwhere alluvial fan surfaces T2 and T3 dominate. (b) View
to the NE showing terrace T1 in the background and T2, T3 and T4 preserved in the core of the Frontal monocline.
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Fig. 8. Be-10 TCN ages for terrace levels T1 and T2. The horizontal black line and gray band
are the mean and 1 σ values for each surface.
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et al., 2006), localized structural surface uplift (e.g., Burbank et al.,
1996), regional base level drop (e.g., Begin et al., 1981; Snyder et al.,
2002; Bishop et al., 2005; Crosby and Whipple, 2006), local base level
fall directly caused by stream piracy (e.g., García, 2006) and differential
erosion caused by lithological contrast (e.g., Goldrick and Bishop, 2007).
Other causesmay be associatedwith inherited relief features due to gla-
cial erosion and/or landsliding (e.g., Benda and Dunne, 1997; Korup,
2006; Lancaster and Grant, 2006). Knickpoints in the upper Moulouya
catchment near the Middle Atlas front were interpreted by Laville
et al. (2007) and Delcaillau et al., (2008) as related to recent thrust de-
formation, without discussing the potential role of regional uplift and
base level drop. Similarly, Boulton et al. (2014) has interpreted existing
knickpoints in the southern High Atlasmountain front, as entirely relat-
ed to active faults.

The knickpoints in the Missour and Guercif basins are situated on
tributaries draining both sides of the Moulouya river, from the stable
High Plateaus to the active Middle Atlas, and must therefore be ex-
plained by a regional-scale process. This regional-scale process is most
likely the adaptation of the fluvial network to the mantle-driven, long-
wavelength uplift. This uplift remains active in the region (Barbero
et al., 2011; Barcos et al., 2014) and has produced a maximum surface
uplift of ~1000 m at a rate ranging from 0.17 to 0.22 mm yr−1 since at
least the earliest Pliocene (Babault et al., 2008). The Missour basin was
still accumulating sediments (Bou Irhardaiene Formation) at early
Pliocene time, after the mantle-related uplift has started. The change
from internal to external drainage in the basin probably occurred
when its surface was raised at a significant elevation and had accumu-
lated potential energy enough as to be capture by a former Moulouya
river with its base level located in the Mediterranean. The capture of
Fig. 9. Topographic profile traced parallel to the Chegg Ard river along its eastern margin (see F
where preserved, and dashed linewere inferred. Thefigure shows the difference in elevation of
structures. Incision rates in mm/yr are also shown along the profile.
an endorheic basin likely triggers faster erosion rates during the first
stages, which, in turn, may have caused the development of a
knickpoint that propagated upwards along the entire fluvial network,
until its present position at the contact between the Neogene basin fill
and the Jurassic carbonate bedrock of the basin margins.

The analysis of river profiles shows that the height of knickpoints
differs in the High Plateaus margin with respect to the Middle Atlas
thrust front, where knickpoints present larger vertical drop. Knickpoints
in rivers draining the eastern margin of the Missour basin (adjacent to
the High Plateaus), where there are no active tectonic structures, are
500–550 m-high at the junction with the Moulouya river (Fig. 4). This
is consistent with the presence of lacustrine deposits preserved in the
eastern margin of the Missour basin at ~550 m above the present-day
Moulouya river channel (labeled Q6 in the 1/100,000 geological map
of Hassi el Ahmar and attributed to the Villafranchian -indetermined
upper Pliocene; Choubert, 1964), which we interpret as the maximum
elevation reached by the basin fill before erosion started.

The Moulouya river has a knickzone with a vertical drop of 300–
400 m located at the boundary between the Arhbalou and Missour ba-
sins. Laville et al. (2007) related this knickzone to active deformation
in the Tamdafelt fold system, located just at the base of the knickzone.
However, the knickzone as a whole coincides with the contact between
the easily erodible sediments of the Missour basin and Jurassic carbon-
ates/Paleozoic basement rocks. Alternatively, we propose that the
knickzone is related to uplift that affected the entire drainage basin,
which caused upstream knickpoint propagation until the river lost its
erosive capacity at the lithological boundary. The knickzone in the
Moulouya river is 150–250 m lower than in its tributaries draining the
High Plateaus. Within the middle of the Arhbalou basin (upstream of
the Moulouya's knickzone), the Gara of Midelt is a 100 m-high butte
composed of Neogene sediments, thus providing a minimum estimate
of the elevation of the basin fill, and supporting the role of active erosion
in landscape evolution.
7.2. Thrust surface uplift of the Jebel Bou Naceur

The main rivers draining the Jebel Bou Naceur to the Missour and
Guercif basins show knickzones with higher difference in elevation
than those measured in tributaries draining the High Plateaus. Laville
et al. (2007) and Delcaillau et al. (2008) analyzed Quaternary deposits
and knickpoints alongmajor streams in the southernflank of theMiddle
Atlas, and interpreted themas related to recent thrust tectonic deforma-
tion, though they did neither quantify deformation rates nor discuss the
potential role of regional uplift. The impressive 1000m-high knickzone
ig. 6b for location). Surfaces T1 and T2 are projected in the same plane, in continuous line
terraces T1 and T2with respect to the active Chegg Ard channel at both sides of the tectonic



Fig. 10. Topographic profile across theMissour basin and itsmargins from the Jebel Bou Naceur to the High Plateaus (see Fig. 3 for location), with the longitudinal profiles of the Chegg Ard
and Kaddou rivers projected in the same plane. The knickzone of the Kaddou river is 550m-high and is related to the regional-scale surface uplift affecting the entire fluvial network. The
difference in elevation between the Chegg Ard river and Kaddou river knickzones (450 m) is probably due to local (thrust-related) recent surface uplift of the Jebel Bou Naceur.
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of the Chegg Ard river (Fig. 5a)was interpreted exclusively as a result of
recent out-of-sequence thrusting by these authors.

The El Mansoor, El Berd and Timrhout tributaries drain the
eastern Jebel Bou Naceur to the Guercif basin (Fig. 3) and have 700–
800 m-high knickzones (Fig. 5c and d). We propose that in the same
way as in tributaries draining the High Plateaus, 500–550 m of the
total height of these knickzones is due to regional-scale uplift, whereas
the remaining 450–500 m in the central Southern Middle Atlas frontal
zone (Fig. 10) and 200–300 m in the eastern edge of the Jebel Bou
Naceur can be explained by the localized (thrust-related) uplift of the
Middle Atlas associated with its frontal structures. In the Chegg Ard val-
ley, signs of tectonic deformation in Quaternary alluvial deposits attest
the active structures emerging within the Missour basin. Delcaillau
et al. (2008) proposed small knickpoints within the Missour basin and
relate them to active structures too.We argue that knickpoint preserva-
tion is rare within the basin where streams flow over easily erodible
sediments. Instead, knickpoints retreat upstream until they reach
more resistant rock types at the basin margin. Resistant rocks are
more difficult for the streams to erode, and therefore, knickpoints be-
come knickzones that remain at the lithological boundary for some
time, progressively increasing in height. Hence, neither the current loca-
tion nor the elevation of knickzones along theMoulouyafluvial network
can be simply related to active thrust deformation as suggested by
Delcaillau et al. (2008).

7.3. Regional (mantle-driven) versus local (thrust-related) surface upliftt
rates

Our TCN dating of T1 and T2 terraces allows us to calculate incision
rates at different points along the Chegg Ard valley. Moreover, the two
obtained ages (T2: 62± 14 ka and T1: 411± 55 ka) enable us to exam-
ine incision rates at different time spans, particularly for the area affect-
ed by surface uplift due to the FMF. Incision ratesmeasured in the upper
Chegg Ard valleymust result from combinedmantle-driven surface up-
lift and structural surface uplift produced by the frontal structures of the
Middle Atlas, named the FMF and the Beni Aioun anticline, which affect
both T1 and T2 surfaces. For the lower reach of the Chegg Ard, down-
stream from the frontal active structures, we argue that estimated inci-
sion rates are rather valid for the Moulouya river, which constitute the
base level for the Middle Atlas tributaries. Thus, these rates can be
taken as a proxy for the recent surface uplift rates related to dynamic to-
pography within the Moulouya drainage basin, i.e., they represent the
large-scale regional surface uplift due to buoyancy changes in the man-
tle not directly related to crustal tectonic shortening (e.g., Coblentz and
Karlstrom, 2011; Nereson et al., 2013 for terminology).
Average regional surface uplift rates since the latest Miocene or ear-
liest Pliocene were estimated in the northern Middle Atlas by Babault
et al. (2008) at ~0.2mmyr−1, on the basis of elevatedMessinianmarine
deposits, scarcely eroded and lying at 1200 m.a.s.l. in the Skoura area,
only 65 km WNW of our study area. The marine Messinian deposits
dated by Krijgsman and Langereis (2000) in the center of the Guercif
basin are significantly lower, at 450–650 m.a.s.l., and the resulting sur-
face uplift rate here is of ~0.1 mm yr−1. Hence, we retain the value of
0.1–0.2mmyr−1 based onMessinian shallowmarine deposits as an av-
erage long-term surface uplift in the study area during the late Pleisto-
cene. The incision rate of 0.28 ± 0.12 mm yr−1 at the distal part of
T2b in the Missour basin is of the same order of magnitude, or slightly
greater than this average long-term surface uplift (Babault et al.,
2008). Nevertheless, as discussed above, T2-based rates might be slight
overestimations of the true values.

We argue that entrenchment of the lower Chegg Ard river since
~411 ka is keeping pace with the rising dynamic topography at a rate
of ~0.1–0.2 mm yr−1. Under this assumption, the fluvial incision rate
calculated for T1c near the Jebel Bou Naceur mountain front at 0.44 ±
0.06mmyr−1 (Fig. 9) can be divided into ~0.1–0.2mmyr−1 of regional
surface uplift plus ~0.3 mm yr−1 of thrust-related surface uplift.

The combined geomorphic analysis of river profiles and the incision
rates presented above provide inferences on the recent tectonic and
erosional history of the Missour basin. We have showed that the
Chegg Ard river profile exhibits a knickpoint with a height of 1000 m,
500–550 m of which might be explained by mantle-driven (regional)
surface uplift and the remaining 450–500 m by upthrusting of the
Jebel Bou Naceur (Fig. 10). However, our geochronological data suggest
that since the Middle Pleistocene the rate of local structural surface up-
lift has been greater than that of regional surface uplift. Our calculations
imply a local structural surface uplift rate of ~0.3 mm yr−1 since the
Middle Pleistocene within the Missour basin close to the mountain
front in association with the two frontal structures. We cannot discard
however the possibility that other active structures are present in the
mountain area, but, as a first approximation, we retain the minimum
rate of 0.3 mm yr−1, and at such a rate, the 450–500 m height of the
knickzone related to thrust activity would have been produced in 1.2–
1.5 Ma.

The capture of the Missour basin generated a knickpoint that
propagated upwards along the entire Moulouya catchment until its
present-day location at the lithological contrasts along the basin mar-
gins. Favoring this view, terrace T1 is the oldest Pleistocene deposit,
being characterized by larger clasts that suggest a very high-energy
transportational/depositional setting, which, in turn, might be related
to the arrival of the knickpoint to the mountain front. The thick alluvial
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deposits reported byBouazza et al. (2009) in the outlet of two gorges in-
cised by the Za and Moulouya rivers in Beni Snassen and Horts Chain
may have had a similar origin. Alternatively, the formation of T2 could
be climatically controlled, as suggested by Arboleya et al. (2008) for
the extensiveQuaternary fanglomerates of similar age in theOuarzazate
basin, or due to pulses in the FMF as suggested by Delcaillau et al.
(2008).

8. Conclusions

The geomorphic analysis of the Moulouya drainage network within
the Missour basin and adjacent highlands (Middle Atlas and High
Plateaus) reveals the existence of knickpoints or knickzones along
most streams. The knickpoints are located in the rivers draining the tec-
tonically active margin of the Middle Atlas, as well as in those draining
the tectonically quiescent High Plateaus. The systematic presence of
knickpoints attests adjustment of the fluvial network due to regional
(long-wavelength) surface uplift of mantle origin (dynamic topogra-
phy), which resulted in the Missour basin changing from dominantly
aggradational to erosional in the late Pliocene or early Quaternary.
Geomorphic evidence shows that the knickpoints related to regional
surface uplift propagated upstream along the Moulouya river and its
tributaries. The height of knickpoints along the rivers draining theunde-
formed (High Plateaus) margin indicates that 500–550 m of sediments
have been eroded in the central parts of the Neogene Missour and
Guercif basins. In contrast, rivers draining the tectonically activemargin
of the Middle Atlas (Jebel Bou Naceur) show 800–1000 m-high
knickpoints. From the undeformed margin, it can be inferred that
500–550 m of this height might be explained by regional dynamic sur-
face uplift, whereas the remaining 450–500 m in the central part of the
southern Middle Atlas Front and the 200–300 m in the northeastern
edge of the Middle Atlas might be related to thrust uplift of the Jebel
Bou Naceur (Fig. 10).

Two Quaternary deformed river terraces in the Chegg Ard valley
have been dated at 62 ± 14 ka and 411 ± 55 ka. Dated river terraces
allow incision rates to be calculated. This in turn, can be related to the
combined surface uplift triggered by both the Middle Atlas structures
emerging within the basin, and by large-scale mantle buoyancy since
the Middle Pleistocene. Moreover, from terrace deformation we esti-
mate surface uplift along the foreland folds to be ~0.3 mm yr−1. This
discriminates localized uplift from the background large-scale surface
uplift of ~0.1–0.2 mm yr−1 in the central part of the Missour basin
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