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Abstract

The Algerian margin is a passive margin located in the south of the western Mediterranean that developed as a back-arc
basin behind the subduction of the Tethyan Ocean underneath the African plate during the Miocene. Presently in compres-
sion, it is one of the most seismically active areas in the Western Mediterranean, having experienced several moderate to
strong earthquakes in the coastal zone during the last century. The morphology of the continental slope offshore Algeria is
steep and dominated by the presence of numerous canyons of variable size and sea-floor escarpments that are probably the
expression of active thrust-folds. As a result, the morphology of the canyon reflects the interplay between tectonic deforma-
tion and canyon evolution. The main objective of this paper is to make a morphometric analysis of the submarine canyons
of the Algerian western margin, to discern their possible origin as well as to discuss their evolution, using high-resolution
bathymetric data acquired during the MARADJA 1 cruise in 2003. From the morphometric analysis, it can be seen that
where the continental shelf is narrow or even non-existent canyons are very incised, dendritic and ramified, highly devel-
oped, and apparently very active, whose origin may be associated with sub-aerial drainage systems. These canyons are most
likely maintained by gravity flows during the marine transgression, and have concave longitudinal depth profiles suggesting
a mature stage of their evolution. In areas where the continental shelf is wide, canyons are confined to the continental slope
and are disconnected from a sub-aerial river system. They are less incised, less ramified, and poorly developed. The origin
of the slope-confined canyons is rather controlled by retrogressive erosion and small landslides. These canyons have convex
longitudinal depth profiles, suggesting a juvenile stage of their evolution. Finally, we suggest that the submarine canyons on
the Algerian margin are affected by compressive tectonics, which accentuate eastward of the margin.
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Submarine canyons are geomorphic features encountered
on any type of continental margin ( Harris and Whiteway
2011) and are the preferred pathways for the transfer of sedi-
ments from the continental shelf to the deep basin through
submarine landslides and turbidity currents (Nittrouer and
Wright 1994; Babonneau et al. 2002; McHugh et al. 2002;
Normark et al. 2003).

Submarine canyons are defined as “steep-walled, sinuous
valleys with V-shaped cross-sections, axes sloping outward
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as continuously as river-cut land canyons and relief compa-
rable to even the largest of land canyons” (Shepard 1963).

Since their discovery in the nineteenth century, various
hypotheses have been proposed to explain how submarine
canyons formed:
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e Fluvial erosion during the decrease sea level: a morpho-
logical link has been established between submarine
canyons and river systems. In 1903, Spencer hypoth-
esized that these features corresponded to ancient river
beds submerged at the end of the Pleistocene glacia-
tions. This hypothesis could explain the formation of
some of the Messinian canyons in the Mediterranean
Sea (Shepard 1981).

e Several studies have evidenced their initiation by
upslope retrogressive erosion (Twichell and Roberts
1982; Farre et al. 1983; Pratson and Coakley 1996) and
downslope incision by gravity-flow processes (Daly
1936; Pratson et al. 1994; Pratson and Coakley 1996;
Mulder et al. 1997).

e Hyperpycnal currents are generated during high floods
at river mouths ( Daly 1936; Shepard 1981; Twichell
and Roberts 1982; Farre et al. 1983; Pratson and Coak-
ley 1996; Krastel et al. 2001; Baztan et al. 2005). The
continuous input of particulate matter via the direct
connection of the river to the canyon head maintains
the incision/filling phenomena of underwater canyons
or axial incision phenomena (Baztan et al. 2005).

e Tectonics can also influence the course of some can-
yons, with the canyon thalweg being deflected along
faults and structural features (Mountjoy et al. 2009;
Harris and Whiteway 2011).

e Orange et al. (1994), Orange and Breen (1992) have
attributed the origins of some blind canyons (Harris
and Whiteway 2011) to fluid seepage-induced slope
failure.

e Furthermore, the investigations on submarine cable
breaks following the 1929 Grand Banks earthquake
demonstrated erosive power of turbidity currents and
their implications in the formation of canyons (Heezen
and Ewing 1952; Heezen et al. 1954). More recently,
Puig et al. (2014) have identified six major triggering
mechanisms of contemporary sediment transport after
high frequency, long-term in situ monitoring data. These
processes are storm-induced turbidity currents and
enhanced off-shelf advection, hyperpycnal flows and fail-
ures of recently deposited fluvial sediments, dense shelf
water cascading, canyon flank failures and large subma-
rine slope failures, and trawling-induced re-suspension.
Additionally, internal waves can also contribute to the
re-suspension of ephemeral deposits within canyons.

Three main types of submarine canyons are distinguished
depending on the canyon head configuration on the conti-
nental margin and its potential connection to nearby rivers
(Harris and Whiteway 2011):

Type I: Canyon incising the continental shelf and con-
nected with a river mouth (Babonneau et al. 2002;
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Greene et al. 2002; Michels et al. 2003; Cronin et al.
2005; Antobreh and Krastel 2006; Harris and Whiteway
2011);

Type II: Canyon incising the continental shelf but with-
out a direct connection with a river (Twichell and Rob-
erts 1982; Zaragosi et al. 2001; Berné et al. 2002; Hill
and Cota 2005; Arzola et al. 2008; Green 2011; Harris
and Whiteway 2011) and;

Type III: Canyon confined to the continental slope
(O'connell et al. 1987; Bertoni and Cartwright 2005;
Green et al. 2007; Green 2011; Harris and Whiteway
2011; Jobe et al. 2011).

These main types of canyons can also be divided
according to their maturity degree (Twichell and Roberts
1982; Farre et al. 1983; Goff 2001), from “mature” can-
yons (Twichell et al. 1977; Mitchell 2005; Gaudin et al.
2006); to “juvenile” canyons (Twichell and Roberts 1982;
Pratson and Coakley 1996; Goff 2001; Mitchell 2005;
Antobreh and Krastel 2006). Mature canyons are gener-
ally large, isolated (Allen and Madron 2009), dendritic in
their head and meandering downslope (Farre et al. 1983;
Pratson and Coakley 1996; Popescu et al. 2004; Harris and
Whiteway 2011). They are deeply incised into the con-
tinental shelf and present a direct connection with their
sub-aerial feeding system (Babonneau et al. 2002; Greene
et al. 2002; Cronin et al. 2005; Antobreh and Krastel 2006;
Gaudin et al. 2006; Harris and Whiteway 2011). These
canyons generally present a concave longitudinal depth
profile with a slope gradient decreasing downslope (Goff
2001; Mitchell 2005; Covault et al. 2011). Juvenile can-
yons are smaller and straighter (Mitchell 2005) and less
dendritic (Bertoni and Cartwright 2005; Harris and White-
way 2011), and show confined-slope heads (O'connell
et al. 1987; Miller and Mountain 1996; Orange et al.
1997; Bertoni and Cartwright 2005; Cronin et al. 2005;
Green et al. 2007; Green 2011). These canyons are starved
from any sedimentary supply from the continental shelf,
involving slope erosional processes (Harris and Whiteway
2011). Slope-confined canyons generally present a convex
or sigmoid longitudinal depth profile (Goff 2001; Covault
etal. 2011).

Furthermore, three main trends of canyon longitudinal
depth profiles are distinguished: concave, linear, and convex
(Covault et al. 2011). Each trend may correspond to a con-
tinental margin type (passive or active), because longitudi-
nal profile generally reflects the influence of tectonic factor
(uplift/subsidence) and sedimentary processes deposition/
erosion (Covault et al. 2011).

Therefore, concave or exponential trend may be associ-
ated with steep and active margin with a narrow continental
shelf and a close hinterland (Goff 2001); the margin presents
a high erosion rate (Covault et al. 2011).
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A linear trend usually characterizes mature passive mar-
gins that are dominated by fluvial supply, and subject to a
thermal subsidence (Covault et al. 2011).

Finally, convex trend or sigmoid may be the result of
tectonic uplift and deep-basin deformation (Goff 2001).
They are generally associated with passive margins
affected by active tectonic convergence (Covault et al.
2011).

This study is focused on the submarine canyons located
along the western margin of the Algerian basin. This mar-
gin segment formed during the Miocene, in a back-arc
basin context of the Tethyan subduction, with a plung-
ing plate tear, which gave rise to a continental margin in
STEP (Subduction-Transform Edge Propagator) (Govers
et Wortel 2005; Badji et al. 2014; Medaouri et al. 2014).

The main objectives of this work are:

e To describe the main morphological characteristics of
the canyons, such as width, depth, valley morphology,
longitudinal depth profile, and projected upstream/down-
stream evolution,
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e To establish the origin of submarine canyons and their
control factors,

e To identify clues that could reflect the compression of
this margin.

General framework
Geological framework

Northern Algeria is mainly composed of rocks that were
influenced by the Maghrebian orogeny (Frizon de Lamotte
et al. 2000; Bracene 2002; Domzig et al. 2006), which can
be described from south to north by (Fig. 1):

(1) The Atlasic domain consists of Jurassic carbonates
overlain by Cretaceous to Tertiary shales, sands, and car-
bonates.

(2) The external domain, also called the Tellian units,
with folds and thrusts verging to the south, and composed
of sedimentary rocks (mainly marls and limestones);

0°30|'0"E 1°0'|0"E 1"30;0"]5

37°0'0"N

36°30'0"N

36°0'0"N

0°30'0"0 0°0'0"

1°0'0"0

37°0'0"N

Border_Gebco_Data
Hillshaded_image

Shorline

— River-System High : 254
Atlas
Low : 0 :Z
Flyschs L g
. . o
I Xabylian Ridge GEBCO_Data (Medium_resolution_100m) | &
- Kabylian basement wo High:0m

Neogene-Quaternary basins _ Low : -800 m

- Tellian units (External zones)

T T T
0°30'0"E 1°0'0"E 1°30'0"E

Fig. 1 Map of the study area presents the geology of the western Algerian margin, and the bathymetric data sets which are used to map the sub-

marine canyons
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(3) The flyschs units correspond to upper Jurassic, Cre-
taceous, and Tertiary sediments deposited south of the
AlKaPeCa domain (standing for Alborin, Kabylia, Pelori-
tan, and Calabria), in the Tethyan Ocean. They consist of
turbiditic sedimentary sequences (sands and shales).

(4) The Internal domain, composed of hard Hercynian
basement rocks, sometimes associated with its sedimen-
tary cover, the “Dorsale Kabyle,” which is a relict of the
AlKaPeCa domain (Bouillin et al. 1986).

The sedimentary cover of the Algerian offshore is
described in several works (Auzende 1978; Domzig et al.
2006; El-Robrini 1986; Hsii et al. 1973; Medaouri et al.
2012, 2014). A remarkable feature of this cover is the exist-
ence of the salt series of Messinian age (Upper Miocene),
deposited in the basin areas as a result of the Messinian
Salinity Crisis, between 5.96 and 5.32 Ma (Clauzon 1982;
Rouchy et al. 2001).

This Messinian Salinity Crisis materialized in a large
drop in sea level, which corresponds to one or more phases
of drying up of the Mediterranean, which led to a strong ero-
sion of the margin, and to the deposition of large quantities
of evaporites in the basin y (Gargani and Rigollet 2007).
After the Pliocene reflooding, the Pliocene to Quaternary
sediments were deposited. These saliferous deposits have a
mechanical property that favors syn-sedimentary mobility
and diapirism phenomena (Domzig et al. 2006).

Margin physiography

The Algerian margin in North Africa is part of the West-
ern Mediterranean domain. The study area is located along
the western margin of Algeria, at the transition between the
transform margin of the Alboran Sea to the west and the pas-
sive margin of the Algerian basin to the east, which extends
from Sirat cape to Sigale cape over about 300 km (Fig. 1).
The western Algerian margin has an ENE-WSW orientation,
while the rest of the margin is generally E-W oriented.

In terms of orography, the study area is bordered by the
Ténes and Dahra Mountains extending between Ténes and
Mostaganem (Fig. 1) where the topography is relatively
abrupt, the altitudes are variable from 1000 to 1500 m.

The western Algerian margin is one of the steepest mar-
gins in the western Mediterranean (Leclaire 1972). It is char-
acterized by a very narrow continental shelf, especially in
front of the high massifs (Ténes and Dahra) (Domzig et al.
2006; Matougui 2008) (Fig. 1).

In its Eastern part, off Ténes, the Algerian margin is char-
acterized by a narrow continental shelf (2—5 km wide); it is
almost non-existent off the town of Ténes (Fig. 2a), but the
shelf edge lying at 50-100 m water depth is located close to
the coastline. The continental slope extends to water depths
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of 2500-2600 m, over a width of 25 km, with an average
gradient of 8-10°.

The continental slope is excavated by numerous subma-
rine canyons. Most canyons are NW—-SE oriented, straight,
and narrow, with sharp ridges, each of canyons being fed
by several gullies and secondary tributaries. The base of
the continental slope is characterized by an abrupt break-in-
slope, reaching values <2°. There is also a submarine dune
field (Deep-Sea-Fan Kramis) at the mouth of the Kramis
canyon, at a depth of 2500 m (Domzig et al. 2006; Matougui
2008).

On the other hand, faced with the Neogene basins, such
as the Chélif basin, the continental shelf becomes wider (up
30 km) (Fig. 2b). The shelf-edge is located between 100 and
200 m water depths, far from the coast (up 33 km). Con-
versely, the continental slope becomes narrow (less than
15 km) with an average slope gradient of 12—14°. In the deep
basin, beyond 2600 m depth, the gradient is less than 1°.

Climatic and hydrological background

Algeria is characterized by a hot and arid climate; only the
coastal zone is characterized by a Mediterranean climate.
The configuration of the coastal reliefs plays an important
role on the meteorological conditions, more particularly on
the pluvial regime.

The rain is generally irregular, sometimes very violent
and unevenly distributed. According to an established aver-
age, based on data from the National Meteorological Office
(ONM) (1986—1994 period), the coastal regions receive an
annual rainfall of about 690 mm/year.

The drainage system on land is rather seldom. The larg-
est watershed in the study area is the Chlef watershed. It is
300 km long, has an average slope gradient of 1 to 2°, and
drains a basin of 26,750 km?.

Valley Chlef originates from the Tellian Atlas and diver-
sifies in front of the large Arzew Bay; it is the main source
zone of sediment in the region (Fig. 1).

However, in the east, the size of the watersheds decreases
sharply to 200 km?, while the average slope increases by
4 to 5°. These watersheds characterized by small valleys,
often have episodic torrential behavior. During flash floods,
hyperpycnal currents might be generated.

Data and methods

The data set used in this study was acquired during the MAR-
ADIJA 1 oceanographic survey in September 2003 (MAR-
ADJA: MARge Active el DJAzair, el Djazair = Algiers) on
board the Suroit research vessel (IFREMER). The bathy-
metric and reflectivity data along the slope were obtained
using a Kongsberg EM300 Simrad multibeam echosounder,



Arab J Geosci (2022) 15: 254

Page50f19 254

0°30'0"0 0°0'0" 0°30'0"E 1°0'0"E
1 1 1 1
N
B . B Legend
0 o
2 helf- v .
200  Shelf-edge v E - High: 0m
z
H 4 !
o | 00 s Low : -2818 m|
e -600
N~
© -800
~ -1,000
= -1,200
=
E.-1,400
3
2 -1,600
-1,800
-2,000
2,200
2,400
> -2,600] ‘ : ‘ : >
5 0 10,000 20,000 30,000 40,000 50,000 60,000 70,000 g
o4 Distance from Coastline (m) =
g (]
S s
©o ©
~ (2]
A
| SRR .. Shelf-edge
-200 N\
4001
-600
-8001
E -1,0001
= -1,200
£
£ 1,400
Z 2 1600 £
o o
:9 -1,800 | :?
© -2,000- 7]
(2] ™
-2,200/
2,400
-2,6001
0 10 20 30 40 -10,000 0 10,000 20,000 30,000 40,000 50,000
e e ki Distance from Coastline (m)
T T T T
0°30'0"0 0°0'0" 0°30'0"E 1°0'0"E

Fig.2 Map showing the continental shelf extent; a longitudinal depth profile shows a narrow continental shelf located in Ténes cape; b longitu-
dinal depth profile shows a wide continental shelf located in front of the Chélif basin

whereas a Kongsberg EM 1000 was used for acquiring data
along the continental platform. Simrad EM300 is a 32-kHz
multibeam system that allows for overall swath coverage of
~6 times the water depth, increasing with depth to a maxi-
mum width of 5000 m at 1000 m. Its vertical accuracy can
reach 2 m for the central beam and its lateral resolution is
at most~25 m. The bathymetric information allows for a
precise study of the morphology of the seabed, and the back-
scatter data allows for the study of changes in the reflectiv-
ity of the seabed. The depth of multibeam coverage ranges
from 60 to 2800 m. The data set allowed producing a Digital
Elevation Models at a spatial resolution of 25 m (Fig. 1).

GEBCO (General Bathymetric Chart of the Oceans) data
were used, with a resolution of 30 arc-seconds (Fig. 1) to
cover unmapped areas on the shelf. These data allowed us
to specify the upstream limit of canyon heads and to perform
a morphometric analysis of the watersheds associated with
submarine canyons.

We generated longitudinal and transverse depth profiles
for each canyon using a GIS (Geographic Information Sys-
tem) software (Arc-Gis 10.2), thus allowing a quantified and

detailed morphometric analysis for data comparison and
correlation (bathymetric profiles, cross-sections, sinuosity
index, thalweg gradient, canyon and thalweg width, and val-
ley incision depth). To map the boundaries of the submarine
canyons in the study area, the manual digitizing method was
used, in accordance with Heap and Harris (2008) and Huang
et al. (2014).

After mapping the submarine canyons on the western
Algerian margin, we applied the following filter criteria to
obtain the final set of canyon polygons:

I. The incision of the canyon head in relation to the

surrounding interfluves must be greater than 100 m;

II. The depth range between the head and the foot of the
canyon must be greater than 1000 m.

These criteria follow Harris and Whiteway (2011), and
ensure that the dataset excludes out-of-canyon features such
as abyssal valleys, slope gullies, and shallow plateau valleys.

The morphometric study of the canyons is based on the
following parameters:

@ Springer
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— Branching: this is a parameter similar to the “dendric-
ity” of a canyon, the difference being that the former
term is expressed in degrees and the latter’s given in
number of tributaries per km?. This parameter consists
of defining a degree of branching that increases with
each branch of the canyon.

— The longitudinal depth profile along the canyon thal-
weg: this profile reflects the canyon shape and repre-
sents its evolution over distance and depth. It allows for
the analysis and discrimination of the type of profile
(concave, convex, or linear) characterizing the canyon
and to evaluate the length of the canyon.

— The gradient of the thalweg: the gradient (o) measured
from the longitudinal profile of the thalweg. It reflects
the inclination of the thalweg in relation to the horizon-
tal and is expressed in degrees (°).

— The thalweg sinuosity: this is the ratio between the cur-
vilinear length of the thalweg (L) and the distance in a
straight line (D) between two points (between the head
and the foot). Its value varies between 1 (in the case
of a straight line) and infinity (in the case of a closed
loop). A simple thalweg is considered straight when the
meander index is < 1.3 and meandering for values > 1.3.

— The transverse/strike depth profile of the canyon: depth
profile established perpendicular to the direction of the
thalweg. It shows the V or U-shaped morphology, and
the presence of terraces and/or axial incisions.

— Canyon incision depth: corresponds to the distance
between the lowest point of the canyon (thalweg) and
the highest point of the canyon interfluves.

Other morphometric parameters were also highlighted,
such as the depth at the head of the canyon, the distance
of the head from the shoreline, the depth between the foot
of the canyon and the surface of the canyon.

Results

The morphological study of the Algerian margin revealed
the presence of more than thirty submarine canyons of
different sizes and morphologies. Some of these canyons
converge downslope to form a single axial canyon; others
connect laterally to a main canyon or channel, while others
may remain isolated. These canyons are generally NW-SE
oriented, straight, and narrow, except for the Kramis can-
yon which is sub-parallel to the margin (slope) (Fig. 3).

The study area has been divided into three sectors: the
eastern sector (between Sirat Cape and Kramis Cape), the
central sector (between Kramis Cape and Aiguille Cape),
and the western area (Aiguille Cape to Sigale Cape)
(Fig. 3).
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Canyon morphometry
Eastern sector (Cape Sirat—Cape Kramis)

This sector is characterized by a narrow or even non-existent
continental shelf in front of mountainous massifs such as
that of Ténes. On land, a less dense drainage system feeds
the continental margin with sediments from the erosion of
the continent. The peculiarity of this drainage network is
the rectilinear shape of its rivers, with catchment areas in
the shape of funnels, which confers a torrential regime to
the drainage systems.

Three canyons in the eastern zone incise the continen-
tal shelf and are directly connected to the mouths of riv-
ers such as Oued Damous which feeds the Damous canyon,
Oued Allalah with the Allalah canyon, and Oued Tarzout
in connection with the El Marsa canyon (Fig. 4). On the
other hand, the Ténés and Kalah canyons incise the conti-
nental shelf but have no direct link with a river. The Colompi
Islands canyon and the Guelta canyon are confined to the
continental slope.

Most canyons heads are amphitheatre-shaped, with
branched or dendritic forms. They generally have steep to
vertical flanks with slope gradients >20° and a V-shaped
cross-section. The heads are hundreds of meters to several
kilometers wide and their length is between 5 and 10 km.
We distinguish two canyon head configurations: close to the
present coastline (with a distance of 1.5 to 3 km between the
canyon head and the shoreline), and isolated on the conti-
nental slope (with a distance of more than 6 km) (Fig. 4).

The canyon body presents a V or U-shaped cross-
section with some intermediate shapes (Table 1). At the
canyon mouth usually develop large thalwegs up to 5 km
wide. The height of the canyon walls decreases to tens of
meters and the mouth generally presents a U-shaped cross-
section except for the Damous canyon and the canyon of
the Colompi islands which present a V-shaped morphology
(Fig. 6).

The longitudinal depth profiles of all canyons in the east-
ern sector are concave with an average slope gradient of 4.6°
(Fig. 5). The canyon interfluves have a longitudinal depth
profile with a concave to linear tendency in its upper part,
a convex shape in the middle part, and a linear shape at its
end (Fig. 5).

Some canyons exhibit the presence of knickpoints on
their longitudinal profiles such as the Damous canyon, Ténes
canyon, and Colompi Islands canyon (Fig. 6). These knick-
points are 100200 m high and 300-1000 m in width. They
indicate a disruption in the slope-equilibrium profile which
can be explained by either tectonics deformation or litho-
logical changes in the thalweg (Mitchell 2006).

The transverse bathymetric depth profiles across the
canyons reveal a change in shape from the head to the
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Fig.3 Main canyons mapped along the western Algerian margin and delimitation of the three sectors

mouth, from a V-shape to a U-shape with the exception of
the two canyons, Damous and Colompi Iles, which con-
serve the V-shape from the head to the mouth (Fig. 7a),
with the existence of an axial incision at the mouth of the
Damous canyon (Fig. 7a), irrefutable proof of the strength
of turbidity currents that travel the axis of the canyon.

The sinuosity index of all the canyons as a whole
is about 1.06 and, therefore, they can be described as
straight canyons. The main orientation for all the canyons
is south-north, except for the El Marsa and Guelta can-
yons, which have a SE-NW direction.

Canyons that incise the continental shelf and are con-
nected a river system that has larger thalweg surfaces
between 52 and 183 km? and covers more than 60 % of
the Eastern sector. They also have a greater degree of
branching than the other canyons (between 15 and 22),
with wider and more developed mouth areas and are also
less spaced between them on average between 2 and 3 km
apart and can reach incision depths of more than 400 m
(Table 1).

Central sector (Cape Kramis—Cape Aiguille)

This sector is characterized by a relatively wide continental
shelf that varies between 10 and 30 km, especially opposite
the large bay of Arzew (Fig. 2). The largest watershed in
the central zone is the Chlef watershed. It is 300 km long,
has a gentle slope, 1° to 2° on average gradient and drains a
26,750 km? basin with an elongated shape. Valley Chlef is
characterized by a sinuous shape that favors the accumula-
tion of sediments in the hinterland. Valley Chlef originates
from the Tellian Atlas and diversifies in front of the large
bay of Arzew. It is the main source zone in sediment of the
central region.

The majority of canyons in the central sector incise the
continental slope to a depth of 200 m, but they do not reach
the continental shelf. Therefore, they can be described as
slope-confined canyons or “headless canyon.” These can-
yons are parallel to the slope and are generally small with
an average length of 18 km and a very high thalweg gradi-
ent (8°), with the exception of the Kramis canyon which
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Fig.4 Physiographic map illustrating the degree of branching of the canyons with the associated drainage system on land in the eastern sector

presents a very particular morphological signature on the
continental slope and a sub-perpendicular direction to the
slope and which extends over a length of 40 km with a more
or less important gradient of the thalweg (2.8°).

The canyon heads in the sector have a simpler morphol-
ogy compared to other sectors, except for Ivi Canyon that
shows an amphitheatre shape. These canyon heads have a
lower degree of branching than in the eastern sector (The
maximum branching is 13) (Fig. 8), with steep to vertical
flanks. The canyon heads are hundreds of meters to a few
kilometers wide and its length is between 3 and 5 km. The
canyon body may present a V or U-shaped cross-section
with some intermediate profiles (Table 1). The width of
the canyon valley is almost constant from head to mouth
(400-500 m wide). On the other hand, the canyon mouth
zone is less developed with narrowing of the thalweg
towards the downstream, but also an increase in the aver-
age gradient (up to 15°) (Fig. 8) and with V-shaped cross-
sections, except for the case of Kramis Canyon, which is
characterized by a well-developed and wider mouth zone
(Fig. 8).

@ Springer

The longitudinal depth profiles of most canyons in the
central sector are convex to linear with an average gradient
of 7.6° (Fig. 9). The interfluves have longitudinal depth pro-
files with a clear convex shape (Fig. 9). The average slope is
6° and the maximum of 13°. On the other hand, the Kramis,
Carbon, Ferrat, and Aiguille canyons have rather a concave
longitudinal depth profile with an average slope of 2.8° to
8°, and which decreases locally from the head to the mouth.

Canyons with a convex to linear longitudinal depth pro-
file are characterized by the presence of knickpoints, which
generate steep step-like features on the longitudinal profile
(Fig. 9). These knickpoints are about 100 to 300 m high and
over 500 and 2000 m distance are interpreted as escarpments
at the foot of the slope.

Similar to the canyons in the eastern zone, the transverse
bathymetric profiles of the canyons in the central region
show a change in shape from head to mouth, from V-shaped
to U-shaped, with the exception of Stida Canyon, which con-
serves the V-shape from head to mouth (Fig. 7b).

The average sinuosity index of the canyons is about 1.05,
which characterizes a rectilinear shape. The main orientation
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for all the canyons is NW-SE, except for the Kramis Canyon
which has an E-W orientation (Fig. 8).

Moving westward from the Bay of Arzew, the canyons
incise the continental shelf down to 120 m water depth, but
without any connection to a hydrographic network. The
majority of canyons in the central sector are characterized
by very small valley areas between 9 and 45 km?, except
for the Kramis Canyon that has a valley area of 255 km?
(Table 1). These canyons also are more widely spaced, aver-
aging between 5 and 7 km, with incision depths as deep as
300 m (Table 1).

Western sector (Cape Aiguille—Cape Sigale)

The western sector is characterized by a narrow continental
shelf that varies from 2 km off the capes to 10 km wide off
the Bay of Oran. The drainage system is rather non-existent
(Fig. 10); the surface of coastal watersheds varies between
40 and 76 km?, with elongated basin shapes.

In the western sector, there are canyons that incise the
continental shelf up to a depth of 120 m (e.g. Oran Canyon),
but they are not connected to a river system, and there are
also canyons confined to the continental slope (Fig. 10).

All the canyons in this sector have an S-N direction. The
average length of the canyons is 24 km, with an average
thalweg gradient of 6°.

The canyon heads have a simple morphology, with a
higher degree of branching than the central sector (up to
15). The canyon head walls are very steep to sub-vertical
with an average slope of 32° and V-shaped cross-sections.
The canyon body is U-shaped (Table 1), except for the Ain
El Turk canyon, which is V-shaped (Fig. 7c). The canyon
mouth is more or less developed (Fig. 10), except for the
falcon and Sigale canyon, which presents a very wide mouth
zone between 3 and 5 km.

The longitudinal depth profiles of all canyons in the
zone have a slightly steeper concave shape than those of

0 2000 4000 6000 8000 10000 12000 14000 16000 18000 20000 22000 24000 26000 28000 30000 32000 34000 36000

Distance (m)

canyons in the eastern zone (Fig. 11), identical to the profile
of the interfluves with an average slope gradient of 6° that
decreases locally from the head to the mouth (Fig. 11). The
peculiarity of the longitudinal depth profiles of the western
zone is the absence of knickpoints on the topographic profile
(Fig. 11).

The average sinuosity index of the canyons average is
about 1.06, which coincides with an almost rectilinear shape.

Canyon activity

A canyon is considered active when sediment-laden and ero-
sive gravity currents take its course and settle at the foot of
a continental slope. It is inactive when, cut off from direct
sedimentary inputs, it slowly fills in through hemiplegic
sedimentation. The activity of a canyon therefore depends
strongly on the location of the head of the canyon on the
continental margin, on its connection with a sub-aerial river
system and on the variation of the source’s inputs over time.

The recent activity of the canyons, of the West Algerian
margin, can be deduced thanks to the interpretation of the
reflectivity map, based on the variation of grey levels. Thus,
the higher the grey level (dark grey), the greater the activity,
and the floor surface corresponds to an area where the sedi-
ments are restructured and disturbed (with coarse deposits),
and conversely when the shades tend towards white (light
grey), this indicates little or no activity; the surface sedi-
ments are in calm environments (fine hemiplegic deposits).

From the backscattering data (Fig. 12), it can be seen that
the bottom of the canyons in the East and West zones are
darker than the bottom of the canyons in the central zone.
This high back-scattering might reflect recent (Holocene)
turbiditic activity as observed on sediment cores from this
area by Ratzov et al. (2015). Turbiditic activity is also at the
origin of the formation of the deep sea fan at the mouth of
the Kramis canyons initiated after the Messinian Salinity
Crisis (Babonneau et al. 2012).
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Discussion From east to west, we can distinguish two categories of lon-

The morphometric analysis of the submarine canyons on the
western Algerian margin shows changes in their geometric
configuration, from east to west and from the top to the bot-
tom of the continental slope.

By observing the longitudinal depth profiles of the can-
yons of the western Algerian margin, we first note that the
average thalweg gradient is very high ("5°) for all the can-
yons, with the exception of Kramis canyon (< 5°) (Fig. 9).

@ Springer

gitudinal profiles characterizing the evolution of the can-
yons. In the eastern part of the margin, the canyon thalwegs
present concave longitudinal depth profiles, whereas the
canyon interfluves are characterized by a linear to convex
longitudinal profile (Fig. 5), which suggests that the canyons
have already reached a state of equilibrium (Gaudin et al.
2006). Although the deep V-shaped cross-sectional profiles
in the head of the canyons suggest that erosion is still very
active, mainly due to the high slope angle and the direct
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Fig. 7 Transverse bathymetric profiles along canyons showing U- or V-shaped profiles and canyon depths

connection to a drainage system, the U-shaped cross-section
in the body and mouth parts suggests that the canyons have
reached their maximum incision depth and are now evolv-
ing by lateral erosion through destabilization of the flanks.

In the eastern part of the margin, the thalwegs show
knickpoints in their longitudinal profiles (disturbance of
the equilibrium profile), which can be explained either by
tectonic deformation or lithological changes in the thalweg
(Mitchell 2006). The striking feature of these knickpoints is
their location between the mid-slope and the foot of the slope
(between a depth of — 1600 m and — 2400 m), together with
their large dimensions in height and length (Figs. 6-7-10),
which suggests the possibility of a tectonic feature persisting
on this depth range, probably related to uplift mechanisms
under a compressive regional tectonic setting. The canyons
in the Eastern sector can therefore be interpreted as mature
canyons developing on a margin controlled by compressive
tectonics, with steep slopes and a narrow continental shelf
favoring erosive processes.

In the central part of the margin, the thalweg and inter-
fluves of the canyons present convex-up longitudinal depth

profiles (Fig. 9). The canyons have not yet reached an equi-
librium profile and eroding processes are, therefore, expected
to be strongly active. In fact, the V-shaped cross-sections
are highly developed in the canyon head and body parts of
the thalweg axis. On the other hand, the mouth displays a
U-shaped cross-section (Fig. 7b). Only the Kramis canyon
is characterized by a concave longitudinal depth profiles
(Fig. 9) and a U-shaped cross-section from the head to the
mouth (Fig. 7b), thus can be interpreted as a mature canyon.
On the other hand, the Carbon, Ferrat, and Aiguille canyons
are similar to the Kramis canyon, with a concave longitudi-
nal profile but a V-shaped cross-section. In other words, the
El Abid, Teddert, Ivi, Chlef, Salamander, and Stida canyons
can be interpreted as immature or juvenile canyons. The pre-
sent convex longitudinal profiles of the thalwegs and their
interfluves should be strongly constrained by the deforma-
tion and uplift of the margin. Along the convex profiles, the
angles of inclination of the canyon head and body are of the
order of 8—10° and 4-5°, respectively, while the mouth area
is too steep 6—7°. This may suggests that the upper edge
where the head and body have been lifted relatively less
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Fig. 8 Physiographic map illustrating the degree of canyon branching with the associated drainage system on land in the central sector
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than the lower edge where the mouth area has been tilted
northwards with a large increase in the slope angle.

In the western part of the margin, the thalweg and inter-
fluves of the canyons present slightly steeper concave lon-
gitudinal depth profiles (Fig. 11), suggesting that they have
already reached a state of equilibrium (Gaudin et al. 2006),
with deep V-shaped transverse depth profiles in the canyon
heads (Fig. 7c), suggesting that erosion is still very active.
This is mainly due to the steep slope angle as there is no
direct connection to a drainage system (Fig. 10). As there

are no knickpoint zones on the longitudinal profiles of the
canyons as a whole, it can be said that the western zone is
little or not affected by tectonics.

The variations in convex versus concave thalweg profiles
might be due to differential compression along the margin.

From the data of the reflectivity map (Fig. 12), we can
estimate that the canyons of the eastern sector are more
active, as they are characterized by the darkest tones in
terms of imagery; which suggests the presence of a coarse-
grained facies on the canyon bottoms. In the case of the

@ Springer
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canyons in the central sector, the majority of canyons show
very low backscattering with the exception of the Kramis
Canyon is marked by dark tones (high reflectivity); this
suggests the deposition of coarse-grained material in the
canyon bottom, due to the narrowness of the continental
shelf, 6.5 km between the mouth of the Kramis Valley and
the head of the thalweg.

The canyons in the western sector are marked by dark
tones (high reflectivity); this usually indicates the pres-
ence of a coarse-grained facies on the canyon bottoms, and
this activity extends to the abyssal plain, which potentially
testifies the action of erosive flows, most probably related
to turbidity currents.

The current morphology of the margin has influenced
the distribution of canyons. In sector with a narrow con-
tinental shelf, the canyons are longer, deeper, and well
developed and incise the continental shelf and with a
higher degree of branching and a greater depth of incision
(Table 1); on the other hand, in sector where the continen-
tal shelf is wide, the canyons are confined to the slope and
less developed, with a shorter length and less branching
and a shallower depth of incision and they are steeper.

The geodynamic history of the margin has influenced
the morphology of the slope, since STEP (Subduction
Transform Edge Propagator) type margins are distin-
guished from other margins by a narrow and steep conti-
nental slope (3° to 9°) (Le Pichon and Fox 1971; Scrutton
1976). In the three sectors studied on the margin, can-
yon cross-sections change downslope from V-shaped to
U-shaped (Fig. 7). Such longitudinal depth evolution has
already been observed in the marine area of western Iberia
(Arzola et al. 2008). Comparison between the three zones
revealed that V-shaped cross-sections are associated with
a slope gradient greater than 5°, whereas U-shaped cross-
sections appear where the slope angle is less than 5°. The
formation of V or U-shaped cross-sections could therefore
be strongly constrained by a critical slope angle of the
continental slope of about 5°. This critical angle is thought
to have a direct effect on the erosive capacity of gravity
flows, with a slope angle greater than 5° giving the flows
sufficiently high kinetic energy to significantly increase
their erosive power (Brothers et al. 2013).

It has already been shown that tectonics influence the
location of canyons (Antobreh and Krastel 2006; Mountjoy
et al. 2009). On the Algerian margin, the Kramis Canyon dif-
fers from the other canyons of the margin by its East—West
orientation. It is believed that the canyon was carved in a
collapse zone linked to the presence of a strike slip fault,
which is located between two geological domains of differ-
ent age and nature (the internal and the external domains)
(Domzig et al. 2006). In addition, the knickpoints, which
interestingly are all at the same depth range, may be the
expression of compressive tectonics.

Conclusion

Based on high-resolution multibeam bathymetry and
imagery data, obtained from EM 300, we can see that the
western Algerian margin is characterized by morphologic
contrast, from east to west and from the top to the bottom
of the continental slope. Different factors control the vari-
ation of morphology of the canyons, their initiation and
evolution on the margin, notably the width of the conti-
nental shelf, sediment supply, margin morphology, and
compressive tectonics.

In conclusion, we can say that sector where the conti-
nental shelf is narrow or even non-existent canyons are
very incised, highly dendritic and ramified, highly devel-
oped, and apparently very active; their origin may be
associated with a drainage system. These canyons have
concave longitudinal depth profiles and are designated
as mature because they reach an equilibrium longitudi-
nal profile and characterize the morphology of a young
margin. In sector where the continental shelf is wide, the
slope in front of the Bay of Arzew is singularly devoid
of large active canyons, whereas on land, we are in front
of one of the largest rivers in Algeria, due to its drainage
network and its length (Chlef River). The presence of the
continental shelf probably plays a role in trapping sedi-
ments coming from the continent, and the attenuation of
the energy coming from the rivers, the canyons confined
to the slope and disconnected from a sub-aerial river sys-
tem are initially formed by mass movements at the slope
(for several different reasons: change in lithology and/or
accumulation rate and/or fluid escape along preferential
conduits, destabilization associated with tectonic uplift)
and evolve up the slope in a second stage by retrogres-
sive erosion. These canyons present a convex longitudinal
depth profiles, and are called immature or juvenile canyons
because they have not yet reached a longitudinal profile
of equilibrium and characterize the morphology of a pas-
sive margin reactivated in compression. The West Alge-
rian margin is therefore considered to be a young margin
reactivated in compression.

Canyons appear to be good markers of margin deforma-
tion that can be reflected by the deformation of the longitu-
dinal depth profile of the canyon (convex trend). We could
thus, based on the morpho-structural evolution of the can-
yons, corroborate the hypothesis of a deformation of the
western Algerian margin increasing towards the east.

High-resolution seismic profiles along the canyon axis are
recommended to constrain the internal architecture of the
canyons in order to propose a model of canyons evolution
in the study margin.
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