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Submarine mass failures represent one of the most significant marine geo-hazards. Their importance as a
major contributor to tsunami generation and hazard has been recognized over the last 20-30 years. This
study investigates a newly mapped submarine landslide, the South Hirondelle Landslide (SHL), and its
potential to generate a tsunami and to threat the surrounding coasts. The SHL is located 150 km offshore
South West Iberia, along the southern flank of the Hirondelle Seamount. Here, available swath bathymetry
and one multichannel seismic profile show the presence of large, geometrically well constrained, deep-
water landslide deposit of about 500 km? and its associated scar. The failure likely occurred in one single
event and according to a detailed numerical modelling of the landslide dynamics and of the resulting
water propagation the mass failure generated a mega-tsunami, with significant impact along the surround-
ing coastal areas of Iberia and Morocco. This result strongly supports the inclusion of tsunami induced by
deep-water submarine landslides in the marine geo-hazard assessment of the North East Atlantic region.
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1. Introduction

Submarine mass-failures (SMFs) represent a widely recognized
source of marine geo-hazards. They have the potential to generate sig-
nificant morphological changes of the sea bottom and, in some cases,
to damage large offshore infrastructures, particularly communication
cables (Fine et al., 2005). Tsunamis generated by large SMFs are
known to cause heavy coastal impact, particularly at local scales (Okal
and Synolakis, 2004; Masson et al., 2006). Nevertheless, although their
importance as contributors to tsunami hazard has been recognized
over the last 20-30 years, they are seldom considered in the quantita-
tive evaluation of tsunami hazard or in the design of tsunami warning
strategies, mainly because they are hard to localize and monitor.

In spite of that, a number of large tsunamigenic SMFs events have
been identified worldwide. The Storegga event is one of the largest pre-
historic SMFs (7000 B.C.), with an estimated volume of 1700 km?, that
occurred on the continental slope west of Norway (Harbitz, 1992;
Masson et al., 2006). According to both historical observations and nu-
merical simulations (Harbitz, 1992; Bondevik et al., 2005), the Storegga
slide triggered waves that flooded most of coastal areas around the Nor-
wegian Sea and the North Sea. In 1929, the M,, = 7.2 Grand Banks
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earthquake caused the failure of ~200 km?> of submarine sediments
that travelled down slope for a distance of ~700 km from the source
(Murty, 1977; Clague, 2001). The Grand Banks SMF caused a tsunami
that killed at least twenty seven people in Newfoundland and one in
Nova Scotia (Fine et al., 2005). A maximum run-up of 27 m was
observed at Taylors Bay (Assier-Rzadkiewicz et al., 1997; Fine et al.,
2005) and the waves were recorded as far as the Portuguese coasts
and Azores islands (Fine et al., 2005). One of the widely studied SMF
events has occurred in 1998, when a tsunami was generated following
a M,, = 6.9-7.3 earthquake in Papua New Guinea. The first hypothesis
associated the observed tsunami with the earthquake (Kawata et al.,
1999; McSaveney et al., 2000). However, later studies revealed that
the fault dislocation was unable to produce a wave fitting the arrival
time and tsunami heights distribution observed in the near-field
(Heinrich et al., 2000; Tappin et al., 2001; Imamura et al., 2001). A
SMF source was then proposed and evidence was found to support
this hypothesis (Heinrich et al., 2000; Imamura et al., 2001; Synolakis
et al., 2002). Tappin et al. (2001) simulated the Papua New Guinea
tsunami from an underwater landslide, 750 m thick, involving an
approximate volume of 7 km? of cohesive sediments, obtaining run-
up and wave heights in good agreement with the observed ones.

SMFs are almost impossible to observe and characterize, therefore,
numerical modelling remains one of the key ways to understand the
SMFs dynamics and to assess the associated tsunami (Harbitz et al.,
2006). According to Masson et al. (2006) various mechanisms can
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trigger submarine landslides, including: i) earthquakes, ii) sea-level rise,
iii) overpressure due to rapid deposition, vi) presence of weak sediment
layers, and v) oversteepened slopes.

In the NE Atlantic, less emphasis has been given so far to
tsunamigenic landslide compared to the tsunamis of seismic origin,
despite SMFs may occur more frequently than expected. In fact, Lo
lacono et al. (2012) have recently shown the evidences of large SMFs
in the Gorringe Bank, with significant tsunami potential and impact
along the surrounding coasts of the NE Atlantic region.

In this paper, we study a large SMF found in the NE Atlantic and its
possible tsunamigenic potential. The study is based on an available mul-
tichannel seismic profile and multi-beam swath bathymetric data
which allowed to define the geomorphologic characteristics of the land-
slide including the evacuation and depositional areas. The identified
SMF is located in the south flank of Hirondelle Seamount, NE Atlantic,
100 km west of the Gorringe Bank (see Fig. 1 for localization). The inves-
tigation of the South Hirondelle Landslide (SHL) includes: i) localization
and measure of the landslide source area and deposit, ii) landslide fail-
ure scenarios: one single event versus multiple events, and iii) model-
ling of the tsunami generation potential and propagation towards the
target coasts. We further discuss the SHL age and its possible trigger
mechanism as well as the numerical modelling limitations.

2. The Hirondelle Seamount: geological setting and landslide
2.1. Geological setting

The Hirondelle Seamount is located along the Eurasia-Africa plate
boundary in the Atlantic Ocean. This plate boundary is well defined
only between the Azores plateau and the Madeira-Tore Rise (MTR in
Fig. 1), where the boundary is discrete and accommodated by a dextral
strike-slip fracture zone, the Gloria Fault (GF in Fig. 1), along which
instrumental earthquakes of M,, = 7.1-8.4 (Bird and Kagan, 2004;
Buforn et al., 1988) were recorded (Fig. 1).
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To the east of the MTR, the location of the plate boundary is still a
subject of debates and research. The role of plate boundary has been
assigned to two lithospheric tectonic structures, the subduction zone
underneath the Gibraltar Arc (Gutscher et al., 2002) and the South-
West Iberia Margin (SWIM in Fig. 2) dextral strike-slip faults between
Europe and Africa (Zitellini et al,, 2009) (Fig. 1). Besides these two lith-
ospheric fault zones a series of thrust faults with demonstrated activity
in the Quaternary have been studied by several authors and summa-
rized in Zitellini et al. (2004) (Fig. 2). The main landslides described in
southwest Iberia are associated with these thrust faults: the Marqués
de Pombal (260 km?) landslide and Gorringe landslide (380 km?),
both showing active deformation, frontal thrust fault scarps of 1.4 km
and 5 km height, respectively, and clusters of seismicity (Gracia et al.,
2003; Terrinha et al., 2003; Lo lacono et al.,, 2012) (Figs. 1 and 2).

The Hirondelle Seamount (Hsm) is located east of the MTR, between
the Josephine Seamount (Jsm) and the Gorringe Bank (GB) (Fig. 1). The
alignment of these three seamounts forms an ESE-WNW oriented con-
tinuous ridge about 300 km long and about 80 km wide, which sepa-
rates the Horseshoe Abyssal Plain (HAP in Fig. 2) from the Tagus
Abyssal Plain (TAP in Fig. 2) and where most of the seismicity associated
to the Europe-Africa plate boundary is located. The Hsm is made up of
oceanic crust of Upper Jurassic age, chron M21 after Seton et al.
(2012). Southward of the Hirondelle-Gorringe seamounts are located
the Coral Patch Seamount (CPsm in Fig. 2) and the Coral Patch Ridge.
These seamounts separate the Seine Abyssal Plain from the Horseshoe
Abyssal Plain and were affected by thrusting and folding during the
Miocene (Zitellini et al., 2004). Despite recent deformation has been
described based on seismic reflection data, the recorded seismicity asso-
ciated is low (Martinez-Loriente et al., 2013, Fig. 2).

Although the published information on the Josephine and Hirondelle
seamounts is scarce, the Gorringe Bank has been widely investigated
with seismic reflection and refraction, swath bathymetry (Sartori et
al., 1994; De Alteriis et al., 2003), manned dives (Girardeau et al.,
1998) and by an Ocean Drilling Project drill (Ryan et al., 1973). The
Gorringe Bank is a piece of exhumed lithospheric mantle carried on
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Fig. 1. Location of the study area with bathymetry of a part of the North Atlantic encompassing the study area (black square). Red and yellow circles mark the epicenters of instrumental
earthquakes M > 6. MTR, Madeira-Tore Rise; GF, Gloria Fault; GAw, Gibraltar Accretionary wedge; Jsm, Josephine Seamount; Hsm, Hirondelle Seamount. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 2. Morphology and tectonics of the study area: a) Bathymetry of the Hirondelle seamount and neighbour area and main tectonic features: fault interference pattern between
Horseshoe thrust and SWIM strike-slip faults. Location of landslides: 1) South Hirondelle Landslide (SHL) (this study); 2 and 3) North Hirondelle; 4) North Gorringe (Lo lacono et al.,
2012); 5) Marqués de Pombal (Gracia et al., 2003; Terrinha et al., 2003) and 6) Horseshoe (in prep.). Seismic reflection also shown: AR02 is shown in Fig. 3; ARO1 (Torelli et al., 1997),
ARO3 and AR08 (Sartori et al., 1994); H1 and H2 (Hayward et al., 1999). GB, Gorringe Bank; HAP, Horseshoe Abyssal Plain; Hsm, Hirondelle seamount; MPsm, Marqués de Pombal
seamount; TAP, Tagus Abyssal Plain; CPsm, Coral Patch seamount; b) Bathymetric profile across the Hirondelle Seamount and South Hirondelle Landslide.

top of a north-westward directed thrust for approximately 20 km most-
ly during Miocene times (Hayward et al., 1999; Sartori et al., 1994;
Auzende et al., 1978; Jiménez-Munt et al., 2010; Sallarés et al., 2013).
The recent tectonic activity of the Josephine-Gorringe ridge is attested
by instrumental seismicity whose focal mechanisms indicate a maxi-
mum horizontal stress parallel to NW-SE direction (Geissler et al.,
2010).

There are various chrono-stratigraphic models used for calibrating
the seismic reflection data of the HAP, all based on the DSDP sites 135
and 120 drillings on the Coral Patch Ridge and Gorringe Bank by
Hayes et al. (1972) and Ryan et al. (1973) respectively, and on the
ODP 339 in the Gulf of Cadiz (Herndndez-Molina et al., 2014).
Hayward et al. (1999) showed a MCS profile south of the Hsm produc-
ing the first stratigraphic model of the study area that consists of six

seismic units on top of acoustic basement. Table 1 shows the correspon-
dence between seismic units identified in this work and those of
Hayward et al. (1999). For identifying the base of Quaternary we used
the model by Roque (2007) and Roque et al. (2012). The existence of
Holocene hemipelagic deposits on the seafloor of the HAP and at the
foot of the Marqués de Pombal thrust was confirmed by Gracia et al.
(2010). For estimating the thickness of the slide we used the depth
conversion velocities by Martinez-Loriente et al. (2013).

2.2. The Hirondelle Seamount and the South Hirondelle Landslide
The Hirondelle Seamount is a west to east trending seamount rising

>2800 m above the HAP and 3000 m above the TAP. An ENE-WSW strik-
ing scarp dipping 14° SE separates an area to the northwest where a
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Correlation between stratigraphic models in the West Horseshoe Abyssal Plain.

pervasive NE-SW trending linear fabric occurs from an area to the
southeast where this fabric is absent and the seafloor morphology is

This work

Hayward et al. (1999)

smoother and wrinkled, corresponding to the South Hirondelle Land-

UIV- Holocene - Lower Miocene
UIII- Oligocene - Early Aptian

UlI- Early Aptian to Late Jurassic
Ul- Early Aptian to Late Jurassic

Acoustic Basement- Jurassic oceanic
crust

WHI- Pleistocene-Late Oligocene
WHII-WHIII-Early Eocene to early
Aptian

WHIV-WHV-Early Aptian to Late
Jurassic

WHVI- Early Aptian to Late Jurassic
Acoustic Basement- Upper Jurassic

slide (SHL) (1 in Fig. 2). The structure of the Hsm, the seismic strati-
graphic model and the internal geometry of the SHL are described
based on the interpretation of the multichannel seismic reflection pro-
file ARO2 (Fig. 3) that cuts across the Hsm although not parallel to the
main dip direction of the SHL.

This seismic profile was acquired in 1992 by the R/V OGS Explora
using an array of 32 guns for a total volume of 5000 in.> and a 120-channel

streamer with group interval of 25 m and shot interval of 50 m. The record
length was 13 s with 2 x 10~> s sample interval. The processing was
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Fig. 3. Seismic reflection line ARO2: a) Uninterpreted full line across the Hirondelle seamount; b) Interpretation of the southern part of ARO2 across the South Hirondelle Landslide.



R. Omira et al. / Marine Geology 379 (2016) 267-280 271

carried out at the Institute of Marine Science (ISMAR) of Bologna using
the DISCO package of COGNISEIS Development Inc. applying a standard
processing sequence. The seismic processing sequence can be summa-
rized as follows: demultiplexing, resampling to 4 x 1072 s, sorting,
spike deconvolution, velocity analysis every 2.5 km, normal move out,
muting, CDP staking, spherical divergence correction, finite-difference
wave-equation migration, time-variable filtering.

The seismic reflection line ARO2 images the stratigraphic record and
tectonic structure across the Hsm (Fig. 3a) and part of the HAP and TAP.
On the southern flank of the seamount, the internal structure of the
SHL, a rotational slide, is depicted (Fig. 3b). The basal failure has a concave
curvature over the whole length implying reduced down-slope displace-
ment. Extensional deformation is accommodated down dip in the head of
the landslide, as faults cutting through the whole body of the landslide or
affecting its topmost layer only (Fig. 3b). Shortening is accommodated in
the toe thrust part (up dip) and central part of the slide. The existence of a
buttress fault (bf) against which shortening builds up may indicate that
this acted as a lateral ramp to the main slide movement. Actually, the
MCS ARO2 profile is not parallel to the main slope dip parallel to which
the slide movement could have occurred.

The maximum thickness of the deformed slide is approximately 1.6 s
TWT, calculated as follows. Using the velocity model in Martinez-
Loriente et al. (2013) for the equivalent layers in MCS AR02 we can as-
sign a layer velocity of 2000 m-s~! to UIV and a mean velocity of
2800 m-s~! for the underlying layers. The maximum thickness of UIV
(0.7 s TWT) corresponds to 700 m and the underlying package (0.9 s
TWT) corresponds to 1260 m, a total thickness of 1960 m, roughly.

In the Horseshoe Abyssal Plain we identified four main seismo-strat-
igraphic units, Ul to UIV above the acoustic basement (Fig. 3b). Ul is the
lowest seismic unit that displays organized stratified reflections. It lays
on top of acoustic basement that should correspond to oceanic crust of
Late Jurassic age, according to general agreement (Seton et al., 2012;
Sallares et al., 2013; Martinez-Loriente et al., 2013). The wedge shape
of Ul and Ull indicates that these units were deposited during tectonic
extension, i.e., intra-oceanic rifting. The lateral discontinuity of reflec-
tors within horizons in Ul suggests tectonic structuring of this block
and the presence of sediments of variable composition, compatible
with the presence of volcano-clastics. Above U], reflectors are more con-
tinuous indicating that tectonic extension concentrated on the main
fault during the deposition of UIL UIII also shows slightly undulated -
parallel and laterally continuous reflections suggesting the presence
mostly of hemipelagic sediments; the constant thickness indicates this
is a post-extension sequence. Coherent folding of UI-UII-UIII indicates
that tectonic shortening occurred previous to deposition of UIV, which
lies on top of folded UIII displaying parallel, laterally continuous reflec-
tions. UIV is clearly a post tectonic shortening unit showing minor drag
at the contact with the rotated basement block shown in Fig. 3b. We in-
terpret the faults that appear in the uppermost part of the SHL (Fig. 3b)
as gravity faults and disruptures caused by the landslide movement.
While in the southernmost part of the AR02 line (Fig. 3b), the fault is
deep seated and has a long lived history of rifting and inversion, previ-
ous to the deposition of UIV. Inspection of available and published seis-
mic reflection lines in the study area (see Fig. 2a for location) shows that
the top of the folded horizons of UIII are covered by sediments that are
lateral equivalent of the Allochthonous unit of the Gulf of Cadiz
(Medialdea et al., 2004). Accordingly, the base of the UIV is considered
to be of Early Miocene age, also in agreement with Fig. 3 of Torelli et
al. (1997).

Stratigraphic correlation of the seismic units of the HAP and top of
the Hsm is not possible because the lack of lateral continuity of the
reflectors across the landslide headscarp. However, it is straightforward
that the crest of the seamount is covered by a package of condensed
stratigraphic series, indicating that the Hsm was a structural high at
the time of formation of the Lower Jurassic oceanic crust.

The stratigraphic correlation between the HAP and SHL was
attempted and is shown in Fig. 3. Two seismic horizons (base

Quaternary and UIV-UIIl boundary) were correlated from the HAP
across the acoustic basement peak at shot point 750. Sub-division of
UIII to UI within the SHL was not possible due to the homogenization
of the seismic character caused the deformation of the slid body. Never-
theless, comparison of the acoustic character at the base of the landslide
suggests that the main decollement surface to the SHL is near the UI-UII
boundary (Fig. 3b).

The joint interpretation of the AR02 seismic reflection profile (Fig.
3b) and swath bathymetry (Fig. 4a) allows the characterization of the
SHL, as follows: i) The wrinkled surface of the slope corresponds to
folded strata of a slid bodys; ii) The larger wave-length folds affect the
UII through UIV sedimentary sequence; iii) Minor folds are observed
at the top of the youngest sedimentary horizons, as well as interbedded
in deeper packages, indicating existence of internal detachments that
account for localized non-harmonic folding of the whole body; the de-
tailed inspection of non-harmonic folding and internal bed cut offs
allowed for interpretation of detachment faults in the slid body; iv) in-
ternal shortening of the slide terminates against a vertical buttress fault
(bf in Fig. 3b); the presence of a channel shaped extensional detach-
ment horizon suggests that the main slide direction is not parallel to
the profile section, but rather probably towards the southeast, i.e., par-
allel to the main slope dip.

The main morphologic features of the SHL were identified in the
swath bathymetry model depicted in Fig. 4a. The SHL covers a total
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Fig. 4. Bathymetric models: a) Post-event (present day) bathymetric model including the
main morphologic features of the South Hirondelle Landslide; b) Pre-event, including the
reconstruction of the South Hirondelle Landslide, bathymetric model. The maps
coordinates system is UTM - Zone 29 N, Datum WGS-84.
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area of ~1200 km? comprising erosion and depositional areas. The SHL
source area extends for ~80-km-long with slopes varying from ~3.5°
to ~16°. The rim of the headscarp, standing in the upper limit of the
source area, has a curvilinear shape with two main orientations (Fig.
4a). The western part coincides with the WSW-ENE striking oceanic
rift faults, suggesting that it is controlled by an inherited tectonic fabric.
The northern part of the headscarp is parallel to the Hsm crest, normal
to the dip of the seamount, suggesting that this segment of the scarp
has a gravity control only. The rim of the headscarp is located at depths
— 2240 m to —4200 m with a maximum slope of 16° SSE. The deposi-
tional area covers ~680 km?. It is bounded at the top by the foot of the
headscarp, located at —3290 m depth, and at the bottom by the foot
of the landslide, located at —4850 m depth (Fig. 4a). Slopes within
this area vary from ~0.2° up to ~3.5°. Comparison of the swath bathym-
etry (Fig. 4a) with the MCS profile (Fig. 3b) allowed the interpretation of
additional SHL morphologic features, such as internal faults and slump
folds as marked in Fig. 4a. At the base of the SHL the bathymetry
model allowed outlining the lateral extent of the buttress fault/toe of
the landslide identified in the seismic profile.

3. Tsunamigenic potential and wave propagation
3.1. Methodology and data

To assess the tsunami generation potential and wave impact posed
by the failure of the SHL, we employ a numerical modelling methodolo-
gy that considers a realistic pre-event bathymetry model, that uses a
sensitivity analysis to constrain the material parameters of the landslide
from the observed deposit, and that uses a “two-way” coupling model,
taking into account the effect of the slide on the water and the effect
of the wave on the slide. This later effect is more important in the case
of shallow-water landslides where the generated wave can affect the
landslide motion (Jiang and LeBlond, 1994). Our methodology consists
of five steps that include: i) build the pre-mass failure bathymetric
model, ii) run multiple times the landslide flow simulations with varied
landslide body physical parameters (i.e., density, kinematic viscosity,
and drag coefficient), iii) compare the simulated landslide run-out
mass with the landslide deposit identified in the bathymetry and multi-
channel seismic profiles, iv) select the landslide physical parameters for
which the simulations lead to a better representation of the observed
deposit, v) run, using the selected physical parameters, the “two-way”
coupling model that simulate the landslide-induced tsunami generation
and propagation.

3.1.1. Pre-event bathymetric model

In order to model properly the mass-failure motion it is necessary to
infer the pre-event bathymetric model, taking into account the land-
slide deposit and the source area. The pre-failure sea-bottom topogra-
phy can be inferred by restoring in the original position the
sedimentary package involved in the slide using the swath bathymetry
and the multichannel seismic profile ARO2. From the ARO2 line we can
infer the amount of shortening suffered by the individual units U1-
UVI by unfolding strata showing consistent lateral continuity. This exer-
cise will allow determining the rough amount of the horizontal mass
movement and the original thickness of the landslide deposit. Once
these numbers are known we can restore the position and arrangement
of the sediments taking into account the conservation of the SMF
volume.

Fig. 4 depicts both post-event (Fig. 4a) and the pre-event (Fig. 4b)
bathymetric models. Analysis of the post-event bathymetric model re-
sults in a volume of about 500 km? of depositional material. In Fig. 4b
we build the pre-event SHL with respect to the depositional volume
and the origin area of the failure. The SMF material is distributed in
order to cover the origin area of the landslide body and conserve the
landslide depositional volume. In Fig. 5a, we plot profiles of the ob-
served deposit (MCS profile AR02, in Fig. 3a) and the reconstructed SHL.
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Fig. 5. Sensitivity analysis of the South Hirondelle Landslide movement to the physical
material parameters: a) comparison between the observed (black profile) and the
simulated deposits considering different landslide densities. Dashed black profile
corresponds to the reconstructed pre-event SHL. All profiles are extracted at the same
location as the MCS profile AR02 depicted in Fig. 3a; b) error associated to the misfit
between the observation and the simulations: the black dashed curve indicates the error
associated to the influence of the density parameter on the SHL behaviour considering
fixed drag coefficient (Cq = 0.0030) and kinematic viscosity (v = 0.01 m?-s~'); the
blue dashed curve indicates the error associated to the influence of the drag coefficient
for fixed density (p, = 2000 kg-m~>) and kinematic viscosity (v = 0.01 m?-s~1). (For
interpretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)

3.1.2. Numerical modelling

To simulate both the movement of the landslide body and the wave
generated by the seafloor deformation we employ a multi-layers
viscous shallow-water (VSW) model (Jiang and LeBlond, 1994).
The lower layer represents the landslide that is assumed to be a
viscous-incompressible fluid, and characterized by sediment density,
kinematic viscosity and horizontal velocity. The landslide is bounded
by the upper layer consisting of seawater assumed to be inviscid and
incompressible. The motion of the underwater landslide body and the
generation and propagation of the subsequent tsunami are governed
by Egs. (1.1), (1.2), and (1.3) and (2.1), (2.2), and (2.3), respectively.
Egs. (1.1), (1.2), and (1.3) and Egs. (2.1), (2.2), and (2.3), presented in
Cartesian coordinates, constitute an adapted version of the VSW
model of Jiang and LeBlond (1994) that includes a realistic bottom
bathymetry (Thomson et al., 2001; Fine et al., 2003; Rabinovich et al.,
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2003). Also, to account for the drag effects we integrate a quadratic
function in the last terms of the momentum conservation equations of
the landslide (Fine et al., 2005).
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where D is the thickness of the landslide; 7 is the ocean free surface
displacement; v is the kinematic viscosity, h; is the static water depth;
u,v,U,V are the horizontal components of the velocities in x- and y-
direction of the wave and landslide, respectively; g is the gravity accel-
eration; Cy is the drag coefficient; and p;and p, are the densities of the
water and the landslide, respectively.

The governing equations (Eqgs. (1.1), (1.2),and (1.3) and (2.1), (2.2),
and (2.3)) were solved in an explicit leap-frog finite-difference scheme,
with an upwind method for the advection terms. To ensure the numer-
ical stability of the simulations a Courant-Friedrich-Levy condition as
well as artificial viscosities for the landslide and the wave were
considered.

We consider the pre-event bathymetric model (Fig. 4b) and we run
the landslide motion code (governed by Egs. (1.1), (1.2), and (1.3)) for
different landslide “scenarios”. Each scenario is characterized by specific
physical material parameters (density, kinematic viscosity, and drag
coefficient). Then we compare the simulated deposit with the landslide
run-out mass until getting the SMF “scenario” that better fits the
observed deposit. Both the density and the drag coefficient were sub-
jected to a sensitivity analysis to evaluate their influence on the SHL
movement. Fig. 5a shows a comparison between the observed (MCS
profile AR02, in Fig. 3a) and the simulated deposits considering different
landslide densities. The error associated to the misfit between the
observation and the simulations considering different density values
and drag coefficients is calculated and the results are depicted in Fig.
5b. Using these results, we selected the parameters that lead to the
smaller error (~5%, see Fig. 5b), excluding the high density values
(p2 > 2000 kg-m~3) assumed to be inappropriate for our case study
(Hayes et al., 1972; Schmincke et al., 1995). On the other hand, the
numerical tests carried out considering different kinematic viscosity
values (¥ <1 m?-s~ ') show that there is no noticeable influence of
this parameter on the SHL motion due to the large volume involved,
which led us to adopt a viscosity value from the published literature
on the SMFs (Fine et al., 2003; Rabinovich et al., 2003; Fine et al.,
2005). Therefore, to assure a good representation of the deposited
material, we assumed a landslide density of 2000 kg-m~> with a kine-
matic viscosity of 0.01 m?-s~ ", and a drag coefficient of 0.0030. Finally,
for this scenario we ran the “two-way” coupling model (Egs. (1.1), (1.2),
(1.3), (2.1), (2.2), and (2.3)) for tsunami generation and propagation.

The tsunami potential and impact posed by the occurrence of the
Hirondelle SMF is assessed through modelling of the tsunami genera-
tion, propagation and coastal impact considering the SMF scenario
that well reproduces the observed deposit.

3.2. Assessment of tsunami potential and coastal hazard

3.2.1. Potential of tsunami generation

The landslide-induced tsunami generation results from the defor-
mation of the sea-bottom caused by the motion of the SHL body. Fig. 6
depicts the potential of tsunami generation following the motion of
the SHL body along the slope. We plot the time evolution of both the
lower layer representing the SHL thickness during its motion and the
upper layer of the subsequent sea free-surface perturbation. The snap-
shots are presented from the initiation of the failure (t = 0 s) until
that the SMF body stops sliding and regains its equilibrium (t = 120 s).

Unlike the almost instantaneous generation of earthquake-tsunamis,
the SMF-induced tsunami generation is a time-dependent evolutionary
process. In the case of the Hirondelle SMF, after ~60 s from the initiation
of the motion of the landslide body (Fig. 6b) a significant perturbation
of the sea surface is caused. The wave amplitude reaches about 40 m at
this stage of the SMF motion. Due to the large volume involved and the
fact that the sediments do not run-out far from the source area, the
numerical simulations shows that the SHL reaches the equilibrium after
~2 min of motion (see Fig. 6¢). At this stage the tsunami generation is
completed and the wave reaches 38 m in amplitude.

The computed sea-surface perturbation shows that a mega-tsunami
is generated following the failure of a sediments volume of about
500 km?® at the Hsm. This tsunami can cause significant impact when
propagating towards the surrounding coastal stretches that are relative-
ly close to the SMF source zone.

In Fig. 7 we plot the modelled velocity field of the SHL during its
motion down slope. The velocity snapshots are presented at t = 30 s
(Fig.7a), att = 60 s (Fig. 7b), and at t = 90 s (Fig. 7c) after the landslide
failure. The peak velocity value of about 70 m-s~ ' is reached at t = 90's
in some parts of the SHL that have high material concentrations and
sliding down steep slopes. At t = 90 s, the velocity averaged over the
whole SHL body is ~40 m-s™ . These velocity values, peak and average,
are relatively low at the initiation stage of the failure (at t = 30 s, in Fig.
7a) and became lower when the SHL approaches its equilibrium stage
that is reached at t = 120s.

3.2.2. Tsunami propagation and coastal hazard

The tsunami hazard posed by the Hirondelle SMF is evaluated by
means of simulating numerically the whole source-to-coast tsunami pro-
cess. This includes numerical simulations of the tsunami propagation and
the maximum wave heights distribution along the coasts (pre-run-up)
using 600 m-resolution gridded data. The 600 m-resolution bathymetry
model is generated from two different data sets: the SWIM bathymetry
compilation (Zitellini et al., 2009) and the General Bathymetric Chart of
the Oceans (GEBCO) 30-arc sec gridded data (available at: http://www.
gebco.net/). Fig. 8 depicts the snapshots of tsunami propagation from
the source zone towards the surrounding coastal zones. The analysis of
these results shows that after 5 min of propagation, tsunami waves of
high amplitudes (>15 m) start travelling from the source area towards
the target coasts of Iberia and north Morocco (Fig. 8a). After 40 min of
tsunami propagation the waves reach the coasts in Cape S. Vicente and
Madeira with amplitudes ranging from 2 to 3 m (Fig. 8b). During this
propagation time, the tsunami encounters the shallow water area over
the top of the Gorringe Bank, which relatively slows down the propaga-
tion and reflects a part of the incident waves (Fig. 8b). The first waves' im-
pact along the south-western coast of Portugal, from Cape S. Vicente to
Lisbon, occurred in about 1 h (Fig. 8c). The amplitude of the first incident
waves along this coastal segment is about 2-3 m (Fig. 8c). Towards the
African coast, the tsunami takes more time to arrive because it encounters
the shallow water areas that mark the off-shore extension of the
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Fig. 6. Potential of tsunami generation. Snapshots of Hirondelle SMF motion (lower layer) and the subsequent tsunami generation (upper layer): a) at t = 0's, the initiation of the landslide
failure; b) after 60 s of the landslide failure; c) after 120 s of the landslide failure. The maps coordinates system is UTM - Zone 29 N, Datum WGS-84.

continental shelf (Fig. 8c). 95 min after the tsunami generation, the tsuna-
mi waves impact all the coasts of Portugal and Morocco, and reach the
Azores Islands with amplitudes of about 3 m (Fig. 8d). The second crest
generated propagates towards north with amplitude maxima of 8 m.

In Fig. 9 we present the energy patterns, in term of maximum wave
amplitudes, of the tsunami caused by the failure of the South Hirondelle

Landslide. The analysis of these results clearly indicates that most tsuna-
mi energy is steered towards the northern and southern sides of the
Hirondelle Seamount (Fig. 9). At first order, around the generation
area, the tsunami amplitude is maximal, ~40 m, in the direction of the
SMF movement as well as in the opposite direction of this motion.
Away from the source area, the waves undergo attenuation when
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Fig. 7. Snapshots of the Hirondelle SMF velocity field: a) at t = 30 s after the landslide
failure; b) after 60 s of the landslide failure; c) after 90 s of the landslide failure. The
maps coordinates system is UTM - Zone 29 N, Datum WGS-84.

travelling towards the coasts. It is clear that the bathymetry of the re-
gion controls the maximum wave amplitudes distribution, acting,
when shallow, to guide the energy towards the coast. When interacting
with the coastal bathymetry the shoaling effects lead to an increase of
wave height. The coastal segment north of Lisbon and along the Moroc-
can coast are characterized by shallow water due to the offshore exten-
sion of the continental shelf, which results in an amplification of the
incident waves at those zones. Close to Lisbon the computed maximum
wave amplitude reaches 14 m. Along the coast of Morocco numerical
modelling predicts a maximum wave amplitude of about 15 m. The

SHL-induced tsunami also reaches the Madeira, Azores and Canary
Islands with wave amplitudes of 6 m, 7 m and 10 m, respectively.

4. Discussion
4.1. Landslide trigger mechanism and age of the South Hirondelle Landslide

The SHL lies within the Eurasia-Africa plate boundary zone in the
Atlantic Ocean as defined by Zitellini et al. (2009), where instrumental
clusters of seismicity have been recorded (Fig. 1). Instrumental earth-
quake events with M,, > 7 and epicenters within a distance of
~160 km from the SHL source area were recorded in the last decades
(Buforn et al., 1988). Also one M,, = 8.4 event took place at ~230 km
from the source of the SHL (Buforn et al., 1988). The largest historical
earthquake event in western Europe, the 1st November 1755 Lisbon
earthquake with estimated magnitude 8.4-8.9, with controversial
seismogenic source, was also generated along this plate boundary or
its close vicinity (Gutscher et al., 2002; Zitellini et al., 2009), with sug-
gested sources that vary in distance to the SHL from ~100 km to
300 km (Terrinha et al., 2009).

Considering that the minimum water depth of the Hirondelle
Seamount exceeds 2000 m and that there is no continuous morphologic
connection between the SHL and the nearest continental slope and
shelf, it does not seem reasonable to invoke mechanisms associated
with storms or sea level variations as a probable cause for the trigger
mechanism. Hence, considering that the whole sedimentary sequence
is affected by the slide movement, it is here suggested that the possible
source is a single earthquake event along this plate boundary or close
vicinity. Although the study by ten Brink et al. (2009) refers to the geo-
logical setting and attenuation laws of the U.S. East coast, it is reported
that M, = 7 events generate landslides at a maximum distance of
160 km with a slope angle of 9°. The SHL displays surface slopes that
can exceed 10° and the detachment slope is ~9°.

Although a seismic source is the most plausible mechanism, an
aseismic source could also be envisaged due to tilting and differential
sedimentary load. An alternative aseismic source could be instability
caused by building-up of the continuous tectonic deformation of the
sedimentary package caused by the propagation of faults at the corner
zone formed by the Gorringe thrust and the Hirondelle Seamount. It
was shown by Rosas et al. (2012) that faults connecting strike-slip faults
and thrusts form on the foot-wall of the thrust and become parallel to
the strike-slip faults as they approach them (Fig. 2). The case study
used by Rosas et al. (2012) was based on numerical and physical model-
ling of a natural analogue of the intersection of the Horseshoe fault and
SWIM faults in the close vicinity of the Hirondelle Seamount. Alterna-
tively, it is a possibility that the mantle rooted blind faults connecting
the Gorringe thrust and the Hirondelle Seamount may account for the
observed seismicity (Figs. 1 and 2).

An accurate age of the SHL should be based on the study of sea-
floor sediments, which has not been done. However, because the
post-Lower Miocene seismo-stratigraphy does not show unconfor-
mities within UIV it seems that the Quaternary record is continuous,
probably made up of hemipelagic sedimentation. Since the whole
stratigraphic package is deformed by the landslide movement a Qua-
ternary age is suggested, possibly a Late Pleistocene age as reported
for other events by Gracia et al. (2010) and Lo lacono et al. (2012)
for the Marqués de Pombal landslides and for the North Gorringe
Landslide shown in Fig. 2.

4.2. Tsunamigenic potential of the South Hirondelle Landslide and propaga-
tion patterns

The generation of a tsunami from a submarine landslide is, in gener-
al, controlled by intrinsic characteristics, such as the volume, the type
and density of the material, the lithologic composition, the thickness,
the kinematic viscosity (Chaytor et al., 2009; Geist et al., 2009), and
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the environmental constraints in which the failure occurs, such as the
water depth and the slope gradient (Pelinovsky and Poplavsky, 1996).
Even though deep-water submarine landslides have less potential in
generating strong tsunami waves (Masson et al., 2006; Harbitz et al.,
2006), we have shown through numerical simulations that the SHL, lo-
cated at a depth between approximately 2.5 and 4.7 km, may have gen-
erated a large tsunami. This is mainly due to the fact that the failure of
SHL involves a volume of hundred cubic kilometres of sediments
(~500 km?) with large thickness (max of ~1500 m) that starts sliding
over a relatively steep slope (between 10° and 3.5°, see Fig. 2b, and
reaching 16°). All these factors led to a fast failure of the SHL, average ve-
locity over the whole landslide body reached ~40 m-s~ ! at 90 s after the
failure, resulting in a significant vertical displacement of the sea-floor
and therefore in a generation of a large tsunami.

The tsunami hazard is addressed here through the worst-case sce-
nario assuming a unique failure of the SHL. Although it is likely that
the SHL corresponds to a single event, we cannot exclude the possibility
of a sequence of small failures emplaced over a short period. To account
for this possibility, we simulate the SHL-induced tsunami considering
two additional SMF scenarios: i) the failure of a half of the volume con-
sidered for the SHL, and ii) a sequence of two failures, half of SHL volume
each, with a time lag of 2.5 min. Results of tsunami modelling for these
two scenarios are depicted in Figs. 10 and 11. The failure of the half of
the volume considered for the SHL would generate a tsunami wave up
to 20 m in amplitude (Fig. 10a) that hit the SW Iberian and Moroccan
coasts with wave reaching 6 m (Fig. 10b). Simulations of the tsunami
caused by the failure of SHL in a sequence of two SMFs indicate the gen-
eration of two successive waves with a maximum amplitude up to 25 m
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(Fig. 11a). The overall effect of the tsunami impact from this scenario
(Fig. 11b) shows that the NE Atlantic coasts may experience waves up
to 7 m at some locations. Therefore, smaller landslide volumes still
present a significant threat for the SW Iberian and Moroccan coasts,
and cannot be neglected in coastal geo-hazard assessment for the NE
Atlantic region.

The Hirondelle Seamount is surrounded by a number of oceanic fea-
tures, namely the Gorringe Bank to the east, the Coral Patch Ridge to the
south and the Madeira-Tore Rise to the west (Fig. 1a for location). All
these bathymetric structures affect the SHL-induced tsunami propaga-
tion. The presence of the Gorringe Bank at the eastern side of the SHL
slows down the tsunami propagation and reflects a part of the incident
waves, which can result in a loss of tsunami energy steered towards the
south-western coasts of Iberia. Towards the south, the tsunami waves
encounter the Coral Patch Ridge that leads to significant reflections of
the waves. This ridge appears to play the role of a barrier that partially
protects the southern Moroccan coast. At the west of the SHL, the Ma-
deira-Tore Rise also seems to play the same role in protecting the coasts
of the Madeira Islands.

The tsunami caused by the SHL seems to have a regional impact as
the waves travelled with relatively large amplitudes from the source
area towards various coastal zones of the NE Atlantic. Despite the fact
that the tsunamis caused by the submarine landslides undergo a signif-
icant attenuation of the waves when travelling far-away from the
source area (Okal and Synolakis, 2004; Harbitz et al., 2006), as it is the
case of the SHL, an important tsunami energy remains steered particu-
larly towards the north. Also, when the tsunami reaches the shallow

water areas, it encounters the continental shelf extended along various
coastal zones, which lead to an important amplification of the incident
waves. These shoaling effects occur in particular north of Lisbon-Portugal
and along the coast of Morocco. Another effect is due to the shallow water
areas along the Gloria Fault that channel the wave energy towards the
Azores Islands.

In the NE Atlantic only few studies addressed the landslide-induced
tsunami hazard on the coasts of Iberia and Morocco. Lo lacono et al.
(2012) investigated the Gorringe Bank deep-water landslide and
showed that it may cause a major tsunami waves reaching the coasts
of Portugal. The Gorringe Bank landslide has an estimated volume of
~80 km® that is distributed between the depths of 2900 m and
5100 m. The numerical simulations predict an initial wave of ~20 m
and an impact along the Portuguese coasts with waves reaching 7 to
20 m after 30 min of propagation. On the other hand, our case of SHL
has similar depth but different volume and source characteristics
when compared to the Gorringe Bank landslide. These differences result
in the generation of a bigger tsunami that takes more time (~45 min) to
reach the coast of Portugal. Even though both events present different
characteristics, the GB landslide is a rock fall involving different tsunami
generation mechanism, we find a similarity in the wave energy distribu-
tion, in particular in the near-shore mainly due to the morphologic
configuration of the area.

It is important to mention here that this study suffers from some
limitations regarding the models considered. The main simplification
concerns the rheological model adopted to represent the landslide
material and its dynamics, which mainly affects the tsunami generation.
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A better representation of the landslide rheological model requires geo-
technical analyses of sediment cores, which are extremely expensive to
collect and are seldom available. Also, the reconstruction of the pre-
event landslide was based on the interpretation of only one multichan-
nel profile in addition to the scar observed in the bathymetry. Despite
these limitations, this study is an important contribution to assess the
landslide generated tsunami hazard in the NE Atlantic region.

In addition to the Hsm and GB, the NE Atlantic region in the Eurasia-
Africa plate boundary area comprehends a number of seamounts (e.g.,
the Josephine, the Marqués de Pombal, and the Coral Patch). These
oceanic features have similar vigorous morphology, with average slopes
dipping ~3.8° to 4.7° that strongly contrasts with the surrounding abyssal
plains that have slopes of <0.1°. Within these seamounts, it is well known
that many of the triggered landslides occurred in Late Pleistocene and
Holocene times (Gracia et al., 2010). The pre-conditioning and triggering
mechanisms of SMFs, mainly consisting of moderate to high magnitude
seismicity and tectonic driven gravity instability, still persist in the region,
and therefore, favor the triggering of future large SMFs. This study and the
study by Lo lacono et al. (2012) clearly show the significant tsunamigenic
potential of such SMFs occurring in deep-water seamounts. Both studied
features, Hsm and GB landslides, can form a starting point to construct a
reliable deep-water tsunamigenic SMFs database for the region. This data-
base must be completed with more quantitative information on the

rheological properties and chronology of the existent SMFs for a compre-
hensive geo-hazard assessment in the region. Moreover, slope stability
analysis for the main deep-water seamounts in the region requires
more attention in order to mitigate future failures as well as their possible
tsunamigenic potential.

5. Conclusions

In this paper we investigated the possible tsunami and its coastal im-
pact caused by a deep water submarine mass failure in the NE Atlantic.
The Hirondelle Seamount case study, located at water depths >2000 m,
has a large mass transported deposit. The main findings of this work are:

i. The occurrence of a large submarine landslide (SHL) involving a
volume 500 km?® of sediments deposit and the mapping of its corre-
sponding scar and source area.

ii. The SHL occurred as one single landslide event as sustained from
inspection of multichannel reflection seismic profile.

iii. The SHL caused a significant tsunami despite being located in a
deep-water region.

iv. The SHL had a regional impact along the surrounding coasts of the NE
Atlantic region, in particular along the coasts of Morocco and Iberia.
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v. The SHL-induced tsunami took tens of minutes (45-60 min) to reach
the Portuguese and Moroccan coasts.

In summary, this paper presents a contribution to the study of the
tsunami hazard associated to non-seismic sources in the NE Atlantic.
In addition, it is suggested that in the NE Atlantic more attention should
be given to tsunami hazard assessment due to the landslides occurring
in the deep-water seamounts.
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