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Porous carbonate terrains are widespread around the Mediterranean area and form non classical karstic land-
scapes. The related diffuse infiltration is expected to impede karstification and the establishment of dense
drainage networks. In such terrain, the effect of tectonics and climate on drainage development and evolution
remains poorly understood. To address this issue, we focus on a semi-arid area with a tuffaceous Messinian
carbonate platform characterized by a well-established dendritic network in an active tectonic context. The

Tilt
Calcrete platform is situated in the Chélif Basin in Algeria, affected by transpressive deformation in relation to the Africa-
Boukadir Eurasia collision. We combine geomorphological observations with drainage morphometric analyses using sat-

ellite images and DEM. The drainage network analysis reveals varying tectonic deformation and morphological
anomalies resulting from instability in the drainage systems, expressed through (1) variable platform tilt and (2)
the presence of knickpoints and convexities in river profiles. These anomalies are particularly pronounced in the
west, where knickpoints are more numerous, and incisions deeper. We relate the origin of the tilt to the dif-
ferential marl compaction and remobilization, and in the area with the highest tilt a recent propagation of the
Boukadir thrust underneath the platform might also play a role. Finally, we propose a general model of drainage
evolution which highlights the importance of weathering in the Maghreb area transforming the porous media in
an indurated carbonate or calcrete.

1. Introduction

Highly porous carbonate terrains like chalks are a lithology with
unique characteristics. They present very low hydraulic conductivities
related to the small pore diameters that do not permit efficient flow
(Vazquez et al., 2016; Gaillard et al., 2018, 2023), leading to a limited
cave development and subtle surface karst features. That is why the
karstic characteristic of these terrains has long been debated and spec-
ulated (Reeve, 2021). Nevertheless, several authors such as Rodet
(1991), Farrant et al. (2023) and Ballesteros et al. (2023) have shown
that in Cretaceous chalks in France and the UK, the dissolution still plays
an important role and is associated with the development of karstic
voids and conduits, forming extensive, but isolated, conduit networks.
However, drainage establishment and evolution on similar porous car-
bonate terrains in semi-arid regions has never been assessed.

Here, we focus on a particular carbonate system composed of a
highly porous media similar to chalks, the Boukadir Messinian platform,
which is in a semi-arid environment in Algeria, the Boukadir platform
(Fig. 1). This type of terrain is widespread around the Mediterranean
Sea, in association with large marginal seas present before the Messinian
Salinity Crisis (MSC: 5.97-5.33 Ma) and is usually deformed due to the
progressive closure of the Mediterranean Sea (Krijgsman et al., 2018).
The studied site is an ideal landscape evolution laboratory in a semi-arid
setting for several reasons. First, these tuffaceous carbonates are kar-
stified as evidenced by a large collapse sinkhole that occurred in June
1988, as well as the presence of caves and shelter caves. A deep kar-
stification due to the MSC has also been evidenced by Moulana et al.
(2022). Second, it features a dense dendritic network that is unusual in
karstified formations, where infiltration is greatly enhanced by karstic
voids resulting from dissolution. The dendritic drainage network
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suggests a landscape dominated by surface runoff. Third, the platform is
located in the Maghreb region and has sustained a significant and
relatively simple deformation history since its deposition compared to
most chalk terrains that are less deformed. In the Maghreb region,
during the last ~5 Ma, stresses have been controlled by the oblique
convergence between Eurasia and Africa, and deformation is charac-
terized by strike-slip faults and compressive structures (Meghraoui,
1982). The deformation pattern around the study area is already well
studied, because it was the locus of the largest earthquake in the entire
southern Mediterranean region, the 1980 El Asnam earthquake of
magnitude 7.3 Mw (Ouyed et al., 1981). Finally, the platform is in a
semi-arid area marked by significant changes in precipitation between
rainy and inter-rainy periods and intermittent precipitations over the
year leading to non-permanent streams. This context is particular and
relatively different from the one in northern Europe, where many studies
have been carried out on porous karst terrains, in a Quaternary climatic
context with an alternation of periglacial and temperate conditions
during respectively glacial and interglacial periods. This area is thus an
ideal place to gain a better understanding of the evolution of drainage
networks in a semi-arid context on porous carbonate landscapes in an
active tectonic setting.

Here we seek to obtain a large-scale landform evolution model in
direct link with incision, drainage evolution, climate and tectonics
(Burbank and Anderson, 2001). For that purpose, we use an integrated
morphological and morphometric approach. The morphological
approach focuses on the analysis of high resolution Google Earth im-
agery and 12 m DEM. The morphometric approach is based on the
present-day accepted model that drainage evolution occurs in accor-
dance with the stream power incision model, as established by Howard
and Kerby (1983). Stream power law has mostly been used to model
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bedrock river incision in response to base level changes due to climate,
eustasy or tectonics (e.g. Kirby and Whipple, 2012; Kirby et al., 2003;
Wobus et al., 2006). This law is questionable in fluviokarstic environ-
ments, where surface discharge does not systematically scale with
drainage area, because of the competition between surface and
groundwater flows and the exchanges between the two systems through
sinking streams and resurgent groundwater. Nevertheless, Anthony and
Granger (2007) have shown that the stream power law can be used to
model knickpoint migration in fluviokarst systems. These approaches
are particularly suitable in regions where climate and rock-type are
uniform and allowed to unravel debated active tectonic issues (Snyder
et al., 2000; Kirby et al., 2003; Wobus et al., 2006; Pérez-Pena et al.,
2009; Gallen et al., 2013; Pavano, 2013; Pavano et al., 2016). The ob-
tained landscape evolution model will allow us to create a conceptual
framework for drainage development in porous carbonate terrain
affected by climatic changes and tectonics.

2. Setting
2.1. Geology and geomorphology

This study focuses on the Messinian carbonated marginal platform of
Boukadir, which is underlain by Tortono-Messinian blue marls (Fig. 2).
North of the studied area, in the Chélif basin, the Tortono-Messinian
blue marls are overlain by a gypsum formation up to 400 m thick and
younger terrigenous sediments (Perrodon, 1957; Belkebir et al., 1996;
Rouchy et al., 2007).

The studied carbonates are composed of two carbonate units
(Neurdin-Trescartes, 1992; Moulana et al., 2021): (1) the upper compact
and homogeneous unit is ~80 m thick, which is called Lithothamnium

------- Strike-slip faults
-— Thrust faults

—— Anticlinal axes
— Relizane fault: left lateral strike slip
~~~~~ Carbonate platform studied

36°0°0"N-

OUARSENIS
: MOUNTAIN

[ e— ]

T
1°00"E

Fig. 1. Tectonic setting map of the Chélif Basin with relief from SRTM and fault mapped since Meghraoui et al. (1986).
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Fig. 2. Up. Geological map of the study area modified from geological map N°105 CHARON at 1/50,000 (Brives and Ferrand, 1912) with swath profile locations. NS
swath profiles are represented in the green line and EW swath profiles are represented in the purple line. Spatial reference: WGS_1984_UTM_Zone_31N. Bottom.

Stratigraphic log showing the thickness of the blue marl below the carbonate platform.
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carbonates and (2) the lower less resistant unit is ~70 m thick and
corresponds to bioclastic carbonates (Moulana et al., 2021). Both units
are mostly composed of carbonates with very minor (<5 %) terrigenous
content.

The upper Lithothamnium carbonated unit has a low dip, a high
porosity (tuffaceous facies) and low permeability. It is thus similar to
Cretaceous Chalk. The lower bioclastic unit is composed of well-marked
banks with different bioclastic components and matrix, so it shows
strong stratigraphic discontinuities. This unit can locally show clino-
forms with ~35° dips (Fig. 3).

At the surface, the studied Lithothamnium tuffaceous carbonates
form a hardened carbonate cover called a calcrete (Moulana et al.,
2022). Calcrete formation is typical of the Maghreb region and is due to
weathering in relation with its semi-arid climate (Horta, 1980). This
calcrete layer limits infiltration and implies the existence of significant
recurrent surface flows and concentrated fluxes along the platform main
dip direction (Moulana et al., 2021, 2022).

Like other carbonate margins of the Mediterranean, the studied
platform bears the imprint of the Messinian Salinity Crisis (5.97-5.33
Ma), during which it emerged and was deeply incised. This Messinian
imprint is attested by deep river incisions in the carbonates presently
buried by sediments.

2.2. Karstic setting

The area presents several karstic features, in particular along the
southern margin of the Chélif basin a deep paleokarst, inferred to be
related to the low base-level during the Messinian Salinity Crisis, has
been evidenced (Moulana et al., 2022). A notable example of this ~100
m deep paleokarst is the large covered-collapse sinkhole that occurred in
1988 near Boukadir.

In the carbonate massif, there are few documented caves, their
limited development has been attributed to the high porosity of the
carbonates resembling chalk (Moulana et al., 2022). The two largest
caves developed in the lower bioclastic unit along stratigraphic/litho-
logic discontinuities that formed flow conduits. These caves are pres-
ently located above the adjacent river beds due to the ongoing river
incision in the carbonate terrain. At the surface, small dissolution holes,
an extensive network of fissures and piping is present (Moulana et al.,
2022), which enables groundwater flow. Along the valley slopes,
numerous shelter caves of complex origin were documented and put in
relation with calcrete formation, river incision and the endokarst
(Moulana et al., 2022).

Karst development depends on rainfall. In the study area, the current
semi-arid climate is characterized by precipitation of around 350 mm/
year (Bettahar, 2012), easily limiting karstification processes and
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favoring calcrete formation. However, during the Quaternary, the
northern African climate is characterized by strong change in aridity/
humidity with the establishment of African wet periods or Green Sahara
Periods (e.g. Shanahan et al., 2015; Tierney et al., 2017; Pausata et al.,
2020) due to changes in the intertropical convergence zone (Burns et al.,
2001; Rohling et al., 2002; Hoffmann et al., 2016). At the end of these
wet periods, during the so-called catapluvial phase, increased calcite
dissolution and precipitation led to the formation of calcrete in North
Africa (Ek et al., 1981; Mathieu et al., 1983). Kartification thus evolved
considerably in the study area during the Quaternary.

2.3. Tectonics

The study area is characterized by significant post-Messinian
compressive deformation in relation with the oblique convergence be-
tween Africa and Eurasia (Meghraoui et al., 1988; Dewey et al., 1989;
Mazzoli and Helman, 1994; Rosenbaum et al., 2002; Yelles-Chaouche
et al., 2006). The Boukadir carbonate platform is bounded to the north
since the Pliocene by the Relizane left-lateral strike-slip fault. The fault,
trending N70°E, extends for around 150 km from the cities of Chlef to
Relizane (Meghraoui et al., 1986) and offsets the Boukadir platform
(Moulana et al., 2022). The fault is probably inactive as it is buried by
Quaternary sediments. A dense network of fractures subparallel to the
Relizane Fault has affected the studied carbonate platform but shows
insignificant offset except locally at the back of the platform (Moulana
et al.,, 2022). In the Chélif and Dahra areas, several thrusts have
deformed the post-Messinian sediments, in particular near the studied
area lies the Boukadir reverse fault, which is well visible in the topog-
raphy especially at its south-western extremity where it is associated
with the El Kherba anticline. Those thrusts are active, as attested by the
Mw 7.3 earthquake at El Asnam in 1980 (Karnik, 1969; Dewey, 1991;
Philip and Meghraoui, 1983). The extension and orientation of the
Boukadir fault are similar to those of the El Asnam thrust activated in
1980 (Meghraoui, 1988). Thus, according to the Wells and Coppersmith
(1994) ‘s relation, its seismic potential should be similar to that of the El
Asnam thrust fault. The tectonic characteristics of the study area are
expected to play an important role in the evolution of karstification in
this platform as faults can act either like important pathways for water
or hydrogeological barriers (Bense et al., 2013).

3. Material and methods

The morphometric analysis, consisting mostly in the extraction and
analysis of the drainage network, focuses on the southern part of the
study area, i.e., the carbonate platform. It is based on the analysis of a
digital elevation model (TanDEM-X) from the DLR - DFD service with a
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resolution of 12.5 m. The analysis has been carried out by using ArcGIS
software, coupled with the TopoToolbox-MATLAB software, which al-
lows for the calculation of kg, identification of knickpoints, and
watershed dynamics through Chi (y) analysis (Schwanghart and Scher-
ler, 2017). The GIS-based analysis is completed by satellite imageries
analysis, to identify specific morphologies, such as resurgences, wind
gaps or shelter caves, as well as by field observations.

In a first step, general morphological parameters of the carbonate
platform have been extracted from the DEM, such as slopes, swath
profiles, and elevation of the karstic feature like shelter caves. Then, we
focussed the analysis on the drainage network characteristics like the
sinuosity index variation or, chi map analysis. Finally, we looked at the
different watersheds and realised the river profile analysis.

For all the parameters describing the dynamics of a watercourse, we
considered the existence of a channel for a drained area >1000 m?,
which, although low, seems appropriate for our terrain since a marked
channel is discernible very high up in the catchment areas.

3.1. Swath profiles

Swath profiles oriented N-S and E-W have been carried out along the
platform (Fig. 2-B). They provide an overall view of the topography of
carbonate deposits, with potential changes in slope or lateral topo-
graphic variation, and have been widely used to characterize regional
morphologies (D’Agostino et al., 2001; Riquelme et al., 2003; Groh-
mann, 2005; Molin et al., 2004, 2012; Scotti et al., 2014; Azanon et al.,
2015). Seven topographic profiles were drawn using QGIS software and
extracted using a Python code from the Tandem X DTM with sampling
done every 14 m in a 1500 m large box, except for the two E-W profiles
for which the box is 500 m large.

3.2. Longitudinal river profiles

For bedrock channels the stream-power incision model (Howard and
Kerby, 1983) suggests that river profiles follow the power law rela-
tionship between local river slope S and the upstream drainage area A, as
demonstrated by Hack (1957):

S=kA™" (@]

where 0 is the concavity index and ks (L26) is the steepness index (Flint,
1974).

Within these profiles, it is possible to identify disturbances and
disequilibrium states, such like knickpoints, that result from external
perturbation like, tectonic, climate or local lithological variation (e.g.
Crosby and Whipple, 2006; Wobus et al., 2006; Kirby and Whipple,
2012). Thus, in regions characterized by an homogenous lithology and
uniform uplift, knickpoints can be considered as time-dependent
geomorphic markers that migrates through the landscape, lowering
the river profile to the new relative base level (e.g. Wegmann and Paz-
zaglia, 2002; Kirby et al., 2003; Wobus et al., 2006).

The value of k is strongly dependent on the concavity index, which
can be impacted by small internal variations within the watershed.
Therefore, to compare watersheds of varied shapes and sizes within the
same region, we use the normalized slope index (S,) by normalizing Eq.
(1) with a reference concavity (6ref) (Kirby and Whipple, 2012; Wobus
et al., 2006).

S = ken A~ ()]

The reference concavity (ref) corresponds to the regional concavity
observed in channels that are not perturbed by tectonic signals; they are
identified through their distance-elevation and y-elevation profiles that
are regular (Wobus et al., 2006). Another selection criterion for the
value of Oref is that, within the same watershed, for the best value of 6,
the different tributaries should have collinear y-elevation curves (Mudd
et al., 2014; Royden and Perron, 2013). The value of Oref used here is
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0.6511, it fits the classical range of values of 0.3 to 0.6 (Whipple, 2004;
Wobus et al., 2006; Harkins et al., 2007; Kirby and Whipple, 2012;
Lague, 2014). The concavity index (fref) is relatively insensitive to
variation of uplift, climate or substrate lithology at steady-state, con-
trary to the steepness index (ks), which varies with these factors (e.g.,
Snyder et al., 2000; Kirby and Whipple, 2001;) as expressed by the
equation:

U 1/n
Ksn = (E) 3

With U the uplift rate and K the erodibility coefficient and n a con-
stant. An area at equilibrium will have homogenous averaged kg, values
by watersheds (Ouimet et al., 2009; Whittaker, 2012).

3.3. Chi profiles and map

The Chi (x) is another geomorphological parameter used in the
analysis of river longitudinal profiles to avoid calculation errors of the
parameter (0), induced by the use of slope/drainage area curves that are
derived from slope data extracted from DEM, which are not always ac-
curate (e.g. Lague et al., 2003; Mudd et al., 2014; Perron and Royden,
2013; Willett et al., 2014; Wobus et al., 2006). This parameter is also
known to allow for deducing the drainage network dynamics and its
evolution by following the migration of water divide lines (e.g., Willett
et al., 2014). The formula for y (Chi) is as follows:

r= ] ) e @

With A being the reference drainage area and m and n are constant
empirical parameters usually expressed as the m/n ratio, which is often
considered as equivalent to the reference concavity index dref that de-
scribes how the river gradient evolves along the river profile (Willett
et al., 2014). The y plot of an equilibrated concave river following the
stream power equation, with uniform conditions, is a straight line along
which both main trunk stream and tributaries collapse. When calcu-
lating (i), we used the value of Oref calculated for the region.

Note that the relationships used to define kg, and y are established for
rivers with rocky substrates, less permeable than the one expected in
karstified areas, characterized by high infiltration and reduced runoff.
Indeed, discharge in karstified areas is divided between surface channels
and subsurface conduits, and channel and basin geometries usually
differ when compared to non-karst basins. Nevertheless, in the studied
area, we do not observe such variations. Moreover, the presence of a
calcrete covering the entire platform reduces surface permeability and
promotes runoff. In addition, Anthony and Granger in 2007 have shown
that the stream power incision model can also be applied in karstified
areas. We thus consider that this justifies the use of formulas (1) to (4).

4. Results
4.1. General morphology of the platform

The studied platform has a slab-like shape dipping towards the NNW,
with variable thickness. Its southeast limit corresponds to an almost
vertical escarpment forming the front of a cuesta. The morphological
analysis of the platform allows us to evidence changes of relief, slope,
and drainage from east to west and from north to south, which constrain
its deformation and evolution.

A. Slope

In the slope map in Fig. 5, four slope classes were set-up: 0 to 3 %; 3
to 12 %; 12 to 21 % and > 21 %. The slope map highlights the
morphology of the flat sedimentary basin (0-3 %) with the imprint of the
Boukadir thrust fault forming an anticlinal. The Relizane fault is visible
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as a straight NE-SW-oriented basin boundary delimiting the studied
platform to the south (Fig. 5).

Regarding the carbonate platform, it forms a slab with a variable
southward extension, with a maximum width of nearly 5 km, east of
Rhiou River and a minimum of 2 km, east of Sly River. This slab has
slope between 3 and 12 % (second class, Fig. 5) and presents steeper
slopes in the valleys (>21 %), showing a strong incision and a highly
dissected hydrographic network. The slopes associated with the incision
of the hydrographic network are more pronounced in the central and
western part of the platform, where the valleys can reach depths of
>100 m, while in its eastern part, the incision does not exceed 50 m. This
variation in incision is consistent with the variation of the maximum
altitudes of the carbonate slab. Indeed, east of the Gargar dam along
Rhiou River, the maximum altitude of the platform is about ~686 m
while east of Taflout River, it is about ~381 m (Moulana et al., 2021).
The carbonate slab ends abruptly to the south, with a marked slope
break (>21 %) forming a cuesta.

Swath profiles performed perpendicularly to the platform provide
additional information on the average slope and morphology of the
platform. Most swath profiles show, in their upper part, a break in slope
2 to 2.5 km south of the Relizane fault, sub-parallel to it. This slope
break, marked in red in Fig. 6, is more pronounced in the west, where it
divides the platform into two parts. To the south, the NW oriented slope
is about 2 to 4°, which is lower than the stratigraphic dip and to the
north, the slope is about 4 to 9°, which is steeper than the dip of the
carbonates (Fig. 3; Moulana et al., 2021). In the latter area, the platform
shows a more significant incision, as highlighted along profiles 2.
Locally, the slope in the upper part of the platform can be so low that a
perched paleo-lake formed, as in the area west of the Gargar dam
(profile 1, Fig. 6). This slope break is less pronounced east of Taflout
River (swath profiles 6 in Fig. 6). It is assumed that the slope change has
been present since the formation of the platform during the Messinian,
linked to eustatic variations during its deposition. In some swath profiles
such as swath profile 2 and 6 in Fig. 4, knickpoints are also highlighted.
The location of these knickpoints is confirmed in the morphometric
analysis that is discussed in the following paragraphs.

East-west “swath profiles” were also performed on both sides of the
slope break in order to better constrain the lateral variation of the
platform morphology (Fig. 7). Gradual changes in slope and platform
elevation are observed except at the Rhiou River, where a topographic
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discontinuity suggests the occurrence of a fault. The existence of this
fault with a NNO-SSE orientation was already proposed by Meghraoui
(1982) and in geoelectrical profiles and magnetic mapping in the region
by BURGEAP (2004).

These profiles allow us to distinguish three platform zones with ho-
mogeneous characteristics: a zone east of the Touchait River with lower
and fairly homogeneous altitudes (around 400 m at the ridge level); a
central zone between the Touchait and Rhiou Rivers where the
maximum platform elevations are observed, and where large changes in
slope and altitude are observed (Fig. 6); and finally, a zone to the west of
the Rhiou River, separated from the rest of the platform by a fault,
highlighted by the topographic jump on either side of the Rhiou river
(Fig. 7).

These results confirm a 3D morphology of the carbonate slab char-
acterized by an increase in slope towards the Relizane fault and a
gradual decrease of the elevation from west to east, leading to a general
dip of the platform towards the east-northeast.

B. Morphology of the cuesta and the top of the platform

Particular attention is paid to the morphology of the cuesta-shaped
escarpment that delimits the platform to the south (Fig. 8). The top of
the cuesta is formed by the upper Lithothamnium unit that is ~5-10 m
thick there and gets thicker farther north (Fig. 3). Below this unit we
observe the bioclastic unit, whose erosion results in large talus scree
slopes. The lower part of the cuesta composed of more marly carbonates
and marls has a lower dip. This dip change is well evidenced by slope
map and in the swath profiles (Figs. 5 and 6). In the area behind the
carbonate platform, the thickness of the Tortono-Messinian marls
changes laterally, with a maximum thickness of ~500 m near the Rhiou
River and their disappearance east of the Taflout River, where the car-
bonates rest on an older, non-purely marly substrate (Fig. 2; Perrodon,
1957).

The cuesta currently corresponds to the main water divide, mostly
drained by north-flowing cataclinal (consequent) rivers reaching the
Chélif Basin. At that location, valleys are wide and poorly incised (in
general 100-200 m wide and 5-20 m deep). The large valleys at the
cuesta seem truncated and are considered as wind gaps. Here, we use the
term wind gap to refer to valleys formed by rivers and then abandoned
due to a capture leading to the loss of the head of their watershed. As the

1°13'30"E

Fig. 4. Watersheds studied with hillshaded topography of TanDEM-X. The Relizane and Boukadir faults are represented.
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Fig. 5. Slopes map with the location of the main rivers, major faults of Boukadir and Relizane, and dry valleys extracted from the TanDEM-X digital elevation model.

C represents the river capture.

formation of a valley results from concentrated water flow, which re-
quires significant drained area upstream of the valley and slope gradient
(Talling and Sowter, 1999), the presence of the wind gaps suggests a
very different drainage organisation in the past. Only few south-flowing
anaclinal (obsequent) rivers drain the platform, most of them initiate in
the marly terrain close to the toe of the cuesta. The largest south-flowing
river in the carbonates occurs on the edge of the B12 basin and results
from a river capture by the Touchait watershed (C6 in Fig. 4).

Close to the cuesta, in the wind gaps and on the surrounding summits
we can notice the presence of a reddish-brown soil that covered the
calcrete (Fig. 9-left up). The soil is locally incised by gullies, allowing us
to estimate that its thickness exceeds 3 m (length of the ravine escarp-
ments in the soil >5 m on the Google Earth images; Fig. 9-right up).
These gullies, that suddenly stop, have a similar orientation to the
fracture network (SW-NE) mapped by Moulana et al. (2022). We inter-
pret the abrupt stop of these incisions as water karstic losses (Fig. 9-right
bottom).

The soil gradually disappears downstream and disappears in the
valley bottoms a few hundred metres away from the cuesta, where
incision increases and only the calcrete outcrops. Elsewhere on the
platform reddish-brown clay material is only found in solution pipes
(Moulana et al., 2022), that are centimetric to metric vertical dissolution
conduits. We interpret this reddish-brown soil as evidence of a paleosoil
that must have covered the entire platform. This paleosoil was later
eroded and preserved only in solution pipes. At the outlets of the stream
draining the platform we can notice that the valleys widen a little and
are covered by a red soil.

C. Karstic features

The carbonate platform exhibits several marks of karstic processes,
such as metric-sized shelter caves, present on practically every valley
edge. They are arranged in staircase steps and attributed to river inci-
sion, some of them indicating paleo-river levels and others marking
paleo-flow base levels of the endokarst (Moulana et al., 2022). In the
latter case, they would correspond either to remnants of ancient caves
brought to the surface by erosive surface processes or to perched and
dried resurgences following the incision of river valleys, the lowering of
the water table, and the uplift of the platform during the Plio-
Quaternary induced by transpressive movement (Meghraoui, 1988).

The distribution of the shelter caves across the platform is

heterogeneous. Along a given channel, the shelter caves are present only
in the areas where the valleys are V-shaped without a thick alluvial
cover, and mostly absent in upstream and downstream part of the
drainage characterized by wider plate-shaped valleys (Fig. 9-left bot-
tom) covered by soil (Fig. 9). Moreover, the caves density is different
between the different drainage basins. In the central zone of the plat-
form, where the relief is maximum, shelter cave levels are more
numerous (Fig. 10), implying a greater development of endokarst. The
shelter caves are an indicator of the incision, indeed their elevation
above the active channel is maximal in the area where the incision
shown by the slope map is high (Figs. 3 and 10). On the Fig. 10, the
transition between the area of high incision and large endokarst and the
ones with lower incision and karst development, is abrupt and located
near the Touchait River, suggesting a fairly localized deformation pro-
cess at the origin of these variations.

D. Drainage network confined to the platform

The Boukadir platform exhibits a well-developed drainage network
composed of more than fifty rivers forming a dendritic, relatively
straight and homogeneous network, except for the SE-NW oriented
stream in watershed B12 (Fig. 4). The sinuosity map confirmed the
homogeneity of the network with only local variation associated to the
slope break that derives from the genesis of the platform (Fig. S1).
Laterally, the basin shapes, spacing, and sizes are relatively similar, with
drained areas ranging from 0.6 km? to 4.4 km? and a median value of
1.4 km?. Only the main rivers of the region: Sly, Taflout, Touchait, and
Rhiou have different geometries as they are not confined to the platform
and also drain the Ouarsenis mountain. The incision of the platform
along their courses is significant, reaching up to 150 m, resulting in a
separation of the platform into distinct slabs, each having a different
slope and relief as highlighted by the swath profiles. The Touchait River
also shows a change in the width of its valley near the documented slope
break (Fig. 7 & black dashed line in Fig. 14).

4.2. Morphometry

In this section, we examine in a more quantitative way the drainage
network. For all the rivers that flow only on the platform, we extract
different parameters such as the presence of knickpoints, concavity
indices (0) and slope steepness (ksy), and values of (y), to describe thor
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Fig. 6. Swath profiles located in Fig. 2-B, obtained from the Tandem-X DTM with sampling done every 14 m in a 1500 m large box. Slope discontinuities are
indicated by a red arrow, knickpoint by blue arrows and bedding in swath profile 2 by green arrows. Profiles 1 to 4: Swaths obtained in the western and central zone.

Profiles 5 to 7: Swaths obtained in the eastern zone.

equilibrium state. A river in equilibrium maintains a stable shape and
gradient over time without significant incision or aggradation, and
morphometric analysis seeks to pinpoint the origin of the observed
disequilibrium. Although these morphometric analyses were carried out
on all the watersheds, we will only present here the results of the most
representative watersheds to avoid too much redundancy.

A. Longitudinal profiles and knickpoints

From the river profiles extracted in all of the watersheds, three main
characteristic trends can be distinguished (Fig. 11). Firstly, the smallest
watersheds located close to the foot of the platform present a concave-
shaped distance-elevation profile, indicating that the streams in these
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Fig. 6. (continued).
watersheds are in equilibrium (profiles of watersheds A10 and Cl, algorithm based on adjusting the concave upward profile with the actual
Fig. 11). Secondly, the river profiles in the west exhibit characteristics stream. Finally, the river profiles in the east are the most difficult to
that suggest they are not in equilibrium. The profiles are locally convex, interpret. No knickpoints are identified, but upstream convexities are
and multiple knickpoints are distinguished by the TopoToolbox still observed. These convexities are less pronounced than in the west,
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Fig. 7. East-West swath profiles located in Fig. 2-Up, carried out in the northern part of the carbonate platform (S.P.N) and at the back of the platform at the ridge

level (S.P.S), obtained from the Tandem-X.

but they suggest that the rivers have not really reached equilibrium as
well.

Fig. 12 shows a map of all identified knickpoints separated into two
classes: those associated with a step >13 m (white), which is the
threshold for which river profiles are best reproduced during automatic
detection of knickpoints, and those associated with a step >45 m (pink),
which correspond to major discontinuities. We can note the presence of
numerous knickpoints in the central and western zones compared to the
eastern zone (Fig. 12). Two categories of knickpoints can be distin-
guished in terms of location. The first category is knickpoints located at
confluences that separate high-perched tributaries from a main stream.
These hanging valleys are particularly visible adjacent to the main rivers
such as the Taflout and Touchait Rivers crossing the platform and locally
in the downstream part of watersheds for some tributaries. The second
category of knickpoints is located directly on the main channels of wa-
tersheds confined to the platform. They are mainly located west of the
Oued Touchait and are aligned sub-parallel to the Relizane fault.

B. y-elevation profiles

On the platform we observe several kinds of y-elevation profiles, the
typical ones are shown on Fig. 13. The small catchments at the foot of
the platform display straight profiles (catchments A10 and C1, Fig. 13),
confirming that they are in equilibrium, while larger catchments have
convex y-elevation profiles, defining a knickzone with different char-
acteristics depending on the drainage basin. Here, we define the
knickzone as a portion of the river profile localized above a sudden slope
increase in the y elevation profiles and presenting locally high channel
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steepness (Beeson and McCoy, 2020). Upstream of the knickzone, there
is a general flattening of the y elevation curves which become subpar-
allel. In the following we compare the y-elevation profiles with the local
morphology to explain the y variations and the drainage evolution.

The two smaller watersheds in equilibrium, A10 and C1, have the
same morphology that differs from the one of the larger watersheds.
They have always been confined to the platform and are less incised than
the adjacent truncated valleys. They exhibit a straight V-valley profile
without significant aggradation and soil development but are associated
with shelter caves.

The watersheds B8, and B12 in the central zone display the highest
knickzones. The section downstream of the knickzone is a plate-shaped
aggrading valley with a well-developed soil, while the knickzone cor-
responds to a meandering V-shaped valley with knickpoints, charac-
teristic of a very strong incision. The upstream parts of these channels
are plate-shaped valleys, filled by a thick soil similarly to the top of the
platform. Further to the east just west of the Touchait River, the
y-elevation profile of catchment C5 has the same characteristics as
catchments B8 and B12 but with a smaller knickzone. We can notice that
two tributaries without wind gaps located in the downstream part of
catchment C5 have straight profiles and V-shaped valleys, suggesting
either that they have reached equilibrium such as A10 and C1 water-
sheds or that they have been recently captured by the catchment C5.

Between the Taflout and Touchait Rivers, the y-elevation profiles of
catchments E1 and E2 show a transition in profile geometry. The
westernmost y profile, E1 exhibits a well-defined knickzone and has a
similar morphology as B12 but less pronounced. While the E2 y-eleva-
tion profile is more linear and fan-shaped, its knickzone is less marked
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suggesting that this catchment is closer to equilibrium. E2 catchment is
less incised compared to E1 (Fig. 4) and misses the upstream area with
plate-shaped valley implying that E2 has always been confined to the
platform and thus does not have exactly the same history as E1.

East of the Taflout River, the y-elevation profiles of the F4 and F7
watersheds are much closer to equilibrium. The collinearity between the
tributaries and the mainstream observed in the F7 watershed confirms
this near-state equilibrium (Perron and Royden, 2013). Again, the dif-
ference in y-elevation profiles are coherent with the morphology, F7
which is closer to equilibrium was always confined to the platform,
whereas F4 is a truncated watershed with wind gaps. Moreover, on the
GE images we can observe that in F4 the valley morphology evolved
along stream similarly as the drainages more to the west, with the suc-
cession of an aggrading plate-shaped valley, an incised V-shaped valleys
about ~1.3 km south of the Chélif Basin and upstream close to the wind
gaps a widening of the soil covered valley. This indicates an incipient
knickzone, suggesting that the catchment is not at equilibrium yet.

The y-elevation profile of catchment G3 does not evidence a knick-
zone but flattens upstream. G3 is less incised than the other catchments
and is characterized by a plate-shaped valley with thick red soils all
along the main stream and wind gaps on the drainage head. The
remaining disequilibrium visible in the profile of this catchment might
be due to this truncation.

Finally, at the eastern end of the platform, the catchments G17 and
G19 experience a different tectonic context; they are located in the
hanging wall of El Asnam thrust. Their y-elevation profiles evidence the
impact of this tectonic structure. G17, which is further from the thrust,
has a profile that tends towards equilibrium, with locally a small con-
vexity, while the G19 profile is more convex and out of equilibrium. In
terms of morphology, these catchments display a sudden transition from
a plate-shaped to a more V-shaped valley, which is much more marked
for G19 than in G17. The main difference with the other catchments is
that the valleys are still covered by a continuous soil cover.

C. Ksp map

The regional map of kg, values in Fig. 14 also shows an east-west
lateral variation with an abrupt change located in the central part of
the platform at the level of the Touchait River. This corresponds to the
transition zone previously identified in the y elevation profiles (E1/E2 in
Fig. 13) and the transition between the central and eastern zones iden-
tified in the morphology (Fig. 7). East of Touchait, the kg, values are
generally low (between 100 and 500 m?®), and are higher west of
Touchait (between 500 and 900 m>°) coinciding with the higher relief
(Figs. 7 and 14). Watersheds with low kg, values are more stable than
those with high kg, values (Snyder et al., 2000). The kg, results agree
with the analysis of the out of equilibrium watersheds.

D. y map

The analysis of the chi map in Fig. 15 allows us to understand the
dynamics of the watershed divide migration (Willett et al., 2014). An
equilibrium between two neighbouring watersheds is highlighted by
homogenous y values on either side of the watershed boundary
(Winterberg and Willett, 2019). On the contrary, different y values
highlight unbalanced areas, the drainages with lower y values corre-
spond to regions where erosion is stronger than uplift, making them
aggressors, and the drainages with higher y values are considered as
victims (Willett et al., 2014).

We focus essentially on the water divides at the cuesta location, to
investigate the large-scale evolution of the platform. In the eastern part,
where the platform has the lowest relief and slope, the drainage on the
platform shows on average higher y values than the one flowing south of
the cuesta. This arrangement is consistent with the morphology in this
zone, which suggests regressive erosion and migration of the watershed
divide towards the north (Fig. 15-Al). On the contrary, in the west,
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where the slope is steeper the contrast of y values shows higher values
for the southern rivers compared to the ones on the platform, indicating
a migration of the watershed divide towards the south, which is not
realistic considering the presence of a very pronounced cuesta in this
zone (Fig. 15-A2). This suggests that there is an external phenomenon in
relation with tectonics that creates and maintains this imbalance.

In the western part we also observe the presence of southward ana-
clinal flows at the top of the platform and a capture of part of B12 basin
by the Touchait watershed (Figs. 4 and 15). Those morphologies are
consistent with the expected regressive erosion for a cuesta morphology
but not with the direction of watershed evolution indicated by the chi
map in the area (Fig. 15- A2). This contradiction suggests that the pro-
cess at the origin of the disequilibrium of the drainage network in the
western part of the platform is probably quite recent, that is why mor-
phologies associated with the regressive erosion along the cuesta are still
visible.

It should be noted that in the area of the capture, depending on the
adjacent watershed considered, the direction of watershed divide
migration varies (Fig. 15-A2), with migration towards the north for the
basins to the east (C2, C5) and towards the south for the B12 basin to the
west. This suggests that the imbalanced area is limited to the section of
the platform between the Rhiou River and the river of watershed B12.
Moreover, it suggests that the processes leading to this disequilibrium
has a relatively localized origin as we do not have the same behaviour
between two neighbouring watersheds.

5. Interpretation
5.1. Formation of the cuesta

The current morphology of the cuesta and the formation of dead
valleys or wind gaps at the rear of the platform (Figs. 5, 8 and 9) is the
result of two processes. The cuesta morphology derives from differential
erosion. The marly terrains deposited from the Langhian to the Messi-
nian, outcropping south of the cuesta, are less resistant and erode faster
than harder more resistant carbonate terrains protected by a calcrete.
Over time, the less resistant marls were eroded away, leaving the more
resistant carbonate materials as elevated features in the landscape. This
is a classic case of relief inversion that has also been observed in the
sedimentary basins of Morocco, where the Pleistocene terraces covered
with a thick calcrete and resting on marls are perched high in the
landscape (Kaemmerer and Revel, 1991; Stokes et al., 2007; Rixhon
et al., 2017). In case of relief inversion due to differential erodibility we
expect the depth of the valley to correlate with the thickness of the
erodible substrate, which is what we observe (Figs. 3 and 4).

Moreover, the cuesta elevation varies laterally, while the carbonates
of the platform were deposited at similar water depths suggesting that
the platform was probably deformed post-deposit with different ampli-
tudes. The central zone between Rhiou and Touchait Rivers is the
highest and thus the most deformed (Fig. 7), which is consistent with the
significant change in incision (Fig. 4).

5.2. Deformation characteristics

The morphometric observations realised on the Boukadir platform
help to characterize its deformation. The y-elevation profiles suggest
that the platform deformation corresponds to a variable tilt (Figs. 13 and
S4). This interpretation is based on the numerical landscape evolution
models of Beeson and McCoy (2020) that characterized the geomorphic
signature of the transient fluvial response to tilting using 1-D river
longitudinal profile evolution models. They demonstrate that tilting
creates unique geomorphic signatures distinct from those induced by
uniform uplift or catchment changes in relation with capture and
headwater truncation. According to their model, the y-elevation convex
profiles that we observed on the Boukadir platform and the associated
knickzone morphology can only be explained by a relatively strong
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Fig. 9. Left up. Wind gaps mapped in the upstream part of the platform just north of the cuesta on Google Earth images. Left bottom. Plate-shaped valley rep-
resentation. Right up. Preserved reddish-brown soil in the upstream part of the platform with local gullies. Right bottom. Zoom on the gullies, showing the thick
reddish-brown soil and their sudden stop implying the occurrence of karstic losses.
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Fig. 10. Elevation difference between the shelter caves mapped using satellite imagery and the active channel at the same location as a function of their E-W location
along a projection line in pink on the inset map. Top right: a field photograph of the shelter cave, about 80 cm high. The green star indicates the location of the photo.

tilting (Figs. 13 and S4). Such tilting also agrees with the other observed
morphologic features such as the geometry, slope, and altitude varia-
tions. In general, the deformation seems higher in the central part of the
platform, for example relief and incision that is higher in the central
zone compared to the eastern zone (Fig. 5) and the knickzone height and
amplitude are more pronounced in the central part of the platform,
implying that this area has been more strongly deformed (Beeson and
McCoy, 2020). Moreover, the fracture mapping on the platform by
Moulana et al. (2022) evidenced the presence of fault offsets only in the
central zone at the back of the platform associated with sediment
accumulation in the hanging walls. Other morphometric variables are
coherent with this interpretation, as the kg, values that are proportional
to uplift rates for homogeneous terrain lithology and can be used to
determine tectonically induced perturbations (Kirby and Whipple, 2001;
Mathew, 2016). Here, the kg, map in Fig. 14 shows a sudden increase
from east to west in the area around watershed B12, implying a higher
uplift and tilt in the west. The y map (Fig. 15) also indicates an imbal-
anced drainage network along the cuesta west of the Touchait River,
with a migration of the divide in the opposite direction of regressive
erosion, suggesting that the process that has deformed this part of the
platform is still ongoing or at least recent. Thus, at least in the central
part of the platform, these morphometric parameters point to a rapid
deformation of the platform by tilting, probably during the Quaternary.

Finally, the geometry and drained areas of the investigated water-
sheds does surprisingly not seem affected by the gradient of deforma-
tion. Indeed, the density of drainage normally reflects the relative
competition between fluvial (advective) and hillslope (diffusive) pro-
cesses (Perron et al., 2008) and is a function of relief, precipitation, and
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erosion rates (Tucker and Bras, 1998). So, the drainage density generally
changes markedly with the tilting of deformed surfaces, as evidenced in
growing anticlines deforming the topographic surfaces (e.g. Talling and
Sowter, 1999). This is not observed here, suggesting asynchrony of the
two processes at work, namely drainage network incision and platform
deformation. In this case, changes are observed at the scale of individual
rivers rather than at the watershed scale. This is probably an indicator of
weak deformation, because for a stronger deformation, even well-
defined basins would be affected and have their limits changed.
Another factor potentially preventing the modification of the catchment
geometry is the fact that the lithological context had changed between
the basin formation and the beginning of the tilting. Indeed, the valleys
are inherited from the period before the cuesta formation, while the tilt
is more recent and intervene after the formation of the calcrete at the top
of the platform that is not easily erodible.

5.3. Knickzone and knickpoints

We observed that generally the knickpoints are collocated with the
largest knickzones, suggesting a relation between these two features
(Fig. 13). Indeed, the watersheds B8 and B12 have the highest knick-
zones (>200 m) and contain the most knickpoints, while east of Taflout
River, where the convexities in the y-elevation profiles are low, knick-
points are absent. Knickpoints are preferentially localized at the limits of
the knickzones marked by the largest changes in elevation in y-elevation
profiles. In particular, the largest knickpoints (>45 m) occur only in the
upper part of the knickzones where a large change in incision and valley
morphology take place: from plate-shaped to V-shaped valleys.
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Fig. 11. Distance/Elevation profiles of some watersheds from west to east of the study area, with knickpoints (in black and pink dots) obtained independently using
MATLAB’s TopoToolboxs. The red dotted frame encompasses the two watersheds A10 and C1, which illustrate the state of equilibrium without knickpoints.
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Fig. 12. Knickpoints map of the study area on the topographic background obtained using MATLAB’s TopoToolbox. White dots represent knickpoint with steps >13

m. Pink dots represent knickpoint with steps >45 m.

The location of the small knickpoints at the confluence between the
main rivers and their tributaries suggests that they are related to dif-
ferential incision. Incision is a function of drainage area and bedload
(Sklar and Dietrich, 2004). Thus, the small hanging valleys above the
Taflout River can be related to the largest incision by this perennial river
compared to its ephemeral tributaries. Moreover, there is a large vari-
ation in bedload between the two types of rivers because the Taflout
River drains quartz-rich terrains south of the platform, whereas its
hanging tributaries are restricted to the carbonate platform covered by a
calcrete, whose erosion provides insignificant bedload. The differential
erosion is probably also increased by the endokarstic drainage. Indeed,
the mainstream corresponds to the local base level, when it lowers, the
underground drainage developed which impacts the surface tributaries
and delays their incision (Mather, 2000; Anton et al., 2012).

The other knickpoints may have a link with lithological differences.
Indeed, the plate-shaped valley at the top of the platforms are composed
of compact and homogeneous Lithothamnium carbonates, but near the
top of the knickzones, at the knickpoint locations, we observe the
appearance of a much more friable facies, the bioclastic facies (Fig. 16).
When a more erodible bioclastic facies is exposed in the riverbeds, this
leads to a knickpoint amplification. Moreover, the Google Earth images
analysis also reveals that these knickpoints are associated with exsur-
gences and thus with the endokarst. The regressive erosion associated
with the tilting has disrupted the functioning of the endokarst and un-
derground flows, by exhuming part of the subsurface conduits (Fig. S5)
and creating resurgences at the knickpoints location (Fig. 16). The
mapping of shelter caves in a tributary of catchment ‘B12’ comprising
two small knickpoints (~10 m) reveals that the resurgences strongly
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promote incision downstream of knickpoints (Fig. S2). Through this
mechanism, a stronger geomorphological expression of these topo-
graphic steps can occur.

In conclusion, the knickzones, identified on the y-elevation profiles
of the Boukadir platform, are related to the tilting while the knickpoints
are strongly linked to the surface regressive erosion and the endokarst.
The latter are not related to a localized tectonic disturbance but rather to
the change of incision gradient triggered by the tilting of the area. These
karstic knickpoints are mostly related to lithological changes and re-
surgences due to erosion. They are not a priori prone to classical up-
stream migration. From that perspective, knickpoints in such karstic
zones might not be representative of a tectonic uplift but rather of the
erosive processes and the activity of the underground drainage system.

5.4. Origin of the tilting

We identify two possible origins regarding the tilt. First, it can be
related to the differential compaction of the underlying marls. Indeed,
marls can compact very strongly (Maillart and Beaudoin, 1989; Hunt
and Fitchent, 1999), the degree of compaction depending on their
thickness. In our case, the thickness of marls is highly variable. In the
basin, drilling shows the presence of >1300 m of marls (Moulana et al.,
2021) and we observed strong lateral variations of the marls thickness at
the back of the carbonate platform (Fig. 2). To the southwest of the
Rhiou River, the platform rests on <500 m of marls, which have been
deposited on marine sandstone of the Oligocene (Figs. 2, 8). Eastward,
the thickness of the marls decreases until it disappears east of the Sly
River (Fig. 2). Based on the observation made by Tavani et al. (2018) in
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Fig. 13. y/elevation profiles of some watersheds from west to east of the study area with black and pink dots indicating the knickpoints from Fig. 11 obtained
independently using MATLAB’s TopoToolbox. The red dashed frame encompasses the two watersheds “A10 and C1” that illustrate the equilibrium state.
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Fig. 14. K, map of the study area obtained using MATLAB’s TopoToolbox. The redder the color, the more the watershed is in a state of disequilibrium, and the bluer
the color, the more the watershed is in a state of equilibrium. The black dashed line represents the slope break.
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Fig. 15. y map of the study area, the color code is based on the value of y at each pixel point of the river. A1. Zoom on the eastern part of the y map at Taflout River.
Black arrows indicate the direction of water divide migration (S-N). A2. Zoom on the western part of the y map at Touchait River. Black arrows indicate the direction
of water divide migration (N-S). The red dashed circle indicates the main capture. The direction of water divide migration at this capture is indicated by black
little arrows.
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Fig. 16. Google Earth images in the knickzone areas showing the occurrence of resurgences (white arrows), shelter caves (red arrows) in the watersheds C5 and B12
(located in Fig. 12). The gray double-sided arrow represents the Lithothamnium carbonate unit, and the black double-sided arrow represents the bioclastic car-

bonate unit.

the Lurestan region in Iran, a thicker marl deposit in the basin would
favour the tilting of the platform towards the basin. In the same way, the
thickening of the sedimentary cover (carbonate at the platform and al-
luvium in the basin) from the cuesta to the Chélif basin might participate
in the differential compaction. In addition, the Boukadir thrust and the
associated anticline growth may have generated gravitational forces
large enough to cause marl deformation or creep towards the south,
facilitating the tilting of the platform. We conclude that the omnipres-
ence of the tilting can be explained by the differential compaction of the
marls, but the lack of knowledge about the precise 3D-geometry of marls
does not allow us to model it.

The deformation field related to the compaction and deformation of
the underlying marls is expected to evolve continuously along the
platform. This is in contradiction with the morphological and morpho-
metric observations indicating an abrupt spatial change in incision
(Fig. 5) and deformation (kg, map Fig. 14, and y map Fig. 15) in the
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central region in line with the El Kherba anticline. We thus conclude that
another process might intervene in the central region leading to a more
intense deformation locally. It might be related to the diffuse propaga-
tion of the Boukadir thrust towards the southwest below the platform.
To further test this hypothesis, we looked at the y-elevation profile of the
G19 drainage affected by the El Asnam reverse fault (Fig. 13). This
profile shows a similar pattern as the ones located between the Rhiou
and Touchait River, which confirms the hypothesis of a deformation
related to the Boukadir reverse fault. We finally consider that tectonic
deformation affecting the central region of the platform is subsequent to
the initial thrust motion along the Boukadir Fault and therefore rela-
tively recent.
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Fig. 17. Paleogeographic evolution of the Boukadir carbonate platform from Messinian in 1 to the Quaternary in 4.

6. Discussion This carbonate platform began to form in the Messinian (~7.2 Ma) in
the context of an inner ramp with a shallow high-energy marine envi-
6.1. Evolution of the carbonate platform of Boukadir ronment and high sediment productivity. The platform was deposited on

marly deposits that started to deform under the weight of the platform. A

All the analyses carried out allow us to present a paleogeographic first bioclastic unit with clinoforms was deposited, followed by a second

reconstruction of the evolution of the Boukadir carbonate platform unit of Lithothamnium carbonates (Moulana et al., 2021). The deposit
(Chélif Basin) since its formation (Fig. 17). morphology is marked by a slight change in slope.
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A.Tuffaceous carbonate with high infiltration :
plate-shapped valley

B. Calcrete formation reducing infiltration, increasing run-off :
deepenning of plate-shapped valley

C.Tectonics increasing watershed slope and incision :
deepenning of plate-shapped valley

D. Incision > calcrete formation, enhancing infiltration :
V-shapped valley

- - - - :evolution of the valley morphology

Carbonates Calcrete

Fig. 18. Drainage evolution model in a porous carbonate terrain in a semi-arid
environment.

During the Messinian Salinity Crisis (5.97-5.33 Ma), the lowering of
the Mediterranean’s base level (—1500 m) disconnected the marginal
sea occupying the Chélif Basin from the Mediterranean. The base level of
the Chélif Basin also dropped, and gypsum deposits typical from this
period formed at the previously marly depocenter of the basin, located
north of Boukadir (Roveri et al., 2014; Naimi et al., 2020; Moulana et al.,
2021). The drop in base level has resulted in the emergence of the
platform and the formation of a hydrographic network deeply incising
the formerly marine terrains. At that time, there was a direct connection
between the platform and the Ouarsenis relief southward, susceptible to
generate a significant flow concentration to trigger an incision. The
newly established river network includes the four main rivers that now
traverse the area, as well as a NNW-oriented secondary cataclinal
network, flowing from the southern Ouarsenis reliefs. This secondary
drainage network flowed on the marine Eocene deposits of the relief and
crossed the Langhian-Messinian marls and the Messinian carbonate
platform and marls; the cuesta did not exist at that time. In the study
area, the impact of this crisis is evidenced by the presence of paleo-
canyons at the level of the four main rivers, revealed by drilling and
geophysical prospecting-based sections (Moulana et al., 2022). The drop
in base level also caused deep Kkarstification, which later led to the
collapse sinkhole of the RN4 between cities of Oued Sly and Boukadir.
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After the Messinian Salinity Crisis, at the beginning of the Pliocene,
the Zanclean marine transgression (Belhadji et al., 2008; Atif et al.,
2008; Arab et al., 2015) led to the filling with marine or lacustrine clays,
of the highly incised valleys in the carbonate piedmont (e.g., the paleo-
Touchait and the paleo-Taflout) and deep cavities (Moulana et al.,
2022). The reflooding of the Chélif Basin would have enhanced marine
influence, including cooler and more moderate climates along its sur-
rounding, and the expansion of vegetation cover. These more humid
conditions are documented widely in the Maghreb region (Bédir et al.,
1996; Mannai-Tayech, 2006; Méon and Tayech, 1986; Tayech, 1984).
During this period of biostasy, the reddish-brown soil developed on the
whole carbonate platform. This soil is visible today mostly in the upper
part of the platform (Fig. 9), in some valley bottoms and inside solution
pipes (Moulana et al., 2022). The compressive tectonics related to the
oblique convergence between Africa and Eurasia started to affect the
studied region (i.e. Meghraoui et al., 1988; Rosenbaum et al., 2002). The
Relizane fault, which structures the southern edge of the basin and de-
termines the contact between the carbonate piedmont and the basin,
was active during this period.

The next period is the Piacenzian (3.6 Ma-2.58 Ma) that is marked by
an increase in seasonality and aridification. There was an expansion of
grassland replacing some of the forested areas (Leroy and Dupont, 1994;
deMenocal, 1995; Trauth et al., 2009; Novello et al., 2015). It was thus a
period of rhexistasy, where the decrease in vegetation cover led to an
increase of erosion. This period is also characterized by the occurrence
of the Piacenzian Climatic Optimum (3.3-3 Ma) (Salzmann et al., 2011).
In Algeria, the Piacenzian Climatic Optimum is marked by the devel-
opment of a first thick layer of calcrete (Alonso-Zarza, 2003; Chellat
et al., 2014, Fig. S3), dated at 3.2 Ma at the Oued Boucherit site (near
city of Sétif) located ~375 km southeast of our site (Duval et al., 2021).
The previously deposited reddish-brown soil covering the whole plat-
form would have been eroded in its northern steeper part and is only
preserved in flat places in some valley bottoms or in solution pipes
(Moulana et al., 2022).

The calcrete favored differential erosion between the platform and
the more marly terrain to the south, which led to the formation of the
cuesta and, consequently, the appearance of the dead-end valleys
perched at the top of the platform. The drainage pattern of pre-existing
rivers was modified and led to the formation of south oriented anaclinal
rivers (Lock et al., 2006; Burberry et al., 2007). Only the largest rivers:
Rhiou, Touchait, Taflout and Sly, continue to flow through the platform,
while the secondary network is cut off from its sources further south.
Therefore, incision along streams having their headwater at the cuesta
location decreases significantly. So, the difference in incision between
the four main rivers and the secondary network becomes significant,
which may explain the presence of hanging valleys. Finally, during this
period, the NNE-SW compressive deformation intensified during this
period and led to its progressive closure of the Chélif marine marginal
Basin and its disconnection from the Mediterranean Sea at the end of the
Pliocene. It is at this time that the Boukadir and the El Asnam thrust
faults formed, while the lateral motion of the Relizane fault decreases
(Meghraoui et al., 1986, 1996; Derder et al., 2011). The El Kherba
anticline is also established in relation with the Boukadir thrust
(Meghraoui et al., 1986).

During the Quaternary, continental sedimentation filled the Chélif
Basin burying the Relizane Fault, the direction of compression changed
from NNE-SSW to NNW-SSE (e.g. Meghraoui et al., 1986), and the rapid
tilt of the platform started. This deformation is the source of the
knickzones visible in the y-elevation profiles and of the strong incision of
the hydrographic network on the platform. The tilting induced river
incision, leading to a deepening of the phreatic levels and creating
stepped shelter caves (Moulana et al., 2022). This fluvial incision also
disrupted the endokarst creating new phreatic levels. This tilt is more
pronounced in the central zone this is due to a combination of factors, on
one hand the differential compaction of the underlying marls, on the
other hand the highest deformation aligned precisely with the
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southwestern extension of the Boukadir thrust, suggesting an impact of
the thrust in the platform deformation. This high deformation centred
between the Rhiou and Taflout Rivers is thus interpreted to result from
the diffuse propagation of the Boukadir thrust under the platform.

6.2. Drainage evolution model in a porous carbonate terrain: tectonics
versus climatic impact

Our study evidenced that the evolution of the drainage network in a
porous environment in the Maghreb area is profoundly influenced by
two key factors: climatic conditions and tectonic forces. They interact to
shape valley morphology and hydrological dynamics, creating a com-
plex and constantly evolving landscape. We propose the following
schematic evolution model of a carbonate platform in the Maghreb re-
gion (Fig. 18).

First, in a carbonate porous environment, water infiltration is diffuse,
while run-off remains relatively low. This influences the valley
morphology, giving them a wide plate-shape. The infiltration is
enhanced when a soil develops, because it provides additional CO2, and
increases the carbonate dissolution. In the Maghreb area, soil does not
develop only in situ through the process of residual dissolution, there
also are significant external soil inputs of aeolian loess (Yaalon and
Ganor, 1973; Yaalon, 1987; Jahn et al., 1991; Bronger and Bruhn-Lobin,
1997; Muhs et al., 2010). Therefore, soils are thicker than expected
given the semi-arid climate of this region, and the resulting carbonate
dissolution is larger.

Second, during the Plio-Quaternary, strong climate changes have
modified the state of the earth’s surface (Fujioka et al., 2005). In the
Maghreb region, this climatic period was typically characterized by an
increased aridification and a pronounced seasonality. The associated
weathering gave rise to a gradual transformation of the porous medium
into a layer of indurated carbonate known as calcrete (Goudie, 1983;
Esteban and Klappa, 1983; Wright and Tucker, 1991). This induration
changed the ratio of infiltration versus runoff, which have favored the
deepening of the pre-existing drainage network during the pluvial
period of the Quaternary. The increase of runoff also led to a concen-
tration of the surface water in the bottom of the valleys which
strengthened locally the dissolution, and thus localized the erosion in
valley bottoms. Moreover, in a second time the increased runoff and
water concentration also changed the ratio of in situ soil formation by
weathering versus soil erosion, with the erosion prevailing in the val-
ley’s bottoms. All these processes led to a deepening of the previously
wide plate-shaped valleys.

Third, the tectonics acts as an amplifier of runoff and incision (Lague
et al., 2003). When the tectonic activity is intense, the rate of incision
exceeds that of calcrete formation, bringing the porous carbonates at the
surface in the valley bottom. Even if this porous terrain locally greatly
favors infiltration, its strong erodibility coupled with a still significant
runoff triggers a high incision, which gives rise to V-shaped valleys.
Moreover, the resulting erosion also brought the endokarst to the surface
creating resurgences in the incised valleys (Harmand et al., 2017;
Hercman et al., 2023). The resurgences reinforce the water discharge
downstream and thus the incision, inducing morphological changes
from plate-shaped to V-shaped valleys. For a limited tectonics the rate of
calcrete formation stays high enough to limit the incision, thus the plate-
shaped morphology persists.

The catchment size can also intervene in modeling the valley
morphology when calcrete is covering it. In small watersheds, runoff
stays too limited to affect the calcrete, resulting in less pronounced
incision, contrary to the large watersheds, where the incision is pro-
nounced. So small tributaries can be hanging above larger ones and
knickpoints formed.

The proposed evolutionary model applies only to semi-arid climatic
conditions. It is important to note, however, that porous carbonate
formations found in higher latitude regions, such as the chalk of France,
the UK and Belgium, exhibit distinct evolutionary patterns due to their
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significantly different climatic contexts, influenced by factors such as
higher precipitation rates, vegetation cover and varying degrees of
weathering and erosion as well as different impact of quaternary glacial-
interglacial cycles (Rodet et al., 2006; Nehme et al., 2020; Farrant et al.,
2023).

7. Conclusion

To better characterize the evolution of drainage networks in porous
carbonate terrain, we study the Boukadir carbonate massif and its kar-
stification in an active tectonic context. Using longitudinal river profiles
analysis and more regional morphometric parameters, in combination
with morphological analyses, we evidence a variable tilt of the platform
as well as out-of-equilibrium drainage systems characterized by knick-
points and convexities. We interpret them in relation with present-day
tectonic deformation processes, associated with differential compac-
tion and karstic/weathering processes. We propose the following land-
scape evolution model: after the platform formation during the early
Messinian, a deep karstification occurred, linked to the drastic variation
of the base level associated with the Messinian salinity crisis (Moulana
et al., 2022). At that time, the surface drainage network was established
as well as the deep underground cavity network. Subsequently, platform
evolution was mainly controlled by climatic and tectonic variations. The
oblique convergence between Africa and Eurasia triggered a trans-
pressive deformation. After a period of biostasy with soil development
and river aggradation, the Pliocene climatic optimum leads to the
beginning of calcrete development on the platform. This induces dif-
ferential erosion between the platform and the surrounding areas, which
leads to the formation of a cuesta and the disconnection of the platform
drainage network from its initial sources, except for the four main rivers
that remain cross-cutting. During the Quaternary, the deformation
changed. The platform was deformed by tilting, as highlighted by the
y-elevation profiles of rivers. Morphological and morphometric analyses
show lateral variations in this deformation, which is much more pro-
nounced to the west than to the east. This variable tilt, affecting the
whole southern border of the Chélif Basin, is probably partly due to
differential compaction of the marls underlying the platform that
changes laterally with the marls thickness variation. Nevertheless, the
abrupt change in watersheds equilibrium aligned with the Boukadir
Thrust suggests a diffuse propagation of the Boukadir thrust under the
platform. Finally, we propose a more general model of drainage evolu-
tion as a function of climate and tectonics. Under semi-arid climatic
conditions such as those of the Maghreb regions, the transition from a
porous terrain to an indurated carbonate (calcrete) terrain has profound
implications on drainage evolution, modifying infiltration, runoff and
valley morphology. Tectonic activity acts as an amplifier of runoff and
incision, leading to the transition from plate-shaped to V-shaped valleys.
In addition, the size of the catchment plays a key role in the degree of
incision, with smaller catchments experiencing less pronounced
changes. These dynamic interactions between geology, climate and
tectonics contribute to the complexity and constant evolution of the
region landscape.
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