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Abstract

A newly identified large-scale submarine landslide on the NW African margin (Agadir Slide) is
investigated in terms of its morphology, internal architecture, timing, and emplacement processes
using high-resolution multibeam bathymetry data, 2D seismic profiles, and gravity cores. The Agadir

Slide is located south of the Agadir Canyon at a water depth ranging from 500-3,500 m, with an
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estimated affected area of approximately 5,500 km?. The analysis of the Agadir Slide’s complex
morphology reveals the presence of two headwall areas and two slide fairways (the Western and
Central slide fairways). The volume calculations indicate that approximately 340 km? of sediment
accumulated downslope along the slide fairways (approximately 270 km?®) and Agadir Canyon
(approximately 70 km®). Novel stratigraphic correlations based on five gravity cores indicate an
emplacement age of approximately 142 + 1 ka for the Agadir Slide. However, the emplacement
dynamics suggest that the Agadir Slide developed in two distinct, successive stages. The presence of
two weak layers (glide planes) is a major preconditioning factor for the occurrence of slope instability
in the study area, and it is likely local seismicity related to fault activity and halokinesis triggered the
Agadir Slide. Importantly, the Agadir Slide neither disintegrated into sediment blocks nor was it
transformed into turbidity currents. The emplacement timing of the Agadir Slide does not correlate

with any turbidites that have been recorded downslope across the Moroccan Turbidite System.

Keywords: Agadir submarine slide; Turbidity current; Multibeam bathymetry; Moroccan Turbidite

System; Northwest Africa.

1. Introduction

Submarine landslides are ubiquitous across continental margins (Hampton et al., 1996; Masson
et al., 2006; Krastel et al., 2014). They are one of the key mechanisms that transport sediment from
continental shelf and upper slope areas into deep-sea basins (Masson et al., 2006). Submarine
landslides are capable of generating damaging tsunamis that affect both local and distal coastal
communities and associated infrastructure (Mosher et al., 2010; Tappin et al., 2014). On a local scale,
large-volume and fast-moving submarine landslides disintegrate to produce turbidity currents through
mixing processes with the surrounding sea water (Talling et al., 2007a; Clare et al., 2014). Turbidity
currents are more mobile than their parent landslides and are capable of transporting sediment over

thousands of kilometers to reach the distal Abyssal Plains (Talling et al., 2007b; Wynn et al., 2010;
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Stevenson et al., 2014). For geohazard assessments, it is important to understand why some landslides
form turbidity currents while others do not, since turbidity currents can travel at relatively high speeds
(tens of m/s) and pose a major geohazard to sea floor infrastructure such as telecommunication cables
and pipelines (Piper et al., 1999).

The Moroccan Turbidite System extends 1,500 km from the head of the Agadir Canyon to the
Madeira Abyssal Plain (Fig. 1), and it has hosted some of the largest (with volumes exceeding 150
km?3) landslide-triggered turbidity currents that have occurred in the past 200 ka (Wynn et al., 2002;
Talling et al., 2007a; Frenz et al., 2009; Wynn et al., 2010; Stevenson et al., 2014). The Moroccan
Turbidite System fills three interconnected sub-basins: the Seine Abyssal Plain, the Agadir Basin, and
the Madeira Abyssal Plain (Wynn et al., 2002; Fig. 1). Previous studies have developed a robust
geochemical and chronostratigraphic framework across the Moroccan Turbidite System, allowing the
correlation of individual turbidite beds across the continental margin (Wynn et al., 2002; Frenz et al.,
2009; Hunt et al., 2013a). The turbidites originate from three areas (Fig. 1): (1) organic-rich
siliciclastic flows sourced from the Moroccan margin, which are fed into the system via the Agadir
Canyon and several submarine canyons (Wynn et al. 2002; Frenz et al., 2009; Hunt et al., 2013a), (2)
volcaniclastic flows sourced from either the Canary Islands or Madeira (Hunt et al., 2013b), and (3)
carbonate-rich flows sourced from local seamounts (Wynn et al., 2002). The first group represents
the largest deposits, and due to their large volumes, their sources are most likely submarine landslides
originating from the upper regions of the Moroccan continental slope (Talling et al. 2007a). However,
to date, no major landslide scars have been documented in the upper regions of this system.

The study area is situated on the Moroccan continental margin at water depths ranging from 30
to more than 4,000 m (Fig. 1). Recently, a large-scale submarine landslide (Agadir Slide) was
identified in this area based on hydroacoustic data (Fig. 2; Krastel et al., 2016). However, several
questions on the Agadir Slide must still be addressed, such as (i) how the Agadir Slide was emplaced
and (ii) whether the Agadir Slide was a source landslide for turbidites in the Moroccan Turbidite

System. In this contribution, we combine high-resolution multibeam bathymetry, 2D seismic profiles,
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and gravity cores with the objectives of: a) investigating, in detail the seafloor morphology of the
Agadir Slide, b) describing the internal architecture of the Agadir Slide and estimating its volume, c)
determining the timing of the Agadir Slide, and d) discussing the emplacement processes and flow

behavior of the Agadir Slide.

2. Geological setting
2.1. The Northwest African margin

The northwest (NW) African margin is characterized by a flat continental shelf, generally 40—
60 km wide, and a shelf break at a water depth of 1200-200 m (Seibold, 1982; Hiihnerbach and Masson,
2004). The continental slope has a width of 50—250 km beyond the shelf break with a slope gradient
of 1-6° (Fig. 1; Dunlap et al., 2010). The continental slope continues into the continental rise at water
depths of 1,500-4,000 m, with gradients ranging from about 1° on the lower slope/upper rise to 0.1°
on the lower rise (Seibold, 1982). The continental rise is generally 100-150 km wide and terminates
at water depths of 4,500-5,400 m, beyond which the flat expanse of the Agadir Basin, the Seine
Abyssal, and the Madeira Abyssal Plains occur (Fig. 1).

The NW African margin is dissected by numerous canyons and channels, and is interrupted by
multiple volcanic islands and seamounts, which creates a topographically complex setting that greatly
influences local sedimentary processes (Wynn et al., 2000). Prominent bathymetric features near the
study area include a group of volcanic seamounts to the west and the Canary Islands to the southwest
(Fig. 1). The Agadir Canyon extends from the edge of the shelf break and extends to the upper
continental rise, opening onto the Agadir Basin (Wynn et al., 2000; Krastel et al., 2016) (Fig. 1).

The Moroccan margin has experienced multiple deformation episodes associated with toe-thrust
anticlines during the Cretaceous and the Cenozoic (Tari and Jabour, 2013). Renewed uplift and
neotectonic inversion of the Atlas Mountains, which tilts the margin toward deeper water, causes the
continual deformation of salt structures (Tari and Jabour, 2013). The NW African continental margin

has been a region of slope instability throughout the Quaternary due to tectonic movements, and some
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of the world’s largest submarine landslides have occurred in this region over the past 200 ka (Krastel

etal., 2012).

2.2. The Moroccan Turbidite System

With a total length of 1,500 km, the Moroccan Turbidite System on the northwest African
continental margin is one of the longest turbidite systems in the world (Fig. 1; Wynn et al., 2002).
The morphology of the Moroccan Turbidite System is largely controlled by the position of volcanic
islands, seamounts, and salt diapirs (Wynn et al., 2000). The Moroccan Turbidite System extends
along three interlinked deep-water basins: the Agadir Basin, the Seine Abyssal Plain, and the Madeira
Abyssal Plain (Wynn et al., 2002).

The Moroccan Turbidite System is characterized by a relatively low turbidite frequency of
approximately 1 event every 15,000 years (Wynn et al., 2002), where the turbidite beds are separated
by discrete hemipelagic intervals (Frenz et al., 2009; Hunt et al., 2013a). Previous studies have
identified 14 turbidite beds (AB1 to AB14) in the Moroccan Turbidite System spanning the past 200
ka (Wynn et al. 2002; Talling et al. 2007a; Hunt et al. 2013a). The majority of these turbidites derive
from the Moroccan margin, including AB3 and AB4 during Marine Isotope Stage (MIS) 3, AB5 at
approximately 60 ka, AB 6 during the MIS 4/5, and AB7, AB 9, and AB11-AB13 during MIS 5
(Wynn et al., 2002; Frenz et al., 2009).

Turbidite AB12 is the largest turbidite in the Moroccan Turbidite System and contains
approximately 230 km?® of sediment (Frenz et al., 2009). Frenz et al. (2009) suggested that AB1
(approximately 1 ka; Thomson and Weaver, 1994) derives from the continental margin south of the
Canary lIslands and is related to the recent re-activation of the Sahara Slide. Turbidite AB2
(approximately 15 ka) is volcanoclastic and is likely sourced from the El Golfo landslide that
surrounds the western Canary Islands (Frenz et al., 2009). Turbidite AB8 (during MIS 5) originates
from a relatively localized failure of presorted volcaniclastic sand that derives from the flanks of the

Madeira (Frenz et al., 2009; Hunt et al., 2013a). AB10 (during the MIS 5) occurs throughout the
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Agadir Basin except along the northern margin and the mouth of the Agadir Canyon (Frenz et al.,
2009). Previous studies have suggested that Turbidite AB 14 was deposited at approximately 160 ka

and likely derives from the Icod landslide on the northeast flank of Tenerife.

3. Data and methods
The data set used in this study was collected offshore of northwest Morocco during the Maria S.
Merian research cruise MSM32 in October 2013. The dataset comprises multibeam bathymetry data,

2D seismic profiles, and gravity cores (Figs. 2 and 3).

3.1. Multibeam bathymetry data

During the MSM32 cruise, a hull-mounted Kongsberg Simrad system (EM122) was used to
accurately map the bathymetry. The EM122 system operates at a nominal frequency of 12 kHz, an
angular coverage sector of up to 150°, and 864 soundings per ping. The multibeam bathymetric data
covers approximately 13,000 km? from the Agadir Slide headwall area, at a water depth of 600 m,
extending to the Agadir Canyon at a water depth of 4,500 m (Fig. 2). The QPS FLEDERMAUS and
MBSY STEM software was used to process the multibeam data. During the data processing, we made
frequent, general quality checks (navigation, attitude data, and sound velocity profiles), we generated
a CUBE surface, and removed spikes, especially where individual profiles overlapped. The processed
bathymetric data were gridded for visualization and subsequent volume calculations. Bathymetric
data grids of 30 by 30 m were generated and geographically placed relative to the WGS84 ellipsoid.

Minimum-curvature splines in the tension interpolation were used to generate the pre-slide
topography at a later stage (Smith and Wessel, 1990). The estimated volumes of evacuated sediment
in the Agadir headwall area and the Central slide fairway were calculated by subtracting the

interpolated surface from the seafloor topography (Fig. 2).
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3.2. 2D seismic data

An 88-channel, 137.5 m-long Geometrics GeoEel streamer and a standard Gl-gun (1.7 L primary
volume) were used to acquire high-resolution multichannel seismic data. Fifty-six two-dimensional
(2D), high-resolution multichannel seismic profiles, with a total length of approximately 1,500 km,
were acquired during the MSM32 cruise. For the signal processing, we used the VISTA® 2D/3D
Seismic Data Processing Software. The basic processing steps included trace binning at 12.5 m,
filtering, gain recovery with increasing depth, NMO-correction, stacking, and post-stack finite-
difference migration. The IHS Kingdom® software was used to visualize and interpret the seismic
data. The top and bottom surfaces of the Agadir Slide were interpreted along all the seismic lines and
were gridded by using the minimum-curvature gridding algorithm (Smith and Wessel, 1990). The
accumulation volumes of the Agadir Slide deposits in the Central and Western slide fairway and the
Agadir Canyon were estimated by subtracting the grids created from the top and bottom surfaces of

the Agadir Slide. We used a seismic velocity of 1650 m/s for the time-depth conversion.

3.3. Gravity cores

Three gravity cores (MSM32-8-2, MSM32-28-1, and MSM32-14-1), up to 10 m in length, were
recovered from the Agadir Slide area (Fig. 3). In addition, we examined two other gravity cores
(GeoB 2415-2 and GeoB4216-1) located in the immediate vicinity of the Agadir Slide (Fig. 3). These
cores were collected during the RV METEOR cruise 37/38 in 1997 (Wefer et al., 1997). A handheld
Magnetic Susceptibility Meter SM 30 from ZH Instruments was used to measure Magnetic
Susceptibility in 2 cm-intervals. Magnetic Susceptibility measurements on cores GeoB 4215-2 and
GeoB 4216-1 are taken from Kuhlmann et al. (2004) and Freudenthal et al. (2002), respectively. All
the cores were correlated across the study area to understand the stratigraphic framework of the
Agadir Slide. We used the down core magnetic susceptibility profiles, distinct sediment color changes,
sedimentary properties, and key sedimentary structures to construct a correlation framework. Age

models for the GeoB already exist (Freudenthal et al., 2002; Kuhlmann et al., 2004) and were
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extrapolated to the MSM32 cores, which provided an age model for Agadir Slide emplacement.
4. Results
4.1. Morphology of the Agadir Slide

The Agadir Slide extends from a water depth of 500-3,500 m and traverses a total length of 350
km, which corresponds to an area of approximately 5,000 km? (Fig. 2). The Agadir Slide is located
approximately 200 km south of the Agadir Canyon. A prominent sidewall cut into the continental
slope borders the Agadir Canyon to the south (Figs. 2 and 3a). The Agadir Slide is divided into four
domains: (i) the upper headwall area, (ii) the lower headwall area, (iii) the Western slide fairway, and
(iv) the Central slide fairway (Fig. 3a and b). In addition, five seamounts, denoted SM 1 to 5, occur
on the seafloor, affecting the morphology of the Agadir Slide (Fig. 3a). The term fairway, used in this
study, refers to the debris flow pathway, clearly visible on the bathymetric map (Krastel et al., 2016).

The upper headwall area is located at a depth of 500—1,600 m (Fig. 3a). The width of the headwall
area is approximately 2 km in the upper region and gradually increases to approximately 35 km
downslope, characterizing the headwall area by an overall V-shape in plain view (Fig. 3a). It has a
length of 40 km and covers an area of approximately 560 km?2. The height of the headwall scarp in
domain (i) is approximately 125 m (Fig. 4a). The slope gradient within the headwall area varies
between 0.6 and 4° (Fig. 3b). Seafloor morphology within the headwall area is smooth and slide
blocks are not easily recognized. In contrast, several submarine canyons and a field of sediment waves
developed upslope of the upper headwall area in the Agadir Slide (Fig. 4a). The sidewall scarp at the
eastern border of the upper headwall area is approximately 35 km in length and has an N-S orientation.
The western sidewall scarp has a length of approximately 40 km and its orientation changes from
NNW to NW at a depth of 1,250 m. Both sidewall scarps have a height of up to 90 m and disappear
gradually downslope (Figs. 3a and 4a). Several (minor) slide scars have been identified near the upper
headwall area and in the northwestern corner of the Central slide fairway (Figs. 3a and b).

The lower headwall area is located at depths from 1,800 to 1,950 m and it has a width of

approximately 9 km (Fig. 4b). The sidewall scarps of the lower headwall area are bordered by SM 3
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to the west and by SM 4 to the southwest. The headwall scarp in the lower headwall area has a height
of approximately 100 m (Fig. 4b).

We consider the Western slide fairway as a northwest continuation of the Agadir Slide headwall
at a depth of approximately 1,750 m (Figs. 3a and b). The Western slide fairway is bounded by the
SM 1 and SM 2 to the south, and by the western sidewall scarp of the Central slide fairway to the
east. Its western border is characterized by the formation of positive relief when compared with the
adjacent seafloor (Fig. 2a). The Western slide fairway spans an area of 1,250 km? and has a length of
approximately 65 km. The width of the Western slide fairway increases downslope to a maximum
value of 30 km at a depth of 1,950 m and then gradually decreases (Fig. 3a), and afterward decreases
gradually downslope (Fig. 3a). The regional slope gradient within the Western slide fairway also
decreases from 0.6 to 0.2° downslope (Fig. 3b). The seafloor surface is smooth with only one
pronounced incision surface (at a depth of approximately 20 m) near the headwall area (Fig. 3a). The
western boundary of the Western slide fairway is characterized by nine meters of positive relief
compared with the nearby undeformed seafloor (Fig. 4c).

The Central slide fairway connects the Agadir Slide headwall area with the Agadir Canyon; it is
the major pathway for slide deposits traveling into the canyon (Fig. 3a and b). We observe distinctive
sidewall scarps in the northern and southern regions of the Central slide fairway, with heights ranging
from 30 to 50 m. In the middle region, scarp orientation changes from N-S to NE-SW and seafloor
morphology transforms from distinctive sidewall scarps into a series of positive relief features
(approximately 15 m) at depths of 2,100-2,200 m (Figs. 3a and 4d). Further to the north, the Central
slide fairway enters the Agadir Canyon exhibiting a marked change in the slope gradient from 0.5 to
1.8°, at a depth of 2,500 m (Figs. 3b and 7b). In addition, we have identified a pronounced NW-

trending slide scarp in the eastern region of the Central slide fairway (Fig. 3a).

4.2. Internal architecture of the Agadir Slide

The internal seismic character of deposits in the Agadir Slide are characterized by a highly
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disrupted to chaotic and transparent seismic facies, and are bounded above, below, and laterally by
continuous strata (Figs. 5, 6, and 7). Sediments above the mass-transport deposits, generated by the
Agadir Slide, have a nearly consistent thickness for all the seismic profiles (Figs. 5, 6, and 7). We
have identified two basal shear surfaces (BSS | and BSS I1), and each form a continuous plane that
dips parallel to the underlying strata (Figs. 5b, 6a, b, and c). These basal shear surfaces are located at
different stratigraphic depths, where BSS Il is deeper than BSS | (Figs. 6a and b). There are erosional
remnants on the downslope side of SM 3 and the western boundary of the Central slide fairway, which
seem to separate BSS | and BSS 11 (Figs. 6a and b). The BSS | extends from the upper headwall area
to the Western slide fairway (Figs. 3b and 4c), while BSS 1l only exists, upon observation, in the
Central slide fairway (Figs. 3b, 5b, and c).

The deposit thickness in the Agadir Slide in the upper headwall area is quite thin compared with
deposit thickness in the Western and Central slide fairway. Numerous faults are visible on the crests
of the salt domes (Figs. 6b and c). Several faults propagated vertically and terminated along the basal
shear surfaces of the Agadir Slide. Several salt diapirs affect the deposits in the Agadir Slide (Figs.
5b, ¢, and 6b). In several areas, slide deposits appear to be elevated by the salt diapir, which may
indicate salt diapir activation during or after the Agadir Slide occurred (Fig. 5b). The toe region of
the Central slide fairway contains multiple small-scale faults (Fig. 6¢). Based on the seismic line
direction, the orientations of these faults are roughly parallel to the sliding direction in plain view. On
the eastern flank of the Central slide fairway, accumulations of slide material are higher than the
surrounding unaffected sea floor, which forms a marked positive relief above the original sea bed

(Figs. 6¢, d, and 7a).

4.3. Volume estimates
Evacuated material: We have reconstructed the pre-slide bathymetry within the Agadir Slide
headwall area and the Central slide fairway to estimate the total evacuated volume (Figs. 8a and b).

A total sediment volume of approximately 36 km® was evacuated from the Agadir Slide headwall

10
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area, which affected a larger area of approximately 560 km? (Fig. 8a). This volume and area indicate
that the removed sediment had an average thickness of 65 m. Strata evacuated from the Central slide
fairway has a volume of 135 km® and a mean height of 50 m (Fig. 8b). At the western and eastern
border of the Central slide fairway 0.4 km? of slide deposits, with a mean height of 5 m, have
accumulated above the pre-slide topography.

Deposited material: We estimate the deposit volume in the Agadir Slide in the Central and
Western slide fairway and the Agadir Canyon based on the interpreted seismic data (Figs. 8c, d, and
e). In the headwall area, slide deposit thickness is quite small (<25 m), which indicates that erosion
prevails over deposition (Fig. 5a). Deposits in the Agadir Slide have a volume of 63 km? in the
Western slide fairway, affecting an area of 1,240 km? (Fig. 8c). The average slide deposit thickness
in this area is 51 m. In the Western slide fairway, the majority of the mobilized sediment was deposited
near the western flank and in the southern region, where the slide deposit thickness reaches 110 m
(Fig. 8¢). In the Central slide fairway, an accumulated total of 206 km?® of Agadir Slide deposits cover
an area of 2970 km? with a mean thickness of 70 m (Fig. 8d). Most Agadir Slide deposits are
distributed throughout the eastern region of the Central slide fairway (Fig. 8d). The volume and area
affected by the slide deposits within the Agadir Canyon are 68 km?® and 1686 km?, respectively.
Agadir Slide deposit thickness in the canyon varies greatly with an average thickness of 40 m. At the
southern end, thicknesses are less than 30 m increasing to 40 m further north. The largest slide deposit
accumulation occurs at the northern border of the central part of the Agadir Canyon.

In summary, a total sediment volume of 170 km® was evacuated, while 340 km?® of sediments
were deposited by the Agadir Slide.

4.4. Age model for the Agadir Slide

We divided the sediment sampled in the gravity cores into two units, i.e., Units A and B, based
on visual descriptions of the cores (Figs. 9a and b). Unit A, which forms the upper part of the sediment
cores, contains muddy, carbonate-rich, nannofossil ooze in various nuances of light brown, red, and

green (Fig. 9a). Unit A is a continuous succession of hemipelagic sediment comprised of fine-grained
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biogenic and terrigenous material. Unit B is located in the lower part of the sediment cores and
underlies Unit A (Fig. 9a). Sediment in Unit B is light beige, brown, red, and green and contains
foraminifera-bearing, carbonate-rich, nannofossil ooze (Fig. 9a). Slump folds and internal shearing
have deformed Unit B and, therefore, we interpret Unit B as the Agadir Slide deposits.

Core GeoB4216 is located to the west of the study area in a region unaffected by the Agadir Slide
(Figs. 3a and 9b). The grain size ranges from silty mud to muddy fine-sand and layers are
characterized by varying colors. Based on these observations, we suggest that the entire core
corresponds to the characteristics of Unit A.

Magnetic Susceptibility was measured in Unit A to correlate sediment-core data across the study
area and to establish stratigraphic relationships (Fig. 9b). Magnetic Susceptibility was not measured
in Unit B due to the presence of remobilized strata. Magnetic Susceptibility profiles in all cores show
distinct tie-points, which correlate across the study area despite the fact that only relative values were
measured for the MSM32 cores (Fig. 9b). Magnetic susceptibility correlation allowed the
extrapolation of the GeoB core age model (Kuhlmann et al., 2004; Freudenthal et al., 2002) to the
MSM32 cores. The MSM32 cores have relatively constant sedimentation rates of 4.4, 4.0, and 4.1
cm/ka for cores MSM32-8, 28, and 14, respectively. The oldest Magnetic Susceptibility tie-point
occurs between 5 and 12 cm above the Agadir Slide deposits and dates to 140 ka. Assuming a similar
sedimentation rate below this 140 ka horizon, we estimate an age of 142 + 1 ka for the emplacement
of the Agadir Slide.

5. Discussion
5.1. Emplacement processes of the Agadir Slide

The morphological features and internal architecture of the Agadir Slide, when combined with
our age constraints, provide important evidences on the emplacement of the Agadir Slide. The Agadir
Slide did not affect the present-day seafloor and is draped by recent sediments (Figs. 5b and 9a).
Gravity core dating in the study area provides an age of 142 + 1 ka for the main slide body (Fig. 9b).

Agadir Slide bathymetric data and seismic profiles illustrate that two headwall areas exist (the upper

12
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and lower headwall areas) at different depths as well as two basal shear surfaces (BSS I and BSS I1)
at different stratigraphic depths. One key question is whether the Agadir Slide resulted from a single-
phase event or from multi-stage failures. To better understand Agadir Slide emplacement processes,
the following key observations need to be taken into account:

(@) The Central slide fairway cuts to the Western slide fairway and the BSS |1 is deeper than BBS
I (Figs. 5a and b). The western boundary (sidewall scarp) of the Central slide fairway is quite steep
(up to 18°) (Fig. 3b).

(b) Seismic records indicate that later deposits from the upper headwall area did not bury the
lower headwall area (Fig. 5a).

We propose three possible scenarios or hypotheses to investigate Agadir Slide emplacement
processes here.

The age model established in this study reveals that the Agadir Slide has an age of 142 + 1 ka.
The first scenario we consider is that the Agadir Slide may have formed from a single-phase event
but occurred along two basal shear surfaces (glide planes). Several previous studies have revealed
that multiple mass wasting events can be triggered simultaneously and amalgamate or erode each
other (Moscardelli et al., 2006; Li et al., 2017). If this was the case for the Agadir Slide, the upper
and lower headwall areas would have been generated simultaneously. Mobilized slide deposits along
the BSS 1 in the Western slide fairway would have, then, affected or covered the western boundary
(sidewall scarp) of the Central slide fairway. However, as mentioned in observation (a) above, the
western sidewall scarp in the Central slide fairway is quite steep and there is no clear evidence from
the seismic record that slide deposits from the Western slide fairway covered or buried the sidewall
scarp (Fig. 5b). This leads to one conclusion that the Agadir Slide was not generated by one single-
phase event, which produced two headwall areas simultaneously.

Several case studies have documented that submarine landslides developed retrogressively in
multiple slope failure episodes, e.g., the Hinlopen Slide (Vanneste et al., 2006), the Mauritania Slide

Complex (Antobreh and Krastel, 2007), the Storegga Slide (Haflidason et al., 2004) and the Sahara
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Slide (Li et al., 2017). If we assume that the Agadir Slide occurred in two retrogressive slide phases,
the first slide event would have been triggered in the lower headwall area along the BSS 11, followed
by the transportation of slide deposits downslope into the Central slide fairway eventually entering
into the Agadir Canyon. The second slide event would have been triggered in the upper headwall area
retrogressively along the BSS | and the lower headwall area would have been at least partly buried
by slide deposits from the upper headwall area. However, this is inconsistent with observation (b)
mentioned above. Thus, we suggest that the Agadir Slide did not occur in two phases retrogressively.

The third hypothesis on the emplacement of the Agadir Slide postulates that the Agadir Slide
occurred in two slide events at 142 + 1 ka, although the exact time interval (<2 ka) between these two
phases is difficult to determine. The first slide event was triggered in the upper headwall area, which
generated pronounced sidewall scarps (Fig. 10a). Approximately 36 km? of seafloor sediment was
mobilized, leading to almost complete sediment evacuation in the headwall area. The mobilized
sediment was transported downslope and several seamounts confined the deposition (e.g., SM1 to
SM4). Most slide deposits were transported between SM 2 and SM 4, and only a minor amount of
slide deposits were transported to the west of SM 2 and to the east of SM 4 (Fig. 10a). Slide deposits
continued beyond SM 2 and SM 4 and were divided into two parts downslope (Fig. 10a). The slide
deposits in the western region were transported into the Western slide fairway and later spread out,
leading to the generation of positive topography at the western border of the Western slide fairway
(Fig. 10a). The eastern region of slide deposits were further confined when they passed between SM3
and SM4 (Fig. 10a).

The second phase of the Agadir Slide began in the southern region of the Central slide fairway,
i.e., between SM3 and SM4 (Fig. 10b and c). Here, we identified a pronounced headwall scarp, with
a height of 100 m, in the lower headwall area (Fig. 4b). The latter slide event produced the
distinguished sidewall scarps throughout the Central slide fairway by reworking the eastern part of
Western slide fairway (Fig. 6b). Slide deposits were further transported downslope and entered the

pre-existing fairway in the northern part (Fig. 7a). This led to the formation of pronounced sidewall
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scarps, which were most likely produced by enhanced erosion before the slide entered the Agadir
Canyon (Fig. 10b). The increase of the slope gradient from 0.5 to 1.8°, at the transition between the
fairway and Agadir Canyon, likely promoted the further transportation of slide deposits into the
Agadir Canyon (Fig. 6b).

5.2. Flow history of the Agadir Slide

Our observations reveal that the Agadir Slide affects an area of approximately 5,500 km?,
displaces a volume of 340 km?®, and has a (run-out) distance of 350 km. The Agadir Slide is a large-
scale submarine landslide as its size and volume are larger than nearly 80—90% of all documented
submarine landslides (Moscardelli and Wood, 2015). Moscardelli and Wood (2008) proposed that
different sediment sources, i.e., localized and extrabasinal sources, contributed to the volume of
submarine landslides.

The main process that contributes to the Agadir Slide’s large-volume results from the
mobilization of sediments along the two basal shear surfaces (glide planes) in the headwall areas and
the Central and Western slide fairways. This extrabasinal sediment source may relate to variable
sediment input from multiple minor slide events generated near the Agadir Slide’s source area (Fig.
3a). These slide events may have generated additional sediment that were later transported into the
Western and Central slide fairway and Agadir Canyon (Fig. 3a). In addition, salt diapirs are
widespread throughout the Agadir Slide area and have played a vital role in shaping the morphology
and evolution of the Agadir Slide. Strong erosional processes occurred along the flanks of the salt
diapirs, which may enable the addition of material to the slide via collapsing salt diapir flanks. The
erosional remnants that separate the BSS | and BSS 11 could have formed from the presence of salt
diapirs that diverted the Agadir Slide (Fig. 6a). These erosional remnants are similar to the “erosional
shadow remnants” at the base of the shallowest mass-transport complex along the offshore region of
Trinidad (Moscardelli et al., 2006). The presence of erosional remnants indicates the magnitude of
the Agadir Slide’s large-scale lateral erosive energy when passing the morphological expressions of

salt diapirs on the seafloor. These morphological expressions of the salt diapirs acted as physiographic
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barriers preventing areas of older sea floor from being eroded by passing mass-transport flows
(Moscardelli et al., 2006).

High-resolution imaging of the internal architecture of the Agadir Slide allows the investigation
of flow behavior during emplacement processes. Close interactions between submarine landslides
and the sea floor can lead to the extensive remobilization of pre-existing deposits on the sea bed (Watt
etal., 2012; Alves et al., 2014). Debris flows that initiate widespread erosion of subsurface sediments
that leads to an increase in the flow volume are capable of creating a basal layer upon which overlying
gravity flows can move over long distances (Masson et al., 2006). However, based on our
observations, the BBS | and BBS Il are roughly parallel to stratification and appear to correlate with
the same stratigraphic level (Figs. 5 and 6). The zoomed section of seismic records shows no evidence
that the basal shear surfaces remove a large portion of the underlying sediments. Thus, we propose
that the flows, associated with slide deposition, are plastic, and do not erode the substratum. The first
slide event that occurred in the upper headwall area did not transform into a debris flow, only
occurring as a slide along the BSS I. The second event was also a slide and moved downslope along
the BSS II. This slide did not evolve into a debris flow at least before entering the Agadir Canyon.

Submarine landslides commonly disintegrate into slide blocks of variable sizes in their toe
regions (Alves, 2015). However, few slide blocks are observed in the bathymetric imaging data of the
Agadir Slide (Fig. 3a). In reality, not all submarine landslides transform into long run-out turbidity
currents. The Sahara Slide occurred as a relatively slow-moving slab-type failure on a low-angle slope.
It is likely the elevated cohesiveness of the fine-grained headwall sediments prevented it from
disintegrating into turbidity currents (Georgiopoulou et al., 2010). The emplacement of the Agadir
Slide may be similar to that of the Sahara Slide. An amount of sufficient kinetic energy was not
available initiate the transition into a turbidity current, and erosion at the sidewalls of the slide may
have extracted a significant amount of energy out of the system causing the entire slide to slow down.
The orientation of small-scale faults identified in the toe region of the Central slide fairway is parallel

to the sliding direction and they were produced due to shearing as the slide moved downslope (Fig.
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6¢), which provides further evidence of slide slow down.

In summary, the sediment transported by the Agadir Slide was: a) almost entirely trapped in the
slide fairway and Agadir Canyon and b) was not fast enough along the continental slope to
disintegrate and form a turbidity current. Therefore, turbidites from the Moroccan Turbidite System
must have another source. No other major landslide scars have been identified in the Agadir Canyon
Region. This leaves the Agadir Canyon’s head region as the most likely source for turbidites in the
Moroccan Turbidite System despite the fact that we observe only small failure scars (<5 km?®) in the
head region of the canyon.

5.3. Could the Agadir Slide be the source of turbidite events in the Moroccan Turbidite System?

Submarine landslides and debris flows may transform to turbidity currents on both active and
passive continental margins (Wynn et al., 2002; Trofimovs et al., 2008; Clare et al., 2014). Some
large-volume submarine landslides (i.e., >100 km? of sediment) can rapidly disintegrate into far-
reaching turbidity currents along very gentle slopes (Talling et al., 2007b). Flow transformation from
a debris flow to a turbidity current has been reported, for instance, during the 1929 Grand Banks
submarine landslide (Piper et al., 1999). The Moroccan Turbidite System has hosted numerous
landslide-triggered turbidity currents over the past 200 ka (Wynn et al., 2002; Talling et al., 2007a;
Hunt et al., 2013a). Most of these turbidity currents derive from the Moroccan margin and were
transported into the Moroccan Turbidite System via the Agadir Canyon (e.g., AB5, AB7, and AB12).

The Agadir Slide was the first large-scale submarine landslide to be identified in close vicinity
to the Agadir Canyon (Krastel et al., 2016). So, could the Agadir Slide be the source area of one of
the turbidite events in the Moroccan Turbidite System? Several lines of evidences have been proposed
to assess the relationship between the Agadir Slide and the turbidite events recorded in the Moroccan
Turbidite System. Results from magnetic susceptibility stratigraphy provide an age of 142 + 1 ka for
the Agadir Slide, which is older than the nearest turbidite, AB13, by 7 ky. Even assuming a
conservative error of 5 kyr (c.f., Urlaub et al., 2013) for AB13, i.e., 140 ka, the Agadir Slide occurred

significantly below the 140 ka horizon (Fig. 9b). Therefore, the Agadir Slide is older than 140 ka and
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does not correlate with any turbidites found down slope in the Moroccan Turbidite System. This
indicates that the Agadir Slide was not a turbidite source in the Moroccan Turbidite System.

Most turbidites that originate from the Moroccan margin and fill the intraslope basin mainly
occurred during sea-level fall and lowstand stages (Urlaub et al., 2013). The Agadir Slide took place
at 142 = 1 ka during a sea-level lowstand stage. Urlaub et al. (2013) proposed that there is no
relationship between the occurrence of submarine landslides and sea-level variations based on a data
set of ages for 68 large-volume submarine landslides. Therefore, it is difficult to determine if sea-
level variation was one of the controlling factors for Agadir Slide initiation. When considering the
presence of two basal shear surfaces (glide planes) in the Agadir Slide, we propose that the
preconditioning factor for the Agadir Slide is the presence of these two weak layers. Seismicity
related to fault activity and halokinesis are plausible triggers for Agadir Slide initiation. Similar cases
have been documented in the Gulf of Mexico, where the occurrence of salt deformation and
submarine landslides are also pervasive (Beaubouef and Abreu, 2010). Earthquakes related to salt
deformation may play a critical role in initiating slope failures (e.g. Justin and Brandon, 2010; Urgeles
and Camerlenghi, 2013).

6. Conclusions

High-resolution multibeam bathymetry data, 2D seismic profiles, and gravity cores have allowed
us to investigate the morphology, internal character, and origin of the Agadir Slide on the NW African
margin. The main conclusions of this study are:

(1) The Agadir Slide affected an area of 5,500 km?, displaced a volume of 340 km?, and shows
a (run-out) distance of 350 km. The Agadir Slide includes two headwall areas, the Western slide
fairway and Central slide fairway.

(2) The volume calculations reveal that most Agadir Slide deposits, approximately 170 km?,
accumulated in the Central and Western slide fairways, while approximately 70 km? of slide deposits
were trapped in the Agadir Canyon.

(3) The Agadir Slide was emplaced at 142 ka in two main phases. The first phase of the Agadir
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Slide was triggered in the upper headwall area and the second phase occurred in the lower headwall
area. It is likely the presence of two weak layers preconditioned the Agadir Slide, and seismicity
associated with fault activity and halokinesis are the main triggers of the Agadir Slide.

(4) Salt structures affecting the seafloor have played a vital role on the distribution and evolution
of the Agadir Slide. The slide does not correlate with turbidites down slope in the Moroccan Turbidite
System. Therefore, we suggest that the Agadir Slide traveled relatively slowly and did not disintegrate
into a fluid turbidity current. The turbidite source in the Moroccan Turbidite System is, therefore,
likely to be at the head of the Agadir Canyon.

The detailed investigation of the Agadir Slide on the NW African margin reveals that not all
submarine landslides transform into turbidity currents. This is an important case-study to better
understand the flow behavior of submarine landslides on other continental margins. It is also essential
to assess the hazards and risks of submarine landslides by integrating multi-disciplinary approaches.
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Figure 1. Combined bathymetric and topographic map showing key geomorphological features
offshore of the Northwest African continental margin (e.g., the Canary Islands, Madeira Island, High
Atlas Range, and Anti-Atlas Range). The red box highlights the location of the study area. The yellow
solid line indicates the course of the Agadir Canyon (Wynn et al., 2000). The Moroccan Turbidite
System extends through three interconnected basins, marked in orange on the figure: the Seine
Abyssal Plain, the Agadir Basin, and the Madeira Abyssal Plain. The yellow dashed lines indicate the
principal turbidity current transport directions that enter into the Morocco Turbidite System (modified

after Wynn et al., 2002).
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Figure 2. Multibeam bathymetric map of the study area illustrating the distribution and seafloor
morphology of the Agadir Canyon and the Agadir Slide. Several tributary canyons are identified at
the headwall of the Agadir Canyon. The boxes with different colors represent the figure locations
used in the following sections of this study. The black dashed line indicates the boundary of the Agadir

Slide.
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Figure 3. (a) High-resolution multibeam bathymetric map showing a detailed view of the seafloor
morphology of the Agadir Slide. The red solid lines indicate the locations of 2D seismic data
presented in this study. Five major seamounts are also marked in the figure. The black solid lines
indicate the escarpment of the Agadir Slide. The white solid lines represent regions of positive reliefs.
(b) Slope gradient map of the Agadir Slide area revealing two pronounced headwall areas and their
associated sidewall scarps. The red circles represent the location of the gravity cores described in this
study. The purple and orange dashed lines indicate the distribution of the BSS | and BSS I,

respectively.
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Figure 4. (a) Multibeam bathymetric map showing the detailed seafloor morphology of the upper
headwall area. Submarine canyons and a field of sediment waves are observed in the upslope area.
The headwall and sidewall scarps in the upper headwall area are illustrated on the topographical
profiles of A1-A2 and A3-A4, respectively. (b) Detailed geomorphology of the lower headwall area
showing the seamounts (SM 3 and 4) and an erosional remnant in the downslope region of SM 3.

Topographical profiles B1-B2 and B3-B4 reveal the headwall and sidewall scarps in the lower
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headwall area. (c) Positive relief imaged in the Western slide fairway on the bathymetrical map that
exhibits a height difference of approximately 9 m on the C1-C2 topographical profile. (d) Multibeam
bathymetric map showing positive relief in the Central slide fairway with a height difference of
approximately 15 m on the D1-D2 topographical profile. Refer to the bathymetric map locations in

Fig. 3a.
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Figure 5. (a) Two-dimensional (2D) seismic profile across the headwall area of the Agadir Slide
showing sidewall scarps and multiple mass-transport deposits (MTDs). The blue and yellow dashed
lines indicate the base and top surfaces of the Agadir Slide, respectively. Note that the slide deposits
in the headwall area are very thin due to the almost entire evacuation of this region. (b) Two-
dimensional (2D) seismic profile traversing the Western and Central slide fairways from west to east.
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The profile highlights the relatively thick Agadir Slide deposits and the presence of a developed salt
diapir underneath the Agadir Slide. (c) Two-dimensional (2D) seismic profile, oriented SE-NW,
crossing the upper headwall area and the Western slide fairway. The figure reveals the distinct

separation between the various Agadir Slide deposits by salt diapir in parts of the headwall area.
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Figure 6. (a) Two-dimensional (2D) seismic profile crossing the Western slide fairway and the
Central slide fairway, from northwest to southeast. This seismic profile shows the basal shear surfaces
(BSS 1 and 1) of the Agadir Slide rooted at different stratigraphic depths. Note that numerous faults
exist below the Agadir Slide deposits. (b) Two-dimensional (2D) seismic profile denoting the

presence of thicker slide deposits in the Western slide fairway compared with those in the Central
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slide fairway. Note once again the distinct stratigraphic depths of the basal shear surfaces in both
areas and the undisturbed strata in-between. (c) Two-dimensional (2D) seismic profile across the
Central slide fairway that reveals a sidewall scarp to the northwest and slide deposits with a positive
morphology to the southeast. Several buried MTDs are observed underneath the Agadir Slide deposits.
(d) Slope gradient map showing positive relief in the toe region of the Central slide fairway (Refer to

Fig. 3b for the location).
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Figure 7. (a) Two-dimensional (2D) seismic profile traversing the southern region of the Central slide

fairway. The profile reveals a buried submarine canyon filled by multiple MTDs and a secondary
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headwall scarp to the northwest. Note that slide deposits show positive relief compared with the

adjacent undisturbed strata. (b) Two-dimensional (2D) seismic profile across the southernmost region

of the Central slide fairway. In this location, the Agadir Canyon has multiple stacked MTDs within

its interior. The northeastern flank of the Agadir Canyon is much steeper than its southwestern

counterpart.
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Figure 8. (a) Evacuated sediment thickness map in the headwall that indicates that a total volume of
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36 km® and a thickness of up to 140 m of sediment were removed from the headwall area. (b)
Evacuated (mobilized) sediment thickness map of the Central slide fairway revealing that nearly all
sediments were displaced along the Central slide fairway’s axis. Negative values at the flanks of the
Central slide fairway indicate larger slide deposit accumulation compared with the surrounding
unaffected sea floor. (c) Thickness map of slide deposits in the Western slide fairway showing that
the majority of slide deposits are located in the northern region of the Western slide fairway. (d)
Thickness map of slide deposits in the Central slide fairway revealing a complex sediment distribution.
Note that most of the slide deposits in this region are near the eastern and western borders of the

Central slide fairway. (e) Thickness map of slide deposits trapped within the Agadir Canyon.
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Figure 9. (a) CT-scan and visual description of gravity core MSM32-14-1, which illustrate the color
and sedimentary structures. Unit A represents a continuous succession of hemipelagic sediment and
Unit B (marked in red) represents the Agadir Slide deposits. The inset displays the remobilized
sediment. (b) Sediment-core correlations across the Agadir Slide area. Unit B represents Agadir Slide
deposits (marked in red). Blue lines correlate the Magnetic Susceptibility tie-points along the full

transect. The respective ages for each tie-point in the GeoB 4216-1 and GeoB 4215-2 cores were
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extracted from data sets published in Freudenthal et al. (2002) and Kuhlman et al. (2004).
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Figure 10. A three-dimensional morphological model illustrating the key emplacement processes
occurring in the Agadir Slide. (a) The first phase of the Agadir Slide was triggered in the upper
headwall area and slide deposits were diverted by the seamounts. The blue arrows indicate the
directions of mass movement. (b) The second phase of the Agadir Slide was triggered in the lower

headwall area and slide deposits were transported downslope eventually entering into the Agadir

Canyon. (c) 3D bathymetric view of the lower headwall area.
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