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SUMMARY

The southwestern margin of the Iberian Peninsula, which includes the Gulf of
Cadiz, is characterized by a present-day active deformation mainly driven by the NW-
SE trending convergence between the African and Eurasia plates. In addition, this area
hosts some of the largest earthquakes occurred in Western Europe. The issue in the SW
Iberian margin, which this thesis aims to solve, is that there is not an overall
understanding of the active tectonics and contemporary sedimentary processes that
occur in some areas of the study region. In addition, there is a lack of detailed fault-
models of the main active faults, high-quality earthquake ruptures and tsunami

propagation models.

For this reason, in this PhD Thesis, the following points are studied: 1) Analysis of
the Cape Sao Vicente area to identify the sedimentary and the tectonic processes
developed in the study region and the interaction between both. 2) High-resolution data
analysis of two of the most important faults of the SW Iberian margin, the Marqués de
Pombal fault and the Lineament South fault to infer their current activity. 3) Carry Out
3D fault-plane models of the main active structures in the study area to evaluate the
sensitivity of the tsunami impact on the coast of SW Iberia and NW Morocco to the
fault geometry and slip distribution for local earthquakes. The main findings of my PhD
Thesis related with the previous points are the follow:

1) A multi-scale dataset consisting of multi-beam echo-sounder, 2D multi-channel
seismic and high-resolution sidescan sonar (TOBI) data allow to identify a large variety
of morphologies, as well as sedimentary and tectonic structures along the Sao Vicente
Canyon, the largest submarine canyon developed in the external part of the Gulf of
Cadiz. The Sdo Vicente Canyon and their dynamics are highly conditioned by the
convergence between the Eurasian and African plates. The origin of the canyon is fully
tectonic, as it shows a strong structural control. The Sao Vicente Canyon is mainly
conditioned by three current-active thrust faults: the Marqués de Pombal Fault, the Sao
Vicente Fault and the Horseshoe Fault. No major rivers feed sediment to the canyon
head, and therefore, the main sediment source is related to the disintegration of canyon
flanks and the Mediterranean Overflow Water sedimentary deposits. Due to the canyon
retrogressive erosion, submarine slides and scars are the main seafloor morphologies.
The Sdo Vicente Canyon is a clear example of a diachronic and segmented canyon

developed since the Late Miocene in an area of active plate tectonics.



2) By integrating the most advanced technologies in marine geosciences covering
different scales of resolution, such as: multibeam echosounder, sub-bottom profiler,
Autonomous Underwater Vehicle (AUV) “Abyss” and, high-resolution 2D
multichannel seismic profiles, it has been possible to characterize, in detail, the
Lineament South and the Marqués de Pombal faults. The Lineament South strike-slip
fault is the longest active structure in the study area that may generate one of the most
powerful earthquakes in the SW Iberian margin. Both ends of the Lineament South
Fault raise the seafloor and generate positive and negative floor-like structures,
demonstrating its current activity. The main motion component of the fault is right-
lateral, as the rake and the dislocated structures in both extremes of the fault suggest.
The Marqués de Pombal fault is an active left-lateral reverse fault. As isochore maps
and the distribution of the vertical slip evidenced, this structure was active from the
Middle-Miocene until nowadays where its uplift control the incision and the activity of
the Sdo Vicente Canyon.

3) To identify the most vulnerable areas to be affected by a tsunami in SW Iberia
and NW Morocco, realistic tsunami models have been built modelling in detail the main
active faults in the region, including: the Gorringe Bank, Marqués de Pombal,
Horseshoe, North Coral Patch and South Coral Patch thrust faults, and the Lincament
South strike-slip fault. Based on a large dataset of 2D multi-channel seismic profiles,
3D sub-surface models that involves dimensional complexities of the fault planes have
been generated. Additionally, with the aim to know the influence of the slip distribution
along the fault plane in tsunami simulations, various heterogeneous slip-distributions
have been considered in the Horseshoe fault tsunami scenario. The results show that
using more complex fault geometries and slip distributions, the peak wave height (about
the mean sea level) at the coastline can double compared to simpler tsunami source
scenarios from planar fault geometries. Therefore, complex fault geometries and non-
uniform slip distribution should be considered in future tsunami hazard updates.
Tsunami simulations also show that the presence of submarine canyons attenuates the
wave heights that reach the coastline, while the submarine ridges and the shallow shelf
increase it. The tsunami simulations done, reveal that the most dangerous faults for the
Moroccan coast are the Horseshoe, Gorringe Bank and South Coral Patch, for the
Spanish and the Algarve coasts is the Lineament South fault and for the western coast of

Portugal, the Gorringe Bank fault.
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Chapter 1: Objectives and general concepts

CHAPTER 1

Objectives and general concepts

1.1. Introduction

Earthquakes, tsunamis and submarine landslides are geo-hazards that can inflict
significant damage in the population and coastal areas around the world. Furthermore,
they may cause an important impact in societies as well as global economies at
distances of thousands of kilometres (Morgan et al., 2009; Satake, 2015). Dramatic
examples are the recent 2011 M,, 9.1 Tohoku-Oki and the 2004 M,, 9.3 Sumatra-
Andaman earthquakes, which generated a series of massive tsunami-waves. They grew-
up to 30-40 m high heading towards land, travelling at 700 km/h for up to 10 km (Mori
et al., 2011; Stein & Okal, 2005). These tsunamis killed a total of 220.000 people in 14
countries in Southeast Asia, and a total of 15.000 people in Japan, which demonstrates
that these events were some of the deadliest natural disasters in history, although their
consequences varied significantly depending on the level of preparedness (Koshimura &

Shuto, 2015).

Large earthquakes and tsunamis are infrequent events, however, the high number of
missing and injured people and the casualties that they can cause make them one of the
most dangerous phenomena in nature (Lay et al., 2005; Stein & Okal, 2005). Despite
large earthquakes and tsunamis are recurrent events in active plate boundaries with
high-deformation rates (i.e., the Ring of Fire in the Pacific), they can also occur in
relatively slow tectonic deformation areas with long-recurrence intervals, such as the

SW Iberian margin (Fig. 1.1).

The SW Iberian margin (Fig. 1.2) contains the plate-boundary between Africa and
Eurasia, which is characterized by slow NW-SE trending convergence (3.8-5.6 mm/yr).
This is one of the most seismogenic areas in Western Europe, where large destructive
earthquakes and tsunamis have occurred. Historical chronicles refer to 16 tsunamis that
have affected the Iberian and Moroccan Atlantic coasts since 218 B.C. (Campos, 1991).
The most destructive historical event in this area was the 1755 Lisbon Earthquake (M,

> 8.5) and Tsunami (Fig. 1.1), which hit several coastal cities along southwest Iberia
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and North Africa, destroying the city of Lisbon by the combined effect of the
earthquake, fires and tsunami waves (Baptista et al., 1998). In 1969, a large earthquake
nucleated in the Horseshoe Abyssal Plain with a magnitude My, 8.0 (Fukao, 1973), one

of the largest events in recent times (Fig. 1.2). Therefore, to carry out a detailed hazard

assessment in the SW Iberian margin is essential.

Figure 1.1. Image of the destruction of Lisbon after the 1st of November 1755 earthquake and
tsunami (Image from Higgins Art Gallery & Museum, 2020).

To implement earthquake and tsunami hazard assessment, the following items are
essential: a) An accurate knowledge of the geodynamics and stress field of the area; b)
A detailed characterization of the main active faults, high-quality earthquake rupture
and tsunami propagation models, and a good constraint on the required fault parameters;
¢) A good knowledge of the interaction between the tectonic structures, together with
geomorphological elements of the study area (Geist, 1998; Satake, 2015; Yamashita &
Sato, 1974).

Since the mid-90s, several geological and geophysical surveys have been carried
out in the region, compiling data of the main geomorphological features, seismo-
stratigraphy and active faults of the SW Iberian margin. Regarding the geodynamic
evolution of SW Iberia, the most recent and outstanding findings defined the nature of
the basement of the Gorringe Bank as a serpentinized exhumed mantle (Sallarées et al.,
2013). Moreover, Martinez-Loriente et al., (2014) recognize three different oceanic
Basement domains: the Seine Abyssal Plain domain made of oceanic crust generated in
the NE Central Atlantic spreading centre; the Gulf of Cadiz domain constituted by
oceanic crust from the Alpine-Tethys rifting system; and the Gorringe Bank domain
made of exhumed mantle rocks form the first stages of North Atlantic opening.
Regarding active tectonics, recent works (e.g., Bartolome et al., 2012; Martinez-

Loriente et al., 2014) demonstrate the tectonic activity of the Lineament South strike-

6
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slip fault and Martinez-Loriente et al., (2013, 2018) show the tectonic evolution of the
Coral Patch Ridge area, the Seine Abyssal hills and the neighbouring Horseshoe Fault
(Fig. 1.2). Previous works (i.e. Gracia et al., 2003a; Gracia et al., 2003b; Zitellini et al.,
2004) already demonstrated the activity of the northern segment of the Horseshoe Fault
that constitutes part of the southern flank of the Sdo Vicente Canyon, one of the largest
submarine canyon of the Atlantic continental margin. Silva et al., (2017) demonstrated
the occurrence of a seismic cluster parallel to the Sdo Vicente Canyon, which may be
related to the seismic structures of the Cape of Sao Vicente region (Fig. 1. 2). However,
there is a - lack of - understanding the geomorphology and tectono-sedimentary
evolution of the Cape Sdo Vicente area in the SW Iberian margin and their relationship

with the Canyon (Fig. 1.2).

Past tsunami simulations and hazard assessment studies in the SW Iberian margin
already demonstrate the seismogenic and tsunamigenic potential of active structures in
the SW Iberian and NW Moroccan coasts (Baptista et al., 2011; Lima et al., 2010;
Matias et al., 2013; Omira et al., 2013, 2012). Focusing on the tsunami scientific field,
Tonini et al., (2020), shows that the imprint of the fault geometry is evident in the
waveform and suggested that oversimplified fault models may not represent the real

coastal impact of tsunamis.

Unfortunately, there is a lack in the realistic characterization of main fault ruptures.
Prior to this Thesis, the worst-case tsunami scenarios that each fault in the study area
may generate were considered roughly from rectangular-planar fault surfaces. In
addition, these studies did not take into account the geomorphological elements of the
seafloor that may have a direct implication in the wave-height and tsunami propagation.
In view of current knowledge gaps, the main motivations of this Thesis are to advance
in the understanding of the active tectonics and contemporary sedimentary processes
that occur in the area of the Cape Sao Vicente (Fig. 1.2), as well as to establish realistic
fault-models of the main active structures in SW Iberia to carry out detailed tsunami

simulations allowing to analyse the complexities of tsunami genesis.
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Figure 1.2. Topographic and bathymetric map of the SW Iberian margin, obtained from the
SWIM multibeam compilation (Zitellini et al., 2009). White stars correspond to the epicentres
of> 1) 1755 Lisbon earthquake and Tsunami. 2) 1969 Horseshoe earthquake (Buforn et al.,
2004). Inset: Plate tectonic setting of the SW Iberian margin. CPR: Coral Patch Ridge; CPS:
Coral Patch Seamount;, CSV: Cape Sdo Vicente; GB: Gorringe Bank; GBF: Gorringe Bank
Fault; GCIW: Gulf of Cadiz Imbricated Wedge;, GuB: Guadalquivir Bank; HF: Horseshoe
Fault; LNF: Lineament North fault; LSF: Lineament South fault; MPF: Marques de Pombal
Fault; MPB: Marques de Pombal Fault Block; NCPF: North Coral Patch Fault; PBF:
Portimao Bank Fault; PSF: Pereira de Sousa Fault; SCPF: South Coral Patch Fault; SHF:
Seine Hills Faults;, SP: Sagres Plateau; SVF: Sdo Vicente Fault.
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1.2. Hypotheses

On the basis of the text explained above, the main hypotheses to test in this

Doctoral Thesis are the following:

1) The Marqués de Pombal fault plays a key role in the evolution of the Cape Sao
Vicente area. Furthermore, the main active faults in this zone (i.e., Marqués de Pombal
Fault, Sao Vicente Fault and Horseshoe Fault) controlled the development of one of the

largest submarine canyon, in the Atlantic continental margins: the Sao Vicente Canyon.

2) The accuracy of the fault models has a considerable influence on the resulting
tsunami propagation pattern and the wave-height and improves significantly the
simulation of the worst-case tsunami scenarios. Therefore, accurate parameters, realistic
fault-planes and heterogeneous slip-distributions need to be taken into account during

the tsunami hazard assessment process.

1.3. Objectives

This PhD Thesis has been developed in the framework of the INSIGHT project
“ImagiNg large Seismogenlc and tsunamiGenic structures of the Gulf of Cadiz with
ultra-High resolution Technologies” granted in year 2016. The INSIGHT project (P.L.:
R. Urgeles and E. Gracia) was a national project belonging to the Spanish National Plan
of Research, Development and Innovation (R+D+I), leaded by the Marine Science
Institute (ICM-CSIC) in Barcelona. The project mainly focuses on imaging and
characterizing the main fault systems with the highest possible resolution, and their
relationship with fluid flow systems and large slope failures. The aim is to accurately
determine the seismic parameters of these faults and evaluate the seismogenic and

tsunamigenic potential of the largest tectonic sources.

In line with the objectives of the project and, based on the sections above (1.1- 1.2),

the main goals of this PhD Thesis are:

1) To characterize the geomorphological and tectonic evolution of the Cape of
Sdo Vicente zone and improve the knowledge on the origin and interplay between

active tectonics and the dynamics of submarine canyons.

The geomorphology and seismo-stratigraphy of the Sao Vicente canyon and the

neighbouring areas have been refined and the main tectonic structures that condition it
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are identified. Detailed analyses of the area were performed using bathymetric data,
TOBI (Towed ocean bottom instrument) sidescan sonar images and TOPAS
(TOpographic PArametric Sounder) subbottom data, together with Multi-Channel
Seismic (MCS) profiles. Moreover, the tectonic evolution of the main faults in the area
and their relationship with the timing of formation of the Canyon has been explained. In
addition, the interconnection of the sediment sources of the canyon with the high-

seismicity rate of the area is also exposed.

2) Characterization of active structures using high-resolution technologies:
High-resolution Multi-Channel Seismic and Autonomous Underwater Vehicle

(AUYV) datasets.

Three AUV images and high-resolution MCS profiles of the Marqués de Pombal fault
and the Lineament South fault are analysed in this Thesis to define in detail the
morphological expression of the faults on the seafloor and their characteristics. The
three AUV images (i.e. one for Marqués de Pombal fault, one for the western side and
another for the eastern side, at each end of the Lineament South fault) proved the

current tectonic activity of the fault along their entire length.

3) Tsunami hazard assessment in the SW Iberian margin based on realistic 3D

fault plane geometries of the main active structures:
a) Seismogenic potential of the main active faults.
b) Tsunamigenic potential of the main active faults.
¢) Evaluation of the bathymetric effects on the wave-height and tsunami
propagation.

In this thesis, complex 3D-fault planes (i.e., based on an extensive dataset of TOPAS
and MCS profiles) have been generated following the main active faults of the SW
Iberian margin, in order to model the worst-case tsunami scenario that each individual
fault may produce. In addition, different heterogeneous slip-distributions are taken into
account to verify the relevance of using a realistic slip in the tsunami simulations.
Furthermore, the importance of seafloor structures, such as the Sao Vicente canyon or
the Gorringe Bank seamount, in the tsunami wave-height and tsunami propagation has

also been studied. Finally, a compilation of all the relevant information (i.e., tsunami
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propagation, wave-height and, bathymetry features) is carried out to analyse the most

affected cities in each tsunami scenario.

1.4. General concepts

Basic and general concepts, essential to understand the geological setting and other
fundamental topics, such as plate tectonics, plate boundaries and fault systems,
earthquakes, tsunamis, geological hazards and submarine canyons will be presented in

the following sections of this PhD Thesis.

1.4.1. Fundamentals of plate tectonics

The Earth is a complex system in continuous evolution constituted by a series of
concentric layers with different chemical and mechanical properties (Turcotte &
Schubert, 2002). To understand the Earth-dynamics model, the German meteorologist
Alfred Wegener proposed the Theory of the Continental Drift in 1912 (Turcotte &
Schubert, 2002). He argued that the continents on both sides of the Atlantic Ocean were
separating. Many years later, in the 1960s Mary Tharp and Bruce Heezen discovered
that the ocean floor was not flat but covered with various kinds of geological features,
such as canyons, ridges and mountains, just like on the Earth’s above-ground
continents. These oceanic geological features were much large and deeper than anything
seen on the planet surface. Mary Tharp and Bruce Heezen demonstrated that the ocean
floor was a vast world more complex that anyone had dared to imagine up until then

(Kenyon, 1982; Le Pichon, 1968; Wilson, 1963).

In the plate tectonics framework, the lithosphere (i.e., external part of the Earth), is
composed by the crust and the upper mantle (Cox & Hart, 1986; Hamblin &
Christiansen, 2003) (Fig 1.3), and divided into a small number of rigid plates under
brittle deformation, which we refer to as the tectonic plates (Fig 1.4). The tectonic plates
are in relative motion with respect to one another above a highly viscous, mechanically
weak and deeper part of the upper mantle with plastic behaviour, the asthenosphere
(Hamblin & Christiansen, 2003; Turcotte & Schubert, 2002) (Fig 1.3). The mechanism
of the motion is controversial, but the most accepted theory is the presence of

convection currents in the mantel (Kearey, 1994). Tectonic interactions between plates
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occur at the plate boundaries where most of the deformation, seismic and volcanic

activity takes place (Fig 1.3).

trench at oceanic ridge at
convergent boundary divergent boundary

) transform fault at trench at
island arc transform boundary convergent boundary

lithosphere lithosphere
A R hot spot

rising
magma

rising
magma

subduction subduction
zone asthenosphere zone

~*“roll-back”
© 2015 Encyclopaedia Britannica, Inc.

Figure 1.3. Diagram of the different interactions between tectonic plates and their boundaries.
The diagram depicts the continent and oceans, with the Transform faults at transform
boundaries, Mid-ocean ridges at divergent boundaries and Trenches at convergent boundaries.
Below the seafloor, the picture shows the thin lithosphere (i.e. oceanic and continental crust)
and below the thick asthenosphere in the upper mantle, where oceanic plates subduct by the

slab roll-back mechanism. Extracted from Encyclopaedia Britannica, (2015).

On the basis of plate motion, there are three types of plate boundaries (Figs 1.3 and

1.4):

a) Transform or conservative boundaries: The plates slide horizontally and move
laterally to each other, generating transform fault systems predominantly horizontal.
The lithosphere plate is not created nor destroyed. Most such faults are found in oceanic
crust, where they accommodate a lateral offset between segments of divergent
boundaries, forming a zigzag pattern. This is a result of oblique seafloor spreading,
where the direction of motion is not perpendicular to the trend of the overall divergent

boundary (Kearey, 1994).

b) Convergent or destructive boundaries: The plates are approaching and collide
to each other. One plate slides beneath the other, a process known as subduction. The
subduction zone can be defined by a plane where many earthquakes would occur,
referred to as the Wadati-Benioff zone. When there is a density variation in between the

plates, the densest lithosphere sinks underneath the less dense one towards the mantle
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and is destroyed. This type of boundary generates a subduction process represented by
oceanic trench and islands arc systems. When the two lithospheres have the same

density, the collision may generate a mountain ridge (Kearey, 1994)

c) Divergent or constructive boundaries: The plates move away from each other,
the lithosphere progressively gets thin and new oceanic lithosphere is created by magma
pushing up from the mantle. These types of boundaries are represented by mid-ocean

ridges systems or continental rifts (Kearey, 1994)
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Figure 1.4. World map of the main tectonic plates with the diverse plate boundaries Subduction
zones, spreading centers and transform faults have been identified. In addition, volcanoes
(onland & submerged), hotspots and earthquake zones are also depicted. Plate boundaries are
the zones where most of the seismic and volcanic activity occur. Extracted from Arboleya,

(2018).

The oceanic crust is the uppermost layer that is created or destroyed at plate
boundaries. It is generated at Mid-Ocean Ridges and destroyed in the mantle at
subduction zones. Therefore, it has a high relevance in the dating and reconstruction of
the plate tectonic motions throughout the history of the Earth. The oceanic crust has a
mean thickness of 6-7 km and an average density of 3.0 g/cm’ (Turcotte & Schubert,
2002). This type of crust is characterized by a layered structure, where each layer has a
different composition. From the most shallow to the deepest layer: basaltic pillow lavas,

sheeted diabase dike complex, isotropic Gabbroic rocks, layered gabbroic rocks and
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layered peridotites (Fig. 1.5). In contrast, the continental crust has a mean thickness of
35 km and an average density of 2.7 g/cm’. This type of crust can be divided in two
layers, one above of granodiorite composition and another below of granulite

composition.

Sediments
Pillows, breccias & flows

et i Figure 1.5. Schematic layered structure

of the oceanic crust. It includes
sediments, pillow lavas, breccias and

Gabbro bodies
flows, sheeted dykes, gabbros, layered

Depth (km)
B

gabbros and layered peridotite. The

Layered gabbro detailed  thickness and  horizontal

Layered peridotite

k——— Oceanic Crust ————|

contacts are based on standard ophiolite

Upper mantle complexes. Extracted from Earle, (2015).

1.4.2. Fault types and basic parameters

A fault is a fracture or a discontinuity in a volume of rock, which has produced a
significant displacement, as a result of rock movements. Two blocks of rock separated
by a fault are displaced relatively to each other (Keller & Pinter, 2002) . The motion of
the faults can be rapid, and may originate an earthquake or can slowly occur in the form
of creeping (Press et al., 1986). To define and characterize a fault system, their motion
and seismic potential, a series of mechanical parameters are used (Fig 1.6a) (Keller &

Pinter, 2002). They are the following:

a) Strike: Direction of the line, relative to North, formed by the intersection of the

fault plane and the ground.

b) Rake: Direction of the fault motion with respect to the strike line of the plane

that defines the tectonic behaviour of the fault (Fig 1.6b).
c) Dip-angle: Angle at which the fault is inclined to the horizontal plane.

d) Fault geometry: Length and width of the fault plane.
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e) My: Moment magnitude is a measure of an earthquake size based on the seismic
moment, with the latter being a function of the fault slip and area involved in the

earthquake.
f) Focal depth: Depth of an earthquake hypocentre.

g) Slip: Relative movement of both sides of the fault plane. The slip is
fundamentally related to the stress-drop on the fault (i.e. difference between the stress
across a fault before and after the occurrence of an earthquake) and the material

properties of the medium (Hirono et al., 2016; Scholz, 2002).
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Figure 1.6. Diagram of the standard conventions to define faults. a) Diagram of the fault plane
parameters (i.e. length, width, depth, strike, rake and dip). b) Diagram of the fault types in
function of the rake. Extracted from IGME, (2015).

On the basis of the Anderson stress model, the faults can be classified in three main
types, depending on the direction of the three principal stresses 6, -~ 6, >~ 03 to the
horizontal plane: normal faults, reverse faults and strike-slip faults (Lowrie, 2007) (Fig.
1.6, 1.7). The principal stresses are consequence of the state of the stress of an area,
produced by the motion of the tectonic plates. The Anderson’s stress model, to explain
the fault-type ruptures, considers an isotropic deforming rock and a coaxial deformation
(Lowrie, 2007). The o, represents the axis of maximum tensional stress (T-axis) and o3
represents the axis of maximum compressional stress (P-axis) (Fig. 1.7). When the
motion of the faults occurs up or down the fault plane, it is called as a dip-slip fault, and
when the motion is horizontal, parallel to the strike of the fault plane, it is referred to a

strike-slip fault. These are the three types of fault systems (Lowrie, 2007):
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Normal faults: Dip-slip fault in which the block above (the hanging-wall) has
moved downward relative to the block below (footwall). The T-axis is
horizontal and the P-axis is vertical (Fig. 1.7).

Reverse fault or thrust fault: Dip-slip fault in which the hanging-wall moves
upward and over the footwall. The T-axis is vertical and the P-axis is horizontal
(Fig. 1.7).

Strike-slip or transcurrent fault: The fault surface is usually near vertical, and
the footwall moves laterally either left or right, with little vertical motion. The
T- and P- axis lie in the horizontal plane. If the observer perceives that the
opposite side of the fault moves to the left, the fault is said to be sinistral or left-
lateral. If the observer perceives that the opposite side moves to the right, the

fault is dextral or right-lateral (Fig. 1.7).

On the basis of the interpretation of principal axes of stress that led to an

earthquake, seismologists can calculate the orientation and direction of slip of a
seismogenic fault that it is called as focal mechanism and it is displayed on maps as a
“beach ball” symbol (Fig. 1.7). Focal mechanisms are computed using a method that
tries to find the best fit to the direction of the first P-wave motions of an earthquake

observed at different seismic stations (Fowler, 2005).
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1.4.3. Seismicity concepts

An earthquake is the sudden slip on a fault and the resulting trembling in the
ground, caused by the released stress that radiates energy throughout a seismic-wave
(Keller & Pinter, 2002). Most of the earthquakes are the result of a fault rupture (i.e. the
strain energy is stored until the stress accumulated at the fault is enough to overcome
the block), but they can also be generated by landslides, volcanism or magmatic activity
(Gracia et al., 2019; Sallarés & Ranero, 2019). The hypocentre (or focus) is the point
on the fault plane where the earthquake rupture starts. The epicentre is the point on the

surface located vertically above the hypocentre.

The faults that are able to generate ruptures and therefore earthquakes are defined
as active faults. The first widely active fault definition refers to a fault that is currently
moving (Wallace, 1981), however this definition is an ambiguous and strongly
dependent on the location and interest of the study. In regions with high motion plate
boundaries and high-recurrence of events, such as California, between North American
and Pacific plates, a fault is considered active if it has tectonic activity during the
Holocene (Machette, 2000). Whereas, in slow motion plate boundaries, such as the SW
Iberian margin, a fault is considered active if it has moved during the Quaternary and
the time-span of concern to society (Machette, 2000). To know when an active fault is
likely to produce an earthquake, it is necessary to calculate the average time-interval
between earthquakes, which is called average recurrence interval (Keller & Pinter,

2002). To calculate this, three different methods may be used:

a) Seismic data: Uses historical and instrumental earthquakes and an average time-

interval between the seismic events.

b) Paleoseismic data: Studies the geological record (e.g. paleo-turbidites) to
identify and evaluate the prehistorical earthquakes, as well as the time-interval between

a sequence of consecutive events (Gracia et al., 2010).

c) Slip rate: How fast two sides of a fault are slipping relative to one another
(mm/yr) (Keller & Pinter, 2002) . Assuming a given displacement per event (slip per
event in mm) and dividing that number by the slip rate (mm/yr), the recurrence period is

obtained (yr).
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1.4.3.1. Seismic zones and seismic data offshore

To study in detail the seismicity of a region, such seismicity needs to be related
with past, current and future earthquakes events and the active tectonic structures of the
area in order to identify the seismic zones (i.e., areas where earthquakes tend to focus)

(Fowler, 2005).

The definition of a seismic zone is based on the interpretation of the geological,
geophysical and seismological data. The delimitation of the seismic zones is important
not only for theoretical reasons such as, understanding the geodynamics of a region, but
also for practical reasons. One of the main reasons is to predict earthquake ground-
motion resulting from the largest earthquake that could shake a given region (Keller &

Pinter, 2002).

To determine the tectonic framework of offshore areas and the characteristics of
individual faults is not an easy task because these tectonic structures are located at large
water-depths. The main difficulty is to obtain the geological data, which is based on
indirect methods (i.e., seismic and acoustic data), mainly because of the inaccessibility
to offshore faults and the difficulties related to direct in situ observations. Punctually, it
is possible to obtain direct information from the material that constitutes the area under
investigation by sediment sampling using coring devices that usually do not exceed 2 to
3 m in length. Less frequently piston coring devices may allow for sedimentary
sequences up to 50 m below sea floor to be sampled. Using rarely available drilling
techniques it is possible to retrieve sediments and fault related materials from several
hundred/km below the seafloor (Chester et al., 2012). Direct observations at the seafloor
can sometimes be performed using ROVs (Remotely Operated Vehicle), AUVs and
submersibles (Szitkar et al., 2019; Yoerger et al., 2007).

In the same way, assigning specific earthquakes to a particular fault system is also a
complex task. The main difficulty is to relate the earthquake epicentres with the active
faults. To locate the epicentre of an earthquake it is necessary to have a wide-coverage
(360°) of the seismic stations around the epicentre, capable to record the event,
triangulate it and locate it with as high precision as possible. The main problem is that
seismic stations are often located onshore, far away from the earthquake source.
Therefore, there is a significant lack of seismic event records, which may induce errors

in the location of the epicentres located at tens of kilometres away (Engdahl &
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Villasenor, 2002). Finally, it is very important to gather all the seismic data of a given
study region in order to properly define their seismic behaviour. The main sources of

seismic information are the following:

a) Instrumental and macro-seismic catalogues: Throughout the last Century, the
way to record the seismicity of a given region has evolved due to the fast development
in seismic instrumentation. Before the XX™ Century, all the located epicentres were
determined from macro-seismic information, which was based on the perception that the
society had of an earthquake through inquest and assessment of the damage and social
effects that it caused. Macroseismic catalogues are exclusively based on intensity data
(Susagna 1 Vidal & Goula i Surifach, 1999). The development of seismological
instrumentation that took place at the beginning of the xx™h Century is a point from
which the science evolved from macroseismic epicentres to instrumental epicentres.
However, there are few instrumental records from the beginning of the XX"™ Century. It
was not until the middle of that Century that several networks of instrumental seismic
stations began to be deployed. The instrumental catalogues allowed a broad and
precise knowledge of the earthquakes that occurred in a given region during the last 40

years (Susagna i Vidal & Goula i Surifiach, 1999).

b) Historical chronicles: Documenting the historical seismicity is based on
different types of written information of large/great earthquakes that occurred before the
xx™" Century. The main dilemma of this type of information is that there are important
inaccuracies that require the participation of expert’s historians that know the

particularities of each epoch in the study area (Campos, 1991; Escorza, 2007).

c) Submarine paleoseismology: Paleoseismology is based on the study of the
geological record to evaluate pre-historical and historical earthquakes. The aim of
paleo-seismology is to extend the seismic catalogue back in time. This is especially
important in slow slip-rate regions that host large earthquakes with long recurrence
periods (<10° yr), and regions where the historical catalogues are shorter than the
recurrence interval (e.g., the SW Iberian margin) (Santanach 1 Prat & Masana, 2001). In
the case of the offshore SW Iberian margin, the instrumental period is relatively short (<
100 yr) and the historical earthquake catalogues are not sufficient, considering the high
magnitude earthquakes and the long recurrence interval in this region (Gracia et al.,
2010; Masana et al., 2004). The submarine paleoseismic approach allows us to

determine past seismic activity and their recurrence rate for large magnitude events (My
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> 6.0). Recent investigations by Gracia et al. (2010) tested the “turbidite
paleoseismology” in the SW Iberian margin. The study was based on the coeval
deposition of turbidites in distal depositional areas as a proxy for paleo-earthquakes

during the high-stand of the Holocene period (Fig. 1.8).
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Figure 1.8. Turbidite ages recorded in different areas of the SW Iberian margin for the last
2500 years. Black lines correspond to the ages of instrumental and historical earthquakes and
tsunamis of M,, > 8.0. Dashed lines: historical earthquakes and tsunamis of 6.0 < M,,> 8.0. In
red, turbidity event from Vizcaino et al., 2006. Depicted in blue, turbidites ages from Thomson
and Weaver (1994). IDHB: Infante Don Henrique Basin; MPF: Marqués de Pombal Fault;
HAP: Horseshoe Abyssal Plain; TAP: Tagus Abyssal Plain. Inside the box: turbidite events
linked to the instrumental and historical earthquakes. E9, in grey, is not considered for

calculating the regional recurrence. Extracted from Gracia et al., (2010).
1.4.3.2. Seismic scales to measure earthquakes

To describe the released energy of an earthquake there are two types of scales, one
more quantitative and another more qualitative. The former are magnitude scales,
which are logarithmic and based on measurements of the seismic-wave recorded on a
seismogram (e.g. Richter scale, Table 1.1), the latter are intensity scales, which are
subjective and are based on the shaking, damage to buildings and social impact of an
earthquake (e.g. MSK scale or Mercalli scale, Table 1.1) (Fowler, 2005). Intensity
scales should be taken into account in respect to the different building codes and the

socio-economic features of different world areas.
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Richter magnitude Modified Mercalli Description

intensity
1.0-30 | Not felt except by a very few under especially favorable conditions.
3.0-39 Il Felt only by a few persons at rest, especially on upper floors of buildings.

m Felt quite noticeably by persons indoors, especially on upper floors of buildings. Many people do
not recognize it as an earthquake. Standing motor cars may rock slightly. Vibrations similar to
the passing of a truck. Duration estimated.

4.0-4.9 v Felt indoors by many, outdoors by few during the day. At night, some awakened. Dishes,
windows, doors disturbed; walls make cracking sound. Sensation like heavy truck striking
building. Standing motor cars rocked noticeably.

Vv Felt by nearly everyone; many awakened. Some dishes, windows broken. Unstable objects
overtumed. Pendulum clocks may stop.
50-569 Vi Felt by all, many frightened. Some heavy fumiture moved; a few instances of fallen plaster.
Damage slight.

Vil Damage negligible in buildings of good design and construction; slight to moderate in well-built
ordinary structures; considerable damage in poorly built or badly designed structures; some
chimneys broken.

6.0-6.9 Vil Damage slight in specially designed structures; considerable damage in ordinary substantial

buildings with partial collapse. Damage great in poorly built structures. Fall of chimneys, factory
stacks, columns, monuments, walls. Heavy fumiture overtumed.

IX Damage considerable in specially designed structures; well-designed frame structures thrown
out of plumb. Damage great in substantial buildings, with partial collapse. Buildings shifted off
foundations.

7.0 and higher X Some well-built wooden structures destroyed; most masonry and frame structures destroyed
with foundations. Rails bent.

Xl Few, if any (masonry) structures remain standing. Bridges destroyed. Rails bent greatly.

Xi Damage total. Lines of sight and level are distorted. Objects thrown into the air.

Table 1.1. Comparison table of the Ritcher magnitude and modified Mercalli intensity scales.
From Tendiiriis et al., (2010).

The magnitude of an earthquake is a number that characterizes the relative size of
an earthquake. There are different scales of magnitude deriving from identifying
specific body wave (P- and S- waves) of the ground motion on a seismogram. Some of
the scales defined are the local or Richter magnitude (My), surface-wave magnitude
(M), body-wave magnitude (my, for short period, mg for long period), and moment
magnitude (My). The M,, is the most recent and useful scale obtained from the seismic
moment (M) and is a more reliable measure of the magnitude of an earthquake than is
either My, M or m, (Fowler, 2005). The My measures the sizes of an earthquake
considering fault parameters such as the shear modulus (strain necessary to overcome
the friction force), the fault rupture area and the average displacement of the fault (slip)
(Fowler, 2005). In addition, to link physical fault parameters with earthquake released
energy the My, can be easily calculated with modern instruments and can be estimated
by geodetic and geological data. For all these reasons, nowadays the M,, is the most

used worldwide magnitude scale (Kanamori, 1977).
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1.4.4. Basic concepts of tsunamis
1.4.4.1. Tsunami definition and generation

Tsunami is a Japanese word that means "harbour wave". It has been known since
ancient times that this type of wave, different from the usual ones produced by wind and

tides, can inflict significant damage to the coasts.

In scientific terms, a tsunami is a series of giant gravity waves in a water body
caused by the displacement of a large volume of water (Satake, 2015). This work
focuses on tsunamis generated by earthquakes (earthquake tsunamis), when the energy
released by an underwater earthquake triggers an abruptly seafloor vertical deformation.
The vertically deformation immediately displaces the overlying water losing its
equilibrium position (Satake, 2015) (Fig 1.9). Due to the small compressibility of
seawater, it is assumed that the initial wave height of a tsunami is set by the amount of
uplift or dropdown produced by the seafloor rupture (Satake, 2015). Gravity restores
mean sea level by converting the energy of the local sea surface displacement into a
gravity wave. Offshore, earthquake-induced tsunamis have a small wave height, a very
long wavelength (much longer than ocean depth) and travel at high velocity (over 800

km/h) across ocean basins with negligible speed loss (Fig 1.9. and Table 1.2.)

The waves grow in height when they reach shallower waters (shoaling effect),
because the banks and the continental shelf compress the wave and its velocity
decreases drastically (below 80 km/h) (Table 1.2.). Its wavelength diminishes and its
amplitude grows enormously (Satake, 2015). The most important tsunamis are produced
by large and shallow earthquakes (My, > 7 and 10-50 km depth in the crust) associated

to the movement of tectonic plates (Bryant, 2008).

There are different processes, besides the earthquakes, that can generate a tsunami
such as, volcanic eruptions, landslides and other underwater disturbances like glacier
calvings, detonations or meteorite impacts (e.g. Keating & McGuire, 2000; Latter,

1981; Stein & Okal, 2005) (Fig 1.9).

Within the tsunami earthquakes, there are two different types: the tsunamigenic
earthquakes and the tsunami earthquakes. A tsunamigenic earthquake is an earthquake
that generates a tsunami, while a tsunami earthquake is an earthquake that excites
much larger tsunamis than expected from the seismic waves (Kanamori, 1977; Satake,

2015).
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" Water depth:
20 meters

Figure 1.9. Tsunami generation and propagation. a) Different processes that may generate a

tsunami (modified from SalvagdorGali/Shutterstock.com in Sallarés & Ranero, (2020)); b)

Diagram of tsunami evolution from the source point until the coastline. From Tarbuck et al.,

(2005).

Depth
7000 4000 2000 200 50 10
(meters)
Velocity
943 713 504 159 79 36
(km/h)
Wave length
282 213 151 48 23 10.6

(km)
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Table 1.2. Relationship between Depth, Velocity and Wave length of a tsunami. Tsunami speed
and wave length are reduced in shallow waters as wave height increase rapidly modified from

International Tsunami Information Center, (2020).

1.4.4.2. Tsunami propagation

Tsunamis propagate in all directions from the source area, with the direction of
propagation of the main energy, generally being orthogonal to the direction of the
earthquake rupture, and hence it depends on the orientation and dimensions of the fault
on which the earthquake originates. Variations in tsunami propagation energy can occur
where regional bathymetric and topographic elements modify the waveform. The
tsunami-wave may experiment refractions, reflections and dispersion throughout its

propagation (Levin & Nosov, 2015):

e Reflections occur when the tsunami-wave bounce back against shorelines and
returns into the medium, creating a complex wave-pattern. Tsunamis can reflect
off in topographic features, mainly in coastal areas (Levin & Nosov, 2015).

e Refraction is the variation of the direction (bending) of wave-propagation
caused by segments of the tsunami-wave that move at different velocities, as the
water-depth changes along the wave front. The difference in wave-velocity may
occur because the wave-velocity decreases in the shallow water. When part of
the tsunami-wave is in shallower water than another part, the wave bends (Levin
& Nosov, 2015). This effect is possible mainly because the tsunami wavelength
is much larger than the water-depth and the horizontal motion of water-mass is
uniform through the entire water column (i.e. from the ocean bottom to the
surface) (Satake, 2015).

e Dispersion occur when the longer wavelength components of the waves,
propagate faster than the shorter wavelength components, therefore, the wave

not reaches long distance with the initial profile (Satake et al., 2015).

Tsunami-waves can act as shallow water-waves or long-waves. For shallow water
or long waves, the wave velocity (v) depends on the water depth (d) according to the

formula:

V=,g-d

where g is the acceleration of gravity (Bryant, 2008).
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Tsunami metrics

To describe a tsunami and the impact that may have on the coast, a series

parameters, offshore and on-land, describing the tsunami characteristics are needed. In

the former case, the most used parameters are the amplitude, the wave-height and the

wavelength; in the latter, the most used parameters are the run-up, the inundation

height, the inundation distance and the flow depth. The definitions of each parameters

are as follow (Satake, 2015):

Offshore (Fig 1.10)

Amplitude, m
M o

Amplitude: Is the measure from a zero value to a negative or positive peak

(crest or trough) of a wave. The zero measure is an estimation of the tidal level.

The initial motion (negative or positive peak) carries the information on the

tsunami source.

Wave-height: Is the measure from a trough to a crest of a wave. It is also called

as “range” or “double amplitude”. It is measured using tide gauges.

Wavelength: Distance between two consecutive crest or trough.

Male, Maldives (Max)
(Max) I Wave height

Amplitude

Arrival time I Estimated tide
Phuket, Thailand
l (Max) Wave height  gqtimated tide

Amplitude

-3 0 3 6 9 12
Time, hour from earthquake

Figure 1.10. 2004 Sumatra-Andaman waveforms recorded by a gauge stations in Male

(Maldives) and Phuket (Thailand) showing amplitude and wave-height. From Satake (2015).

On-land (Fig 1.11.):

Flow depth: Is the height of a tsunami on-land measured from the ground level.

Inundation height: Relative measure of the sea level on the tsunami arrival

time.
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e Inundation distance: Horizontal water penetration distance measured from the
coast.
e Run-up height: Maximum inundation height, where the velocity and the kinetic

energy of the tsunami become zero.

Inferred profile
of tsunami

—

Run-up height

v_ . Sea level at

/ < »  tsunami arrival

—_ Inundation distance

Figure 1.11. Graphical definitions of the tsunami parameters measurements on-land. From

Satake, (2015).
1.4.4.4. Tsunami observations

Tsunami observations and measurements are very important since they allow to
create extensive databases that are very useful to benchmark tsunami models and
tsunami early warning systems. They can be instrumental measurements or geological

observations (Satake, 2015).

There are different instrumental measurements. The most common method used
for more than a century is the tide gauge at ports and harbours that measures sea-level
coastal heights. The classic tide gauge is mechanical and detects the sea-level changes
by a float in a well. The most recent gauges include pressure (i.e., they measure water
pressure that is converted to sea-level height), acoustic and radar measurements (i.e.,
they send ultrasonic waves to measure sea-level changes) (Satake, 2015). Offshore
wave-gauges are very important to detect tsunamis before they arrive to the shore. This
type of wave-gauge uses ultrasonic waves to measure water height and wave period. For
deep-ocean measurements, bottom pressure gauges are used. They also records ground
motion and work as ocean-bottom seismograph. These gauges send signals to a surface
buoy which in turn send the information via satellite to a land station (Gonzalez et al.,

2005).
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On the one hand, geological observations not usually provide direct information on
the metrics of tsunamis; on the contrary they can contribute with important information
in terms of sizes and recurrence interval of earthquakes and tsunamis. The geological
observations are based in the study of prehistoric tsunami deposits (Bryant, 2008).
These deposits result from a short and rare episode where multiple waves transport
suspended load, which is rapidly deposited in sheets characterized by graded bedding.
The identification and dating of this type of sedimentary deposit allows to calculate the
amount of tsunamigenic events that occurred in specific areas and time intervals in the
past (Bryant, 2008). On the other hand, when a tsunami occurs in a remote area, is
common to carry out more or less immediately a tsunami survey that provides metrics

of the tsunamis (e.g. flooding parameters) (Borrero, 2005; Okal et al., 2015).
1.4.5. Geological Risk and related concepts

A natural hazard is a natural phenomenon that may have a potential threat to
society (i.e., fatalities, damage to property and infrastructure) (Keller & DeVecchio,
2015). Natural hazards are characterized by their magnitude (energy released) and
intensity (strength of the event on the environment), as well as their frequency (number
of events occurred on average) and probability (a number between 0 and 1, which
indicate the chance of happening of an event). The natural phenomena itself is not a
risk, but it may prompt risk due to the human use of the land. In this regard, the increase
in world population, together with poor land-use, can lead to the occurrence of
phenomena that may lead to disasters and eventually become huge catastrophes (ICGC,
2008). The consequences of a natural phenomenon can be considered a disaster if the
hazardous event occurring in a limited time and on a defined area causes injured or
fatalities and the state of emergency is declared and international assistance is required.
A catastrophe is a devastating event that requires a long time and expenditure of a lot

of money to recover the damaged place (Keller & DeVecchio, 2015).

Natural hazards may affect millions of people around the world and it is calculated
that each year about 80.000 people die in natural disasters or catastrophes (Keller &
DeVecchio, 2015). When a natural phenomenon interacts with human activity, the
concept of a geological risk takes place. Therefore, the concept of risk can be defined as
the combination of a natural hazard and the vulnerability (i.e., exposure and level of

expected damage of people or elements of the affected area) (Fig 1.12) (ICGC).
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Natural Hazard

Potential catastrophic
and chronic events

Vulnerable System

Exposure, sensitivity
and adaptive capacity of:

* Past recurrence intervals
* Future probability

* Speed of onset

* Magnitude

* Duration

* Spatial extent

* Population

* Economy

* Land use and development
* Infrastructure and facilities
* Cultural assets

* Ecosystem goods and services
Ability, resources, and will to:

+ Mitigate « Respond
* Prepare * Recover

RISK = Natural Hazard x Vulnerability

Figure 1.12. Diagram of the risk function. This is not only depending on the exposure to natural
processes that may impact on society. Impacts from catastrophic events are directly related to

human decisions and policies made before, during and after it. Modified from Wood, (2011).
1.4.5.1. Prevention, mitigation and prediction

Natural hazards cannot be predicted, although, it is sometimes possible to predict
when a hazardous natural event will occur in the short term, especially in natural events
linked to weather (flooding, coastal floods...). However, most of the natural events such
as earthquakes and tsunamis, which are studied in this thesis, are not possible to predict,
especially because they are relatively unusual phenomena and without previous
precursors. For this reason, prevention and mitigation strategies are basic for society.
Prevention strategies are those dedicated to avoiding an event from becoming a
disaster (i.e., monitoring, warning systems, evacuation strategies...). While mitigation
strategies are aimed at any action that reduces vulnerability, such as safety-conscious
engineering, safe building structures or contention structures (Keller & DeVecchio,

2015).

In the case of the tsunami hazard, the way to prevent and mitigate the effects of
tsunamis in terms of loss of human life is to develop vulnerability studies to adapt
urban plans and build protection structures (sea level barriers and walls in front of

the coast), use an early warning system and educate the coastal population on the best
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way to evacuate the affected area. Early warning systems are based on seismic and
sea-level monitoring and comparison of the data with past tsunami events and numerical
tsunami simulations. If the recorded data is compatible with a tsunami earthquake, a
tsunami warning message is sent to the population in a few minutes (Satake, 2015).
Therefore, to protect vulnerable coastal areas from tsunamis, a precise monitoring
network of tide gauges, a good network of seismic stations, and a good knowledge and
characterization of active tectonic structures that can generate tsunamis are necessary to
carry out tsunami hazard assessments. In general terms, to have high-quality earthquake
rupture and tsunami propagation models, a good constraint on the fault parameters is

required (Tonini et al., 2020).

1.4.6. Alongslope and downslope sediment transport processes in mid-latitude

continental margins

From the lower course of a fluvial system until sedimentary particles enter the
submarine geological record, they experiment one or more transport cycles of transfer,
deposition and reactivation. Understanding sediment transfer processes is key to
properly recognize the morphologies and deposits in continental margins. The sediment
transfer between continental shelf, continental slope and abyssal plain is at the origin of
relief generation and sedimentary deposits (Hamblin & Christiansen, 2003).
Sedimentary flows occur on mid-latitude continental margins embrace four major

marine Processes:

a) Much of the material entering the sea from the continents does so in the form of
coastal fluvial plumes (Pratson et al., 2007) (Fig 1.13). These plumes are usually
hypopycnal (i.e., they have lower density than sea-water) and spread forming a surface
nepheloid layer (Biscaye & Eittreim, 1977). This nepheloid layer can sink to the
seafloor and gradually deposit the suspended clay portion of the sediment load through
the process of flocculation. When fluvial plumes are rather hyperpycnal (i.e., denser
than the sea-water), they propagate along the seafloor in the form of a turbulent gravity
flow, which follows the direction of maximum slope (Parsons et al., 2001). During the
low-stand periods, large rivers can directly connect to submarine canyons, where the
sediment material from the fluvial course will be mainly transferred by hyperpycnal

flows (Khripounoff et al., 2009; Mauffrey et al., 2017).
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Figure 1.13. Copernicus Sentinel-2B satellite image of a coastal fluvial plume from the Tiber
River. Modified from ESA, (2019).

b) Hemipelagic sediment is sourced from multiple processes and materials,
including nepheloid layers and biogenic pelagic (i.e., material of organisms living in the
water-column), that settles on the continental slope and abyssal plains (Stow & Tabrez,

1998) (Fig 1.14).

c) Bottom currents have an important role in the transport and redistribution of
sediments throughout the oceans, especially at the edges of the slope and deep basins
(Piper & Normark, 2009; Weaver et al., 2000). On the one hand, these currents may
generate erosive landforms on the seafloor, such as furrows and depressions. On the
other hand, they play an important role generating depositional forms and deposits, such
as contourites and sedimentary waves. Four types of bottom currents are identified: a)
Thermohaline-induced geostrophic bottom currents, b) wind-driven bottom currents, c)

tidal bottom-currents, and d) baroclinic bottom currents (Shanmugam, 2012) (Fig 1.14).

d) Mass transport movements (mass movements, mass transport or mass wasting
processes) are an important source of material driven from the slope. They can occur in
multiple forms such as block falls, glides and slides, debris flows and turbidity currents
(Thierry Mulder & Cochonat, 1996), being the latter the most important mass-transport

mechanism (Pratson et al., 2007). Turbidity currents (Fig 1.14) are sediment-laden
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flows (i.e., hyperpycnal flows) which are usually channelled (confined flows) within
submarine canyons and submarine channels, flowing under the action of gravity. These

density flows are one of the main causes for the development of submarine canyons.

e T
N e Ehﬂ'f'.'-_“ L

Channel  channel

&lid [ NS
% Downslope turbidity currents :: - Hemipelagic material
f‘"‘"ﬁ Owerbank turbidity currents

S Fnttom currents

Levee

Fluwvial plume

Figure 1.14. Conceptual model of the generalized distribution and interaction between the four
main sedimentary processes. Channelized turbidity currents, bottom currents, hemipelagic

material and fluvial plumes. Modified from Shanmugam, (2012).
1.4.6.1. Submarine canyons

Submarine canyons are major sediment pathways that link shallow continental
shelves to the deep sea. They play an important global role in the development of
continental margins. Submarine canyons do not only act as conduits for sediments, but
also they play a role as main transport corridor for associated nutrients, organic carbon,
litter and pollutants travelling from the continental shelves to the abyssal plains
(Amblas et al., 2012; Lastras et al., 2009; Micallef et al., 2014; Serra et al., 2020;
Shepard, 1981). Erosion and sediment remobilization induced by sediment-laden
gravity flows (e.g., turbidity currents), which travel from the head and flanks of the
canyon towards the deep oceanic basins (Lewis & Barnes, 1999), are the main factors in
the generation of submarine canyons. Temporary sediment accumulations near the
canyon head may become unstable due to a number of factors, such as over-steepening,
earthquake-triggered deformation, sediment liquefaction and basal erosion of canyon
flanks (Arzola et al.,, 2008; Sultan et al., 2007). However, other flows such as
hyperpycnal flows also generate erosion at the canyon head (Canals et al., 2006;

Palanques et al., 2006; Puig et al., 2014) and transport large sediment volumes along the
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entire canyon. The onset of canyon development and their subsequent evolution is
determined by a number of factors, including sediment sources and the resulting
sedimentary and erosive processes that shape the canyon-floor and their flanks (Amblas
et al., 2011; Mauffrey et al., 2017). Moreover, structural control has also been proposed
(Micallef et al., 2014). Morphologically, submarine canyons can be divided into three
parts: a) the head or upper part, b) the central part, and c) the lower part. The upper
part is generated near to the shelf-break region, and the canyon is entrenched between
slopping canyon walls. In the central part, the relief is smooth, and in the lower part,

the flanks are gentle and the canyon is open to the depositional fan or abyssal plain
(Shepard, 1981).

According to the submarine canyon classification by Harris & Whiteway, (2011),
three different submarine canyons typologies can be distinguished: a) Type 1, shelf-
incision with connection to a major river system, this type of canyons usually extend
from the continental shelf to the abyssal plain; b) Type 2, shelf-incision without a
connection to a major river system; and ¢) Type 3, blind canyons, the upper part of this

type of canyons is located in upper slope.
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CHAPTER 2

Geological setting

The SW Iberian margin hosts the present-day Eurasian-African plate boundary.
This boundary extends to the West, until it connects to the Azores Triple Junction that
includes: North America, Eurasia and Nubia plates at the eastern part of the Straits of
Gibraltar. This complex structure bordering Africa and Eurasia is referred to as the
Azores Gibraltar Fault Zone (AGFZ) (Fig. 2.1). Different kinematics and stress regimes
occur along AGFZ, therefore, three different tectonic domains have been identified
(Omira, Neres, & Batista, 2019). To the East of the Azores Triple Junction, the plate
boundary coincides with the Terceira Rift, considered an active hyper-slow spreading
oceanic rift, with diffuse deformation distributed along a series of horsts and grabens
(Hildenbrand et al., 2014; Marques et al., 2013; Vogt & Jung, 2004). The nexus
between the Terceira Rift and the SW Iberian margin is a relatively discrete Transform
Zone, the dextral strike-slip Gloria Fault, which becomes diffuse as it approaches to the
SW Iberian margin (Neres et al., 2016). Present-day tectonic deformation in the SW
Iberian margin is mainly driven by NW-SE trending convergence, with an estimated
velocity of 3.8-5.6 mm a”' (Neres et al., 2016; Nocquet & Calais, 2004) (Fig. 2.1).
Sartori et al., (1994) describe the plate boundary in the SW Iberian margin as a diffused
boundary distributed in a broad area of about 200 km wide. Zitellini et al., (2009)
proposed the SWIM fault zone as the new transcurrent plate-boundary and (Martinez-
Loriente et al., 2014) describe the main structure of the SWIM fault zone, the strike-slip
Lineament South Fault (LSF), which can be considered as the present-day African-

Eurasian plate-boundary.
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Figure 2.1. a) Location of the Azores Gibraltar Fault Zone (AGFZ) in the Atlantic Ocean. b)

Coloured bathymetric map of the plate boundaries between Eurasia, Africa (Nubia) and North
America. The white star is located at the triple junction. Red dots correspond to epicentres of M
> 4 from the International Seismological Centre (ISC) for the period 1970-2017. Focal
mechanisms (M > 5) from the database compiled by Custodio et al., (2015). SAFZ: South
Azores Fracture Zone. Modified from Omira et al., (2019).

2.1. Geodynamic evolution

The SW Iberian margin has undergone a complex geodynamic history involving
different extensional and compressional episodes since the initial brake-up of Pangea
that constrain the present morphology and tectonic structure of the study area. During
the last two decades several authors (Labails et al., 2010; Malod & Mauffret, 1990;
Olivet, 1996; Roest & Srivastava, 1991; Sahabi et al., 2004; Schettino & Turco, 2009;
Srivastava et al., 1990; Tortella et al., 1997; Tucholke et al., 2007) have proposed
different kinematic reconstructions of the geodynamic evolution of the SW Iberian
margin. These reconstructions differ in specific events, but they all agree in the

evolution of the major tectonic stages, which are the following:

1. Initial stage of the opening of the Central Atlantic in the Lower Jurassic (Malod
& Mauffret, 1990; Sahabi et al., 2004; Schettino & Turco, 2009).

2. Oblique rifting phases between Africa and Iberia from Late Jurassic to Lower

Cretaceous (Malod & Mauffret, 1990).
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3. Jumping of the plate boundary to the Pyrenees and tectonic quiescence in SW
Iberia in the Upper Cretaceous (Tortella et al., 1997) until the Oligocene, when the
convergence in the Pyrenean belt ceased and the AGFZ became the boundary between

Africa and Iberia (Srivastava et al., 1990).

4. N-S compression and subduction of the African plate under the South Sardinian
Domain, resulting in closure of the western Mediterranean and westward migration of

the Internal Zones of the Betic and Rif Cordilleras (Maldonado et al., 1999).

5. Emplacement of large allochthonous units and reactivation of old extensional
structures during the Tortonian when the trend of compression rotated towards NNW-
SSE (Gracia et al., 2003b; Martinez-Loriente et al., 2013, 2018; Medialdea et al., 2004;
Torelli et al., 1997).

On the basis of these major tectonic stages and in comparison with new wide-angle
seismic (WAS) data, Martinez-Loriente et al., (2014) proposed a more detailed
framework for the geodynamic evolution of the area, describing the presence of three
different oceanic domains offshore SW Iberia (Fig. 2.2): (1) the Seine Abyssal Plain
(SAP) domain, underlay by Jurassic oceanic crust; (2) the Gulf of Cadiz domain, made
of Jurassic-age oceanic crust (Sallares et al., 2011); and (3) the Gorringe Bank (GB)
domain, made of exhumed mantle rocks underlying the Gorringe Bank, southern Tagus

and northern Horseshoe abyssal plains.

12°W 1w 10°W °W 8w W 6°W 12°W 11°W 10°W oW 8w W [

38°N

37°N fabyseai e = karen

{(ﬁ{a;;: 1) | L-A_ -
-D—l — = e L 0|
S L Gilto 4 Gibraltar| ™

Domain

36°N

T 35°N

§2< ﬁ‘ﬁq = ] cine Abyssal
Seine Abyssal Plain - Gomad
Domain

34N

o)
LA -
\ S
SO C

33N T = T e 33N
12°W 1MW 10°W 9°W i W 6°W 12°W 11°W 10°W W 8°wW W 6°W
2 Lower Cretaceous
Jurassic Oceanic Crust 81 Anomaly Proposed
:| pparihpireis D Ens;m:z;;r;lle Thinned Continental Grust (Schetino & TUrco, 2000) = pounianes ——i= Thustfauls —s— Strike-Sip fauts
- Juraﬁ:gﬂ?ﬁamc&ua l:l Exvem:;’_ér:ema\ - Variscan Continental Crust NEAREST profiles — — = Subducled et HAT s Normalfaults

Figure 2.2. Distribution map of the different geological domains offshore the SW Iberian
margin. a) Bathymetric map made with the SWIM compilation of Zitellini et al., (2009) and

GEBCO digital atlas. Main tectonic structures of the region after several authors (Bartolome et
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al., 2012; Iribarren et al., 2007, Martinez-Loriente et al., 2013; Zitellini et al., 2009). White
lines labeled P1 and P2 correspond to the WAS profiles acquired during the NEAREST-SEIS
survey (Sallares et al., 2011, 2013). Purple band displays magnetic anomaly S1 (e.g. Schettino
& Turco, 2009); b) Free-air anomaly map (contours each 100 mGal) (Smith & Sandwell, 1997).
CF: Cadiz Fault; GCIW: Gulf of Cadiz imbricated wedge;, HAT: Horseshoe Abyssal Plain
Thrust; HF: Horseshoe Fault; LC: Lagos Canyon, LN: Lineament North; LS: Lineament South;
MPF: Marqués de Pombal Fault; NCP: North Coral Patch Ridge Fault; PC: Portimdo
Canyon; PF: Portimdo Fault; PSF: Pereira de Sousa Fault; SCP: South Coral Patch Ridge
Fault; SVF: Sdo Vicente Fault. From Martinez-Loriente et al., (2014).

The newest geodynamic evolution that Martinez-Loriente et al., (2014) proposed is
as follows:

Stage 1: During the Late Triassic, the rift system that cut Pangea from the
Caribbean to the Tethys, generated rift structures in NE America (Schlische et al.,
2002), S Iberia (Martin-Rojas et al., 2009), NW Africa (Le Roy & Piqué, 2001),
western Morocco and especially in the Atlas region (Schettino & Turco, 2009). In the
Lower Jurassic (190 Ma), the seafloor spreading centre started at the CAO (Central
Atlantic Ocean) (~8 mm/yr the first 20 Ma). The rift structures became more important
in northern Morocco, separating this microplate from Iberia and Newfoundland. Around
183 Ma (Fig. 2.3a) in the CAO and incipient Alpine-Tethys system, the first oceanic
crust was generated and the rift in the Atlas closed (Schettino & Turco, 2009).

Stage 2: With the Atlas extension being inactive and the Moroccan plate fixed to
NW Africa (Schettino & Turco, 2009), the deformation was transferred to the Gibraltar
Fault (GiF), a transform margin which was a pre-existing plate boundary between Iberia
and Morocco. Around 155 Ma, in the Upper Jurassic, the transform margin becomes an
oblique seafloor-spreading system, that generated a narrow basin between Iberia and
NW Africa (Schettino & Turco, 2009). At this time, the oceanic crust of SW Iberia was
generated by two different but simultaneous spreading systems: a) The Central Atlantic
system that now conforms the Jurassic oceanic crust of the SAP domain; and b) The
Alpine-Tethys oblique-spreading system between Iberia and Africa (i.e. Western
Tethys) that now conforms the Jurassic-age oceanic crust of the Gulf of Cadiz domain

(Fig. 2.3b).
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Figure 2.3. Schematic maps displaying the kinematic evolution of the African, Iberian,

Eurasian and American Plates. Primarily reconstruction based on Schettino and Turco (2011),
although other works (e.g. Booth-Rea et al., 2007; Labails et al., 2010; Sahabi et al., 2004;
Schettino & Turco, 2009; Stampfli & Borel, 2002) have also been used. AB: Alboran Basin; E:
Eurasia; GiF: Gibraltar Fault; Ib: Iberia; LB: Ligurian Basin, M: Morocco;, NA: North
America; NPF: North Pyrenean Fault Zone;, NWA: Northwest Africa; (1) areas affected by
active rifting and thinning; (2) areas with thinned crust, (3) exhumed mantle rocks; (4) active
volcanic arc; transform faults are shown in orange. White lines are spreading centres. From

Martinez-Loriente et al., (2014).

37



Chapter 2: Geological setting

Stage 3: In the Upper Jurassic, between 150-147.7 Ma the plate boundary jumped
from the Atlantic-Tethys transfer zone to the North Pyrenean fault zone. As a result, the
oblique Alpine-Tethys spreading centre stopped, and a new rift originated between
North America and Iberia (Tucholke et al., 2007). During the earlier North Atlantic
opening phase (until 122 Ma), the exhumed continental mantle, now underlain the GB,
southern Tagus and northern Horseshoe abyssal plains and conforms the GB domain

(Fig. 2.3¢).

Stage 4: In the Lower Cretceous (120 Ma) a counter-clockwise rotation of Iberia
with respect to Eurasia and Africa generated the rift of the Bay of Biscay (Sibuet et al.,
2004). The rates of expansion of the CAO spreading centre dropped and the western
Tethys started to subduct underneath the Eurasian margin (Schettino & Turco, 2009). In
the Upper Cretaceous (83.5 Ma), the boundary between Eurasia and Iberia became
convergent (i.e., beginning the Pyrenean orogeny), the Bay of Biscay rift disappeared
and the transform boundary between Iberia and Morocco was inactive (Fig. 2.3d)

(Schettino & Turco, 2009).

Stage 5: In the early Cenozoic and until the Eocene, the convergence in the
Pyrenees was interrupted. At 56 Ma, the convergence was reactivated with slow rates
until 33.1 Ma. The Pyrenean belt ceased to be a major plate boundary (Iberia fixed to
Eurasia) and a subduction zone originated at the South and East of Iberia, where Alpine-
Tethys oceanic lithosphere started to be consumed (Schettino & Turco, 2009). In the
Atlantic Ocean, a ridge-ridge-transform triple junction developed and high spreading
rates in respect to NW Africa, generated the reactivation of the Triassic-Jurassic Atlas
rift structures as reverse faults (Beauchamp et al., 1999; Piqué et al., 2002). Around 19
Ma, the Atlas uplifted and the Alpine-Tethys extension finished (Fig. 2.3e) (Schettino &
Turco, 2009).

Stage 6: In the Tortonian (10.9 Ma), the subduction front migrated to the west
generating a slab rollback. The Alboran back-arc basin originated and large
allochthonous units and gravitational units were emplaced in the Gulf of Cadiz (Laura
Gomez de la Pefia et al., 2020). The NW-SE trending convergence of the SW Iberian
margin produced the reactivation of WNW-ESE structures of the Jurassic Alpine-Tethys
systems, as well as a series of NE-SW thrust structures (Fig. 2.3f).
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2.2. Morphology of the SW Iberian margin

The SW Iberian margin can be divided in three parts: a) the continental shelf and
coastal areas, b) the external part of the Gulf of Cadiz; and c) the internal part of the
Gulf of Cadiz (Martinez-Loriente et al., 2013; Tortella et al., 1997).

The external part of the Gulf of Cadiz is the region comprised between the GB and
the Cape of Sdo Vicente (CSV). This part is characterized by three deep abyssal plains
bounded by large seamounts and massive ridges (i.e., NE-SW-trending structural
highs), formed during the NW-SE trending compression of the latest stages of Eurasia-
Africa convergence (Gracia et al., 2003a; Gracia et al., 2003b; Terrinha et al., 2003;
Zitellini et al., 2009). The GB is by far the most prominent structure of the external part
of the Gulf of Cadiz. It is a 5000 m high topographic relief (with respect to the
surrounding areas) of 220 km-long and 80 km-wide (Jiménez-Munt et al., 2010). The
two major elevations of the GB are the Gettysburg (20 m.b.s.l. (i.e. below sea level))
and Ormonde (30 m.b.s.l.) seamounts. The GB, together with the Hirondelle Seamount,
the Infante Don Henrique slope basin (IDHB) and the Marqués de Pombal fault Block
(MPB), acts as the boundary between the Tagus Abyssal Plain (TAP) at 5150 m depth
to the north and the Horseshoe Abyssal Plain (HAP) at 4850 m depth to the south. The
HAP is bounded to the west by the Madeira-Tore Rise, to the east by the continental
slope and to the south by the Ampere and Coral Patch Seamounts (CPS) and the Coral
Patch Ridge (CPR) (Lebreiro et al., 1997). The structures to the south of the HAP
separate it from the Seine Abyssal Plain (SAP) at 4400 m depth. The main structure in
the continental slope of the external part of the Gulf of Cadiz is the Sdo Vicente Canyon
(SVC) that links the continental shelf with the HAP. This is the largest canyon in the
SW Iberian area and one of the most important canyons of the Atlantic continental

margins (Fig. 2.4).
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Figure 2.4. Top: Bathymetric map of the SW Iberian margin resulting from the SWIM
multibeam compilation (Zitellini et al., 2009). CC: Cadiz channel; CSV: Cape Sdo Vicente; FC:

Faro canyon; GC: Guadalquivir channel; HC: Huelva channel; IDHB: Infante Don Henrigue
Basin; LC: Lagos canyon; MPB: Marques de Pombal Fault Block;, PB: Portimdo Bank; PC:
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Portimdo canyon; SC: Sagres canyon; SVC: Sdo Vicente Canyon (Gracia et al., 2003a;
Hernandez-Molina et al., 2003, Zitellini et al., 2009). Bottom: Tectonic map derived from the
swath bathymetry (Zitellini et al., 2009) and main fault systems after Martinez-Loriente et al.,
(2013, 2018). GBF: Gorringe Bank Fault; HF: Horseshoe Fault;, LNF: Lineament North Fault;
LSF: Lineament South Fault; MPF: Marqués de Pombal Fault; NCPF: North Coral Patch
Fault; PBF: Portimao Bank Fault; PSF: Pereira da Sousa Fault; SCPF: South Coral Patch
Fault; SHF: Seine Hills Faults; SVF: Sao Vicente Fault.

The internal part of the Gulf of Cadiz is the region comprised between the CSV and
the Straits of Gibraltar (Fig. 2.4). Between the CSV and the Guadalquivir Bank (GuB),
the Gulf of Cadiz is characterized by two complex drainage systems. The north-south
drainage system consists of an organized network of gullies and submarine canyons
(Terrinha et al., 2009), such as the Sagres canyon (SC), the Lagos canyon (LC), the
Portimao canyon (PC) and the Faro canyon (FC). The east-west drainage system (i.e.
the inner part of the Gulf of Cadiz drains toward the Atlantic Ocean) consists in valleys
(e.g. Horseshoe valley) and channels (e.g. Huelva channel, Cadiz channel and
Guadalquivir channel) produced by the erosion and sedimentation related to bottom
currents, in this case the MOW (Mediterranean Outflow Water) and downslope
associated gravity processes (Hernandez-Molina et al., 2003; Terrinha et al., 2009). In
this part of the Gulf of Cadiz, there are two main promontories, the Portimao Bank (PB)
and the GuB (Fig. 2.4), which are morphological expressions of a Mesozoic horst
inverted during the Neogene compressional stage (Gracia et al., 2003b). Large sub-

surface diapiric processes are important morphological elements in the PB.

The most characteristic morphological element in the internal part of the Gulf of
Cadiz is the Gulf of Cadiz Imbricated Wedge (GCIW) (e.g. Iribarren et al., 2007) or
also referred as the Gulf of Cadiz Accretionary Wedge (e.g. Gutscher et al., 2002). The
GCIW is defined as a west-dipping U-shaped body that extends over the Gulf of Cadiz
with 300 km-length, 200 km-width and depths ranging from 200 m to 4300 m (Duarte
et al., 2011; Gracia et al., 2003b; Iribarren et al., 2007; Torelli et al., 1997). The GCIW
occupies about 58000 km” in the NW Africa and SW Iberia margins (Iribarren et al.,
2007). During the Neogene convergence allochthonous units in front of the GCIW, such
as the Horseshoe Gravitational Unit (HGU) (a massive and rapid succession of large
submarine landslides) were emplaced (Gracia et al., 2003b; Iribarren et al., 2007;
Maldonado et al., 1999; Torelli et al., 1997). The GCIW contains a number of elements

and associated morphologies related to fluid flow, such as salt diapirs, subsurface fluid
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migration structures, pockmarks, mud volcanoes, gas hydrates and free gas (e.g. Hensen

et al., 2015; Pinheiro et al., 2003; Somoza et al., 2002).

2.2.1. Continental shelves and coastal areas
The geodynamic evolution and the coastal hydrodynamic processes (i.e. waves,
currents and tides) have configured the continental shelf and the coastal morphologies

of the SW Iberian and NW Moroccan margins.

2.2.1.1 SW Iberia

The physiography of the South-West Iberian margin is characterized by a 600 km-
long and an average of 40 km-width shelf (Lobo et al., 2014). Furthermore, the presence
of numerous submarine canyons on the slope, such as, the Cascais canyon (CC), Setubal
canyon (SC), SVC, LC, PC and FC is relevant. These canyons act as a sediment
corridor between the continental shelf and abyssal plains (Gaudin et al., 2006; Serra et

al., 2020) (Fig. 2.4).

The SW Iberian costal area can be divided in four sections: a) the Lisbon section; b)
the Algarve section; c¢) the Huelva section and d) the Cadiz section (Benavente et al.,
2015; Lobo et al., 2014) (Fig. 2.5). The Lisbon section is a 200 km-long, N-S trending
coastal stretch between Lisbon and the CSV. The coast in the Lisbon section is
characterized by cliffs and interrupted by few narrow beaches, with the exception on the
coastal areas of the Tagus and Sado estuaries and the Santo André coastal Lagoon,
where low topography, sandy beaches and sand barriers predominate (Ramos-Pereira et
al., 2005). In this section, the width of the continental shelf is narrowest at the Cape
Espichel and CSV (about 7-9 km), and increases towards the Sines area where the
continental shelf reaches widths up to 50 km. The shelf break is located at 130 m water
depth and the slope average is about 0.4°. The Algarve section is a 150 km-long, W-E
trending coastal stretch between the CSV and Guadiana River, where Mesozoic rocky
cliffs are progressively substituted to the East by unconsolidated Miocene formations,
where sandy beaches predominate (Stanley, 1982). The area is locally interrupted by
small fluvio-estuarine systems (Lobo et al., 2014). The continental shelf of the Algarve
section shows significant width variability, with a minimum of 7 km in the Faro area
and about 25 km elsewhere. The Algarve continental shelf has an average slope of 0.4°
and a maximum value up to 1.5° (Roque, 1998), while the shelf-break is located at water
depths of 110-150 m. The Huelva section is a 100 km-long, WNW-ESE treading

coastal stretch, between the Guadiana and Guadalquivir rivers, where low relief sandy
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coasts, marshes and sand barriers predominate (Lobo et al., 2014). In this section, the
continental shelf increases progressively in width from 25 km to 40 km from West to
East. The slope of the shelf is relatively constant around 0.2°-0.3° and the shelf break is
located at water depths of 130 m (Maldonado et al., 2003). The Cadiz section is 150
km-long, NNW-SSE trending, extending from the Guadalquivir River to the Straits of
Gibraltar, where extensive low-relief beaches are interrupted by small cliffs and
promontories (Benavente et al., 2015). The average shelf width in this section is 35 km
and progressively decreases towards the Straits of Gibraltar to 15 km. The shelf gradient
is around 0.2° while the shelf break is located at water depths of 120-140 m and 100 m
near the Straits of Gibraltar (Maldonado et al., 2003).

2.2.1.2. NW Morocco

The Atlantic Moroccan margin is a 530 km-long shelf with a mean width of 45 km.
The coastal area can be divided in three sections: a) the western Rif section; b) the
Rharb section, and c¢) the Meseta section (Fig. 2.5). The western Rif section is 110 km-
long and NNE-SSW trending, extending between the city of Moulay-Bouselham and
the Straits of Gibraltar. The northern half of the section is composed by abrupt cliffs
while the southern half is dominated by sandy beaches and large sand dunes. In this
section, the continental shelf is 25-30 km wide, the slope is < 1° and the shelf break is
located at 150 m depth (Lobo et al., 2014). The Rharb section is 120 km-long, NNE-
SSW trending section, which extends from the city of Moulay-Bouselham to Rabat,
where low coasts with dune complexes and marshes predominate. The Rharb section is
characterized by a 20-35 km-wide and 0,5° dipping shelf with the shelf-break located at
120-150 m depth (Lobo et al., 2014). The Meseta section is 310 km-long, NE-SW
trending and extends between Safi and Rabat. In the northern part of the section low
cliff, narrow beaches and massive sand dunes predominate. In the southern part until
Safi, the coastline is surrounded by cliffs (Lobo et al., 2014; Scheffers, 2010). The
Meseta shelf is 40 km wide, dipping 0.1°-0.6° and the shelf break is located at 150 m
depth (Ruellan, 1985).
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Figure 2.5. Shelf geomorphology and current patterns of the Gulf of Cadiz. Tectonic features
are synthesized from several sources: Gracia et al., (2003a); Maad et al., (2010);, Medialdea et
al., (2009). Shallow circulation information modified from Garcia-Lafuente et al., (2006). N1:
shelf-break (Huelva) front; N2: branch of the Portuguese—Canary Eastern Boundary Current;

SVE: cyclonic eddy off Cape Sao Vicente; CCC: coastal counter-current. From Lobo et al.,
(2014).
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2.3. Main geological structures

As a result of the Neogene collision, Mesozoic extensional faults were reactivated
and new fault systems appeared in weakened areas. There are two main families of
active faults that will be described in this study: a) NE-SW trending reverse faults, such
as the Gorringe Bank fault (GBF), the Marqués de Pombal fault (MPF), the Horseshoe
fault (HF), the North Coral Patch fault (NCPF), the South Coral Patch fault (SCPF) and
the Seine Hills faults (SHF); and b) WNW-ESE trending dextral strike-slip faults, such
as the Lineament South (LSF) and the Lineament North (LNF). In addition, the Pereira

de Souza normal fault will also be described.

2.3.1. The Pereira de Souza Fault

The Pereira de Souza fault (PSF) is a west-dipping, N-S trending, 70 km-long
extensional fault. This fault cuts the basement and the sedimentary sequence above until
the seafloor forming a 1800 m high prominent scarpment (Cunha et al., 2009; Gracia et
al., 2003a; Terrinha et al., 2003). The PSF (Fig. 2.6) originated during the Mesozoic
rifting and segmentation phases of the SW Iberian margin, creating accommodation
space until the Plio-Quaternary (Cunha et al., 2009). The activity of the fault is
evidenced by the well-developed fault scarp with prominent active gullies along the
crest and the presence of levee-type deposits, that can be recognized along the footwall
for a length of 20 km (Terrinha et al., 2003).
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Figure 2.6. Multichannel seismic profile across the Pereira de Souza fault (PSF). 1: Late
Triassic; 2: Early-Middle Jurassic; 3: Late Jurassic, 4: Early Cretaceous, 5: Early-Late
Cretaceous, 6: Paleocene- Middle FEocene; 7: Middle Eocene-Oligocene; Miocene-

PlioQuaternary. Modified from Pereira & Alves, (2011).
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In addition, the middle Miocene compressional phase deformed the hanging-wall of
the PSF (Gracia et al., 2003a) and a discreet uplift of the footwall resulted in the
formation of minor reverse faults and a small local backthrust (Pereira & Alves, 2011)

(Fig. 2.6).
2.3.2. The Portimdo and Guadalquivir Bank faults

The PB is an E-W asymmetric and elongated 93 km-long and 20 km wide relief,
that deepens westward from 1400 m to 3400 m water depth (Silva et al., 2020). The PB
is the natural continuity of the 28 km-long, 12 km-wide GuB that outcrops on the
seafloor at 550 m depth (Fig. 2.4). The GuB is made up of Variscan metamorphic flysch
and shows a strong positive, up to 130 mGal, gravimetric anomaly (Gracia et al.,
2003a). The PB is interpreted as a pop-up structure bounded by two E-W trending
reverse faults. The northern fault of the PB links with the southern part of the
Guadalquivir Bank, as well as the Guadalquivir Bank Fault (GuBF) (Fig. 2.7).
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Figure 2.7. Uninterpreted multichannel seismic profile (VOLTAIRE 3) and line-drawing of the
Guadalquivir Basement High and Portimdo Bank faults (GuBF: Guadalquivir Bank Fault;
South PBF: South Portimdo Bank Fault). From Terrinha et al., (2009).

During the Mesozoic rifting processes, the PB evolved as a graben structure,
bounded by two E-W extensional faults, which were reactivated as a pop-up structure

during the Neogene convergent stage (Gracia et al., 2003a; Silva et al., 2020; Terrinha
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et al., 2009). The drag of the uppermost sedimentary sequence and the presence of
gravitational extensional faults, indicate that the northern boundary of the PB is
experimenting local extension related to a releasing-bend generated by the basement
fault (Terrinha et al., 2009). The southern fault of PB (PBF) is experimenting dextral

transpressive strike-slip deformation since Early Pliocene times (Terrinha et al., 2009).

2.3.3. The Gulf of Cadiz Imbricated Wedge

The GCIW is defined as a tectonic imbricated unit of the Betics and Rift belts of
Alpine Orogeny above a basal detachment that climbs up above a low-angle footwall,
with wedge geometry and radial tectonic transport (Gracia et al., 2003b; Iribarren et al.,
2007; Medialdea et al., 2004; Tortella et al., 1997) (Fig. 2.8). The GCIW is a 14-15 km
thick seismically chaotic body. Its surface is irregular and covered by mud volcanos and
salt diapirs (Duarte et al., 2011; Iribarren et al., 2007). According to observations and
the correlation with the Betic and Rift outcrops, Iribarren et al., (2007) proposed that the
GCIW is mainly composed of Triassic evaporites and a succession of Jurassic to Middle
Miocene sedimentary rocks, as documented for the allochthonous units at the front of
the Betic Cordillera. The origin and activity of the GCIW is presently debated. On the
one hand, Duarte et al., (2011); Gutscher et al., (2002); Lonergan & White, (1997);
Maldonado et al., (1999); Royden, (1993), considered the GCIW as an accretionary
wedge originated in a plate boundary dominated by active roll-back subduction of an
east-dipping lithospheric slab, nowadays positioned beneath the Gibraltar Arc. In
addition, Duarte et al., (2011) and Gutscher et al., (2002) proposed that the roll-back
subduction is still active and may be the source of the 1755 Lisbon Earthquake.
However, the presence of a sedimentary sequence, from Plio-Quaternary to Tortonian
age, sealing the structure (Betancourt et al., 2015; Gracia et al., 2003; Iribarren et al.,
2007; Zitellini et al., 2009), absence of significant seismic activity and lack of volcanic

activity (Stich et al., 2005) rule-out this hypothesis.

On the other hand, the most accepted hypothesis considers that the GCIW is as an
allochthonous body tectonically emplaced by the westward migration of the Gibraltar
Arc, which occurred in the upper Miocene (Betancourt et al., 2015; Gracia et al., 2003;
Eulalia Gracia et al., 2003; Iribarren et al., 2007; Medialdea et al., 2004; Torelli et al.,
1997; Tortella et al., 1997). The rapid growth of the GCIW could may generate
numerous slope instabilities and slope failures producing large submarine gravitational

deposits, such as the HGU in the HAP (Iribarren et al., 2007).
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2.3.4. The Gorringe Bank Fault

The GB is, by far, the most prominent structure of the Gulf of Cadiz (Jiménez-Munt
et al., 2010). The GBF is a 155 km-long, NW-verging thrust fault located in between the
TAP and the HAP plains (Fig. 2.9). This large thrust fault of the north-western segment
of the HAP, overthrusts the TAP for 4-5 km (Sallares et al., 2013; Sartori et al., 1994;
Tortella et al., 1997) and uplift the seafloor from 5000 m up to 24 m depth (Terrinha et
al., 2009). The GB is characterized by a 9 m-high geoid anomaly, 120 mGal Bouguer
anomaly (Jiménez-Munt et al., 2010) and ~300 mGal free-air gravity anomaly (Sallares
et al., 2013). On the basis of the DSDP Site 120 drilled at the Gorringe Bank (Ryan et
al., 1973), it was evidenced that the GB is a massive exhumed mantle ridge composed
by serpentinized peridotites with gabbroic intrusions and few tholeiitic extrusions

(Auzende et al., 1978; Girardeau et al., 1998; Ryan et al., 1973). The different degree of
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tectonic deformation that affects the GB is evidenced by the asymmetric steepness of

the flanks, i.e. the northern flank is steeper than the southern, and hence, the tectonic

deformation is more intense in the northern side (Terrinha et al., 2009).
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Figure 2.9. Section of the seismic reflection profile IAM-4 and schematic interpretation of the
present-day structure of the Gorringe Bank Fault (GBF). Modified from Sartori et al., (1994)
and Zitellini et al., (2009).

Despite all the studies, there is a debate on the nature and origin of the GB and
surrounding areas. Some authors consider it as a magmatically-intruded mantle block
exhumed by tectonic mantle denudation (Jiménez-Munt et al., 2010). Sartori et al.,
(1994) and Tortella et al., (1997) consider it as an oceanic crust block, while others
proposed that the GB corresponds to exhumed continental mantle rocks of a continent-
ocean transition (COT) zone (Rovere et al., 2004) or to lithosphere from an ultra-slow
oceanic spreading centre (Girardeau et al., 1998; Srivastava et al., 1990). Nowadays, the
most accepted theory is the one proposed by the latest studies of Sallares et al., (2013).
Based on WAS data as well as gravity and velocity models, Sallares et al., (2013)
consider that the GB and adjacent segments of the HAP and TAP are mainly made of
serpentinized peridotites (Fig. 2.10). In addition, the GB is part of a 150-180 km band of
exhumed mantle rocks originated during the earliest phase of North-Atlantic opening, in

the Earliest Cretaceous (147-133 Ma) constituting the oldest section of the West Iberian
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margin COT. This configuration remained tectonically stable until the Oligocene-Early
Miocene, when in response to the NW-SE trending convergence between Eurasia and
Africa, large-scale thrusting developed and the GB was uplifted. The geometry of the
fault is not clear in the seismic profiles due to the high degree of fracturing and
consequent alteration (i.e., serpentinization) of the exhumed mantle that conforms the
basement, but there is indirect evidence on the velocity models of a SE-dipping, low
velocity-high serpentinization zone (Sallares et al., 2013) (Fig. 2.10). The present-day
activity of the GBF is also evidenced by the slight deformation of the Plio-Quaternary
sediments associated to the main thrust (Sartori et al., 1994) and the seismic cluster
associated with this structure (Silva et al., 2017). Fukao, (1973) and Gjevik et al.,
(1997) proposed the GBF as a possible tectonic source of the 1755 Lisbon Earthquake.
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Figure 2.10. 2D final velocity model obtained by inversion of arrival times of Ps (phases
refracted within the sediments), PsP (sediment—basement reflections), Pb (phases refracted
within the basement) phases. Thick solid black line displays the inverted sediment—basement
boundary. White line corresponds to the horizon interpreted to be the base of the Mesozoic
sediments along MCS profiles AR03-08 (Zitellini et al., 2009). White circles indicate OBS
locations. LVZ: Low-velocity zone; LVB: Low-velocity body/olistostrome. From Sallarés et al.,

(2013).

2.3.5. The Marqués de Pombal Fault

The MPF is a 55 km-long, NE-SW trending, west-verging monocline thrust (Gracia
et al., 2003a; Terrinha et al., 2003; Zitellini et al., 2001, 2004), located about ~ 100 km
to the west of CSV (Fig. 2.11). One of the most striking features of the MPF is the 1-
km-high offset of the N20°-trending escarpment (Gracia et al., 2003a; Zitellini et al.,
2001) (Fig. 2.11). The northern and southern tips of the MPF are blind thrusts (Fig.
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2.12). The MPF is the boundary between the MPB and the IDHB. At the northern sector
of the MPB the maximum slope is of 23°, while at the southern sector the maximal
slope is of 12° (Zitellini et al., 2001). The hanging-wall of the MPF shows an irregular
upper surface due to abundant slope failures (Vizcaino et al., 2006) (Fig. 2.11). They
may reach more than 20 km of runout and are likely triggered by the seismic activity
associated to the fault system (Ford et al., 2021; Gracia et al., 2003; Terrinha et al.,
2003; Vizcaino et al., 2006). The style of deformation in the northern and southern parts
of the MPF are different. This is corroborated by the strike of the escarpment that
slightly changes in the southern part, where is more irregular and the slope is gentle
(Gracia et al., 2003a; Terrinha et al., 2003; Zitellini et al., 2004) (Fig. 2.11). It is
possible to identify two scarps (Fig. 2.11), which are linked by a curved scarp, and may
be associated with a restraining bend between the two fault segments (Terrinha et al.,
2003). The morphological expression and trend of the thrust fault are related to the
tectonic evolution of the pre-existing Mesozoic N-S trending rifting fault and its
reactivation since the Middle Miocene to the present-day. The faulting and some folds
affect the whole sedimentary sequence, including the Holocene sediments, which
indicates present-day tectonic activity. The MPF has been proposed as the source
structure of the 1755 Lisbon earthquake by several authors, such as Baptista et al.,
(1998) and Zitellini et al., (2001). However, the dimensions of the fault are too small to
generate an earthquake of magnitude M,, > 8.5. For these reasons some authors, such as
(Gracia et al., 2003b) and Terrinha et al., (2003) proposed a complex rupture of the
MPF together with the HF or the PSF.
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Figure 2.11. a) Shaded-relief bathymetric map of the Marqués de Pombal fault displaying
recent slope failure activity on the fault hanging-wall block. Contour interval is 50m. b)

Interpreted acoustic-backscatter map. Sediment cores depicted in red. From Vizcaino et al.,
(2006).

8

Figure 2.12. Multichannel seismic profiles after post-stack time-migration across the Marqués
the Pombal Fault. The seismic profile BS20 is located in the northern sector of the fault, the
profile BS22 is located in the central part of the fault, and the profile BS24 is located in the
southern part of the fault. At both ends the fault deforms the shallower reflectors, while in the
central section (BS22), the fault reaches the seafloor. Modified from Zitellini et al., (2001) in
Martinez-Loriente, (2013).
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2.3.6. The Sdo Vicente Fault

The Sao Vicente fault (SVF) is a poorly-studied thrust-fault, mainly due to the lack
of good-quality seismic profiles and the complex situation of the fault, hard to identify
as it occurs on the flank of the syncline where the SVC develops (Gracia et al., 2003a;
Vizcaino et al., 2006). The SVF is a NE-SW trending and south-east dipping steep fault
that reaches the seafloor along the northern section of the SVC (Gracia et al., 2003a;
Terrinha et al., 2003; Zitellini et al., 2001). On one hand, authors, such as Gracia et al.,
(2003a) and Vizcaino et al., (2006) describe the SVF as the NNW extension of the HF.
The SVF corresponds to a thrust-system, which together with the MPF, deforms a 100-
km-wide region in the SW continental Iberian margin (Gracia et al., 2003a). On the
other hand, Terrinha et al., (2003) and Alves et al., (2003) related the SVF with the
offshore prolongation of the left-lateral Variscan Odemira—Avila fault (also known as
the Messejana fault). The cluster of seismicity along the fault trend (Silva et al., 2017)
suggest that the SVF is currently active.

In contrast with the previously described, Pereira & Alves, (2013) considered that
the SVF is a N-S normal fault coinciding with the easternmost end of the Odemira-
Avila fault. The authors link the origin of the SVF with the transtension and oblique
continental-rift during the Mesozoic. These authors consider that the area acts as a left-

lateral releasing—restraining bend from the Late Cretaceous.

2.3.7. The Horseshoe Fault

The HF is a ~100 km-long, NW-verging, east-dipping, anticline thrust-fault that
separates the Horseshoe Valley from the HAP (Fig. 2.13). The anticline is characterized
by a long back-limb that dips less than the fault-ramp, and by a narrow and steep
forelimb, which may be generated by shear fault-bend folding (Martinez-Loriente et al.,
2018). The fault trace extends from the WNW-ESE strike-slip LSF to the southern
termination of the SVC (Gracia et al., 2003a; Martinez-Loriente et al., 2018; Terrinha et
al., 2009; Zitellini et al., 2001, 2004) and it is cut by WNW-ESE strike-slip faults
(Terrinha et al., 2009) (Fig. 2.13). The average fault-dip is high in the first kms below
the seafloor (~ 40°) and decreases to ~ 25° until the basement where it becomes listric
(Martinez-Loriente et al., 2018; Zitellini et al., 2001). Martinez-Loriente et al., (2018)
suggested that in the central and southern segments, the HF is rooted at the Moho (i.e.,
at about 9 km below the seafloor) or in the base of the serpentinized area in the

uppermost mantle (i.e., about 14 km below the seafloor), while the northern segment is
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rooted in the upper (18 km below the seafloor) or lower thinned crust (23 km below the
seafloor). The HF displaces the late HGU “giant chaotic body” (Gracia et al., 2003b;
Iribarren et al., 2007; Torelli et al., 1997) and reaches up to the seafloor, affecting the
whole sedimentary sequence evidenced by the growth-strata configuration and the
generation of the Horseshoe fault scarp (Fig. 2.14). The HF scarp is characterized by a
N55 E-trending relief of more than 1 km, which is well developed on the northern
segment of the fault and is being eroded on its southern part by the E-W drainage
system from the Horseshoe Valley (Fig 2.4) (Gracia et al., 2003b; Terrinha et al., 2009;
Zitellini et al., 2004). The low relief and the minor uplift in the southern segment, where
the offset between the footwall and hanging-wall is less than in the central segment,
suggest that the fault ends towards the LSF, where the deformation is transferred
(Martinez-Loriente et al., 2018). Several authors (e.g. Gracia et al., 2003b; Terrinha et
al., 2009; Zitellini et al., 2004), describe the fault as an active system. Martinez-Loriente
et al., (2018) calculated the Plio-Quaternary slip-rate, which is about 0.2 + 0.01 mm/yr
with a recurrence interval of about 6855 + 250 years. In addition, ultra-high resolution
subbottom profiles reveal a succession of mass-transport deposits (MTD) on the HF
footwall, reinforcing the idea that the fault is presently active (Martinez-Loriente et al.,
2018). The HF has been considered as a reactivated Mesozoic rifting structure (Gracia
et al., 2003b; Martinez-Loriente et al., 2018; Terrinha et al., 2009). Some authors
proposed that the Horseshoe fault, simultaneously acted together with the MPF as a
possible source of the 1755 Lisbon earthquake and tsunami (Gracia et al., 2003a, b;
Terrinha et al., 2003).

10°30'W 10°W 930w 10°30'W 10°W g9°3av

36°W
36°W

Figure 2.13. a) Colour-relief bathymetric map of the HF area. Contour interval is 100 m.
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Multichannel seismic profiles are depicted as thin white dashed lines. Yellow dot: sediment core
JC027-30. Red dashed polygon: TOBI sidescan sonar imaging. b) Slope map of the HF area.
HF trace depicted in red. Modified from Martinez-Loriente et al., (2018).
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Figure 2.14. Interpreted pre-stack depth migrated SW06 seismic profile across the HF.
Location of the seismic line is shown in the Fig. 2.13. Modified from Martinez-Loriente et al.,

(2018).

2.3.8. The Horseshoe Abyssal Thrust

On the basis of WAS profiles and velocity models, Martinez-Loriente et al., (2014,
2018) detected a SE dipping anomaly in the HAP, interpreted as the so-called
Horseshoe Abyssal Plain Thrust (HAT). The HAT is a NE-SW trending, NW-verging
tectonic structure (Martinez-Loriente et al., 2014), which according to the models by
Martinez-Loriente et al., (2014) dips ~30° + 20° (Fig. 2.15). Dip uncertainty of the this
structure is mainly due to the fact that the authors only had a single WAS profile that
crossed the structure; therefore, the ~30° could be an apparent dip. In the SW Iberian
margin, the HAT acts as the boundary between the GB domain made of Cretaceous
exhumed mantle rocks (Martinez-Loriente et al., 2014; Sallares et al., 2013) and the
Gulf of Cadiz domain, constituted by Western Tethys Jurassic oceanic crust (Martinez-
Loriente et al., 2014). The HAT is oriented following the trend of the seismicity cluster
located in the middle of the HAP, and the earthquake focal mechanisms show reverse
moment-tensor and depths of 40-60 km (Geissler et al., 2010; Silva et al., 2017; Stich et
al., 2006; Stich et al., 2010).
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Figure 2.15. 2D velocity model obtained by inversion of the dataset constituted by arrival times
of Ps (phases refracted within the sediments), PsP (sediment—basement reflections) and Pb
(phases refracted within the basement) phases. Thick solid black lines: inverted sediment-
basement boundary, the crust-mantle boundary (i.e..Moho), and the Horseshoe Abyssal plain
Thrust (HAT). Dashed and solid white lines: horizons interpreted to be the base of the sediment
cover in the SW12 and SW13 MCS profiles, respectively (Martinez-Loriente et al., 2013). White
circles: OBS locations. HVZ: high-velocity zone; LVZ: low-velocity zone. Modified from
Martinez-Loriente et al., (2014).

2.3.9. The North Coral Patch Fault and South Coral Patch Fault

The Coral Patch Ridge (CPR) is a 160 km-long structure with a rhomboidal shape,
that separates the HAP and the SAP. It is composed by two NW-verging thrust faults
that lift the CPR. The North Coral Patch Fault (NCPF) is 65 km-long and limits the
northern part of the ridge at 4250 m depth. The South Coral Patch Fault (SCPF) is 83
km-long and bounds the southern part of the ridge, at 3080 m depth (Martinez-Loriente
et al., 2013) (Fig. 2.16). Both thrusts show back-limbs that dip less than the fault-ramp
and narrow forelimbs in relation to their long backlimbs that were generated by shear
fault-bend folding. The two thrusts dip about ~ 40° during the first km below the
seafloor and decrease to ~ 25° until the basement (Martinez-Loriente et al., 2013). These
faults cut, fold and show growth-strata configuration in the recent-most sedimentary
units of Holocene age, indicating present-day tectonic activity. In the western segment,
the NCPF acts as a blind-thrust folding the whole sedimentary sequence, while it
reaches up to the seafloor in the central segment with a stratal offset that decreases

towards the surface.
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The SCPF shows relatively constant vertical slip along the fault, cutting through the
whole sedimentary sequence suggesting that it is a recent structure of Miocene-Late
Pliocene age (Martinez-Loriente et al., 2013, 2014, 2018; Sartori et al., 1994). The
NCPF and the SCPF root in a common detachment level in the serpentinized area of the

upper mantle (12-13 km) or in the Moho about 7-8 km (Martinez-Loriente et al., 2013).
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Figure 2.16. Interpreted section of the SWI11 MCS profile across the central part of the Coral
Patch Ridge, through the North Coral Patch fault (NCP) and the South Coral Patch Fault
(SCP). la: Plio-Quaternary; Ib: Middle Miocene-Pliocene; HGU: Horseshoe Gravitational
Unit; Id: Upper Oligocene-Middle Miocene; 1I: Upper Cretaceous-Lower FEocene; IlI:
Cretaceous; 1V: Lower Cretaceous; V: Upper Jurassic;, TWTT: Two-way travel time. Modified
from Martinez-Loriente et al., (2013).

2.3.10. The Seine Abyssal Hills

The Seine Abyssal Hills (SH) are a succession of elongated ridges (the larger is
about 55 km long and the tallest is about 740 m above the surrounding seafloor) located
in the northern part of the SAP. These ridges are constituted by NE-SW trending blind
thrust-folds with NW and SE vergence (Martinez-Loriente et al., 2013) (Fig. 2.17). The
fault-bend folding and fault-propagation folding are the two main mechanisms of
deformation in the SH; therefore, the faults are associated to back-thrusts and kink folds
that accommodate the deformation close to the seafloor (Martinez-Loriente et al., 2013).
The SH thrust-faults dips about ~ 45° over the first kilometres in the subsurface and
decreases towards the basement to ~ 25°, where it tends to flatten (Martinez-Loriente et
al., 2013). The vertical offset of the SH is homogeneous suggesting that it is a recent
structure, such as the SCPF originating in the Miocene-Late Pliocene age (Martinez-
Loriente et al., 2013, 2014, 2018; Sartori et al., 1994). In general terms, the SH thrusts
are rooted at the same common detachment level that the NCPF and SCPF, in the
serpentinized area of the upper mantle (12-13 km) or in the Moho, about 7-8 km depth
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(Martinez-Loriente et al., 2013). The deformation of all the seismo-stratigraphic
sequence and the growth-strata configuration of the youngest seismo-stratigraphic units
suggests that the SH thrusts faults (SHF) are currently active (Martinez-Loriente et al.,
2013). The acoustic basement of the SH and CPR is constituted by oceanic crust tilted
blocks that correspond to originally structured half-grabens (Martinez-Loriente et al.,
2013). On the basis of the kinematic reconstruction by Martinez-Loriente et al., (2014),
the oceanic crust (SAP domain) is considered as a slow-stage of seafloor spreading of

the NE segment of the Central Atlantic.
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Figure 2.17. Interpreted section of the SWI12 MCS profile across the Seine Abyssal Plain and
the Seine Hills (SH). la: Plio-Quaternary, 1b: Middle Miocene-Pliocene; Id: Upper Oligocene-
Middle Miocene; I1: Upper Cretaceous-Lower Eocene; III: Cretaceous; 1V: Lower Cretaceous;

V: Upper Jurassic, TWTT: Two-way travel time. Modified from Martinez-Loriente et al., (2013).

2.3.11. The Lineament South Fault and Lineament North Fault

The LSF and LNF are the main WNW-ESE dextral strike-slip faults of the SW
Iberian margin. These two faults are part of bathymetric lineations identified by Rosas
et al., (2009); Terrinha et al., (2009); Zitellini et al., (2009) in the SW Iberian margin.
The lineaments, known as SWIM faults based on the SWIM bathymetric compilation
developed by Zitellini et al., (2009), cross the Gulf of Cadiz from the Hirondelle
Seamount until the Moroccan continental shelf and conform a wide-deformation band,
the SWIM Fault Zone (SFZ). The SWIM lineaments offset some thrust faults such as
the HF (Martinez-Loriente et al., 2018; Terrinha et al., 2009; Zitellini et al., 2009), the
Coral Patch Faults and the SHF (Martinez-Loriente et al., 2013), suggesting that the
WNW-ESE strike-slip lineaments post-date the NE-SW thrusts. Some authors
hypothesized that the SWIM faults initiated their activity during the Pliocene (Terrinha
et al., 2009) or at 1.8 Ma as suggested by the analogue models of Rosas et al., (2012).

Martinez-Loriente et al., (2014) suggest that due to their orientation, location and
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behaviour the WNW-ESE strike-slip faults correspond to a reactivation of inherited
structures from the Jurassic transfer zone. The LNF is a dextral strike-slip fault (Fig.
2.18), which has an average strike of 100° £ 2° and is evident in the northern part of
GCIW. It is a 130 km-long fault with deformation distributed within a 4.8 km wide zone
(Bartolome et al., 2012). In the parametric profiles, a positive flower-like structure with
a seafloor build-up of 120 m can be observed. The LSF is the longest fault in the Gulf of
Cadiz, which acts as a boundary between the three types of basement present off SW
Iberia (Martinez-Loriente et al., 2014). The LSF is a dextral strike-slip fault (strike 105°
+ 2°) (Fig. 2.19) that extends from the HAP to the Moroccan continental shelf, along
more than 350 km. This fault cuts the Quaternary sequence up to the seafloor and its
morphological expression is a set of continuous crest-and-troughs with a width of

hundreds of meters over the seafloor (Bartolome et al., 2012).
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Figure 2.18. TOPAS (topographic parametric sounder) profile and interpreted section of the
depth-migrated MCS profile SWO0I across the Lineament North. GCIW: Gulf of Cadiz
Imbricated Wedge. VE, Vertical exaggeration. From Bartolome et al., (2012).
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Several mud volcanoes can also be recognized along the LNF and LSF traces.

Hensen et al., (2015) relate the presence of these structures with the strike-slip faults,

since this type of fracture works as a permeable conduit serving as an important

pathway for ascending fluids originated in the oceanic crust, which at this location is

older than 140 Ma. Seismic moment tensors from the seismicity associated with the

lineaments show WNW-ESE right-lateral strike-slip motions and vertical components at

upper mantle depths (40-60 km) (Bartolome et al., 2012). In general terms, these strike-

slip faults accommodate part of the deformation of the Eurasia-Africa plate boundary

and are an important sources of seismicity (Bartolome et al., 2012; Zitellini et al., 2009).
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Figure 2.19. TOPAS (topographic
parametric  sounder)  profile  and
interpreted section of the depth-migrated
MCS profile SWI12 across the Lineament
South. HGU: Horseshoe Gravitational
Unit; Q-LM: Quaternary-Late Miocene;
TWTT: two-way travel-time; VE: Vertical
exaggeration. From Bartolome et al,
(2012).
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2.4. Seismicity of the SW Iberian margin

The SW Iberian margin is the most seismogenic area in western Europe. The
convergent setting between the Eurasian and African plates (e.g. Martinez-Loriente et
al., 2014; Zitellini et al., 2009) (Fig. 2.20) is the responsible of the large historical and

instrumental destructive earthquakes and tsunamis that occurred in this region.

On the basis of the present-day NW-SE convergence, Africa is moving in a NW-
WNW direction with respect to Iberia, at a rate of 3.8-5.6 mm yr~' (DeMets et al., 2010;
Nocquet, 2012; Nocquet & Calais, 2004; Stich et al., 2006). SW Iberia is a seismically
active area of low to intermediate magnitude (M,, < 5.5) earthquakes, punctured by
high-magnitude events and shallow to deep seismicity (up to 60 km depth) (Fig. 2.20).
In the SW Iberian margin, the deformation and the corresponding seismic activity is
distributed in defined clusters (Custodio et al., 2015; Geissler et al., 2010; S. Silva et al.,
2017) over a wide area where the deformation band of the SFZ acts as a boundary
between a seismic area (to the north of the SFZ) and a non-seismic area (to the south) (
Zitellini et al., 2009) (Fig. 2.21). Focal mechanisms indicate compressional stress and/or
strike-slip regime (Buforn et al., 1995; Stich et al., 2005, 2010), revealing a regional
transpressive strain with the P-axes oriented (NW-SE) parallel to the maximum

shortening between the Eurasian-African plate boundary (Geissler et al., 2010).
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Figure 2.20. a) Seismicity distribution (NEIC catalogue, 1976—2010) and focal mechanisms
between 1976-2011. b) Velocity distribution in a Eurasia fixed reference frame. Modified from
Nocquet, (2012) in Martinez-Loriente, (2013).
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Seismicity is distributed in four main clusters (Custddio et al., 2015; Geissler et al.,
2010; Silva et al., 2017) (Fig. 2.21): a) The Gorringe Bank cluster, elongated along a
NE-SW direction and sub-parallel to the GBF. The focal mechanisms of this cluster are
mainly strike-slip and reverse dip-slip with few normal events. b) The Sao Vicente
Canyon cluster, which extends along the SVC between the NE tip of the HF and the
NE tip of the SVF. This cluster is also parallel to the to the MPF. Focal mechanisms in
this area show strike-slip and oblique-slip with reverse component, although few normal
mechanisms are also identified. c) The Horseshoe cluster is elongated in a NW-SE
direction along the HAP and across three different lithospheric domains (Martinez-
Loriente et al., 2014). This cluster is partially associated to the HAT (Martinez-Loriente
et al., 2014, 2018) and partially with the LSF (Bartolome et al., 2012). The focal
mechanisms are mainly pure strike-slip, oblique-slip with reverse dip-slip component
and few normal events. d) The Guadalquivir Bank cluster is located at the inner Gulf
of Cadiz in the PB and GuB area and has an elongated NE-SW trend. This trend is
related to the positive gravity anomaly corresponding to the basement highs with mainly
strike-slip and reverse focal mechanisms (Buforn et al., 2004; Custédio et al., 2015).
Regional micro-seismicity was recorded during 11 months by a temporal network of 24
ocean bottom seismometers. The results led Silva et al., (2017) to suggest that micro-
seismicity is mostly located in the upper mantle (at 20-50 km depth) and it is associated
with inverted rift structures, locally coincident with areas of fault- intersection (NE-SW
thrusts and WSE-ESE strike-slip faults) as well as the transition between different
rheological domains. The micro-seismicity depths suggest that the shallow crustal
fabrics may be replicated in lithospheric mantle depths, while the crustal structures are
aseismically moving and frictional slip only occurs in high-magnitude seismic events

(Silva et al., 2017).
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Figure 2.21. Bathymetric map of the SW Iberian margin with the main faults after Zitellini et
al., (2009). Location of OBS and land stations are shown with white triangles. Seismicity from
Bulletin of the Institute of Lisbon in black dots. GB, Guadalquivir Bank; CSV, Cape Sao
Vincente, HSF, Horseshoe Fault; MPF, Marqués de Pombal Fault; PB, Portimao Bank; SFZ,
SWIM Fault Zone. Modified from Geissler et al., (2010).

Seismogenic and tsunamigenic events have affected the SW Iberian margin since
ancient times. Historical chronicles make reference to 16 tsunamis in the Iberian and
Moroccan Atlantic coasts, since 218 B.C. until 1848 (Campos, 1991). The most relevant
events in this area include the 218-209 BC Lacus Lingustinus earthquake and tsunami
(Vidal, 2016), the 382 Cape Sao Vicente earthquake (M, 7.5) and tsunami (Baptista &
Miranda, 2009), the 27 December 1722 Tavira earthquake (M,, 6.5) and tsunami
(Baptista & Miranda, 2009), the 1 November 1755 Lisbon earthquake (M, > 8.5) and
tsunami (Martinez Solares & Lopez Arroyo, 2004), the recent 28 February 1969
Horseshoe earthquake (My, 7.9-8.0) and tsunami and the 17 December 2009 earthquake
(My 5.5) (Lozano et al., 2019; Stich et al., 2006). Based on turbidite paleoseismology of
the SW Iberian margin, Gracia et al., (2010) determined a recurrence interval of about

1800 years for great earthquakes (M, > 8.5) during the Holocene.
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The most catastrophic event, which caused more than 60.000 causalities (Baptista
et al., 1998) occurred on November 1% 1755, generating an earthquake and a destructive
tsunami (Fig. 2.22) that hit the coasts of Portugal, Spain, Morocco and the North
Atlantic (Baptista et al., 1998). The origin of this large event it is still a matter of debate.
During last years, several authors proposed different sources for the earthquake and
tsunami: the MPF, the HF and a combination of the two (Gracia et al., 2003a; Zitellini
et al., 2001, 2004), the MPF and the PSF (Terrinha et al., 2003), the MPF and the GuBF
(Baptista et al., 1998) and the GCIW (Gutscher et al., 2002). However, none of these
options or their combinations are consistent with the earthquake epicenter, located in the
HAP, as it occurs with the 1969 Horseshoe earthquake (Fukao, 1973; Lozano et al.,
2019; Stich et al., 2006) (Fig. 2.23). These results show that future investigations need
to focus on the active seismogenic and tsunamigenic structures of the Gulf of Cadiz, in
order to obtain highly accurate models referring to the large earthquakes and tsunamis

that occurred in this area.

Lied

Figure 2.22. Photography of the damage caused by the 1755 Lisbon earthquake in the
Convento do Carmo, Lisbon. From BonAppetour, (2020).
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Figure 2.23. Image of the destruction generated by the 1969 Horseshoe earthquake in the

Lisbon region. From CERU, (2015).

2.5. Stratigraphy of the SW Iberian margin

The stratigraphy of the SW Iberian margin is described based on the
lithostratigraphic units identified in the DSDP (Deep Sea Drilling Project) and IODP
(Integrated Ocean Drilling Program) well sites drilled in the SW Iberian margin (Fig.
2.4). In this work Site 135 in the Coral Patch area (Hayes et al., 1972), Site 120 (Ryan et
al., 1973) in the Gorringe Bank area and the site U1391 drilled during IODP Expedition
339 (Hernandez-Molina et al., 2015) in the Portuguese and Spanish continental margins,
are particularly useful to characterize the stratigraphy. In addition, industry boreholes in
the continental shelf (Lopes et al., 2006; Mulder et al., 2006) and seismic correlation
carried out by different authors (Gracia et al., 2003b; Lopes et al., 2006; Maldonado et
al., 1999; Martinez-Loriente et al., 2013, 2014, 2018; Mencaroni et al., 2021; Serra et
al., 2020; Toyos et al., 2016) have been taken into account. The most comprehensive
seismo-stratigraphic interpretations in the entire SW Iberian margin were the works of
(Martinez-Loriente et al., 2013, 2014, 2018). On the basis of these studies (Fig. 2.24)
and previous ones, the following stratigraphic and seismo-stratigraphic units can be

recognized:
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e Paleozoic Basement: 1t has been only identified in the continental shelf. It is
mainly composed by shales, coals and volcanic rocks. This unit is characterized by
discontinuous, high-amplitude and low-frequency seismic facies (Gracia et al., 2003;
Lopes et al., 2006).

e Triassic: 1t is identified in the continental shelf and the slope and is composed
by siliciclastic materials at the base and evaporates, mainly anhydrites and gypsum.
Towards the distal continental shelf, the presence of gypsum decreases and anhydrites
are dominant. These materials favour plastic deformation and diapiric structures. This
unit presents seismic-facies with highly variable amplitude and frequency (Lopes et al.,
2006; Pereira & Alves, 2013).

o Lower Jurassic: In the half-east HAP and SAP (Seine and Gulf of Cadiz
Domains), Jurassic materials composed by oceanic crust conform the seismo-
stratigraphic basement (Martinez-Loriente et al., 2014). The Jurassic materials in the
continental-shelf are mainly composed by dolomites and limestones. The seismic facies
are discontinuous with low-amplitude and high-reflectivity (Lopes et al., 2006).

e Upper Jurassic: Unit V in Fig. 2.24. In general terms this unit is made of
dolomites, limestones, shale limestones and marls (Gracia et al., 2003; Lopes et al.,
2006; Maldonado et al., 1999; Pereira & Alves, 2013).

e Lower Cretaceous: Unit IV in Fig. 2.24. The Lower Cretaceous that constitutes
the basement of the Gorringe Bank and the west-half of the HAP and TAP is made of
exhumed mantle (Gorringe Bank Domain) (Martinez-Loriente et al., 2014; Sallares et
al., 2013). In the GB ridge, the Lower Cretaceous basement is constituted by ophiolitic
breccias (Ryan et al., 1973; Zitellini et al., 2009), while the Barremian, Aptian and
Albian are conformed by dark-shales. For the same period the Coral Patch area is
constituted by black-marls of terrigenous material (Hayes et al., 1972). In the
continental shelf, siliciclastic materials are predominate (Pereira & Alves, 2013).

e Cretaceous: Unit Il in Fig. 2.24. In general terms, the Cretaceous is constituted
by black-shales and green siliceous mudstones (Hayes et al., 1972; Pereira & Alves,
2013). This unit has semi-continuous and low-amplitude to transparent reflectors
(Martinez-Loriente et al., 2013).

o Upper Cretaceous-Lower Eocene: Unit Il in Fig. 2.24. This unit is composed by
limestones and evaporites at the base, and limestone, marls and dolomites in the Lower

Eocene (Hayes et al., 1972; Lopes et al., 2006; Maldonado et al., 1999; Pereira & Alves,
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2013). The seismic facies are constituted by continuous and high-amplitude reflectors
changing to discontinuous and lower amplitudes towards the top (Martinez-Loriente et
al., 2013).

o Lower Eocene- Upper Oligocene: In general terms, this unit is made of shale
limestones and brown-clays with coarse sand-layers in the Portuguese continental shelf
(Pereira & Alves, 2013). In the distal SW Iberian margin, such as the Coral Patch area,
this unit does not exist as there is an Hiatus (Fig. 2.24) (Hayes et al., 1972; Martinez-
Loriente et al., 2013).

o Upper Oligocene-Middle Miocene: Unit Id in Fig. 2.24. This unit is mainly
composed by shaly limestone and dolomites at the base and siliciclastic material in the
upper part of the unit (Lopes et al., 2006; Pereira & Alves, 2013). This unit displays
parallel and high-amplitude reflectors (Martinez-Loriente et al., 2013).

o Middle Miocene-Pliocene: Unit Ib-Ic in Fig. 2.24. In this period, the GCIW and
the HGU were emplaced. This GCIW allochthonous mass is composed of a mixture of
Triassic evaporites (i.e., salt, gypsum) and a succession of Jurassic to Middle Miocene
sedimentary rocks, mainly clays (Gracia et al., 2003b; Iribarren et al., 2007; Andrés
Maldonado et al., 1999). The HGU materials are gravitational deposits originating from
the GCIW and surrounding areas (Iribarren et al., 2007). In the rest of SW Iberia
margin, this unit is composed by siliciclastic materials (Pereira & Alves, 2013). The
seismic facies is characterized by highly variable reflectors and amplitudes (Martinez-
Loriente et al., 2013).

o Plio-Quaternary: Unit Ia in the Fig. 2.24. The Plio-Quaternary is mainly
composed of silty-clays and clays (Lopes et al., 2006) with conturites and turbidites
deposits (Hernandez-Molina et al., 2015). In the Gorringe Bank area, foraminifera oozes
predominate (Ryan et al., 1973), while in the Coral Patch Ridge area this unit is
constituted by chalk ooze (Hayes et al., 1972). The seismic facies are characterized by
low-medium amplitude and continuous reflectors (Martinez-Loriente et al., 2013).
Several authors, such as Hernandez-Molina et al., (2003, 2014); Llave et al., (2007);
Mencaroni et al., (2021); Mulder et al., (2003); Stow et al., (1986), showed the
relationship between the Plio-Quaternary sedimentary unit in the Gulf of Cadiz and the
hydrodynamic conditions of the MOW. Along its pathway, the MOW transports,
deposits and reworks the sediments of the SW Iberian margin generating extensive

contourite drifts on the middle slope (Herndndez-Molina et al., 2003; Mencaroni et al.,
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2021). There are two types of contourite deposits in the Plio-Quaternary unit, elongated

and separated mounded drift and sheeted drift (Herndndez-Molina et al., 2003).

DSDP SHAP 1l ork Medi: et | Hayward et Tortella et
Site 135 (%) QUATERNARY] S HAP al., 2004 al., 1999 al., 1997
0 A 0 'gm a PQ EH-IA [05]
P g T 10 |& IbMm-p_[cHGU| al oiis. |=| o
T Q| Miocene : u4 us I 5 o4
ja e - w
T By Bl gl 20 Z L Oda
'L-A-'L-I-'L-J-J'- g Oligoces U
"L.A.ta_"‘a_J’. 304 § & i Yo,
. kL =
-‘_i_-L::-‘-i-L: o é g c / / /
TR . Q OCe!
P Py s04 |2 LG99
P ¥ e 0y .
T Sy 60 Il UC-LE Il UC-LE
o T e gl ol Ry
b= 2 Vi el 70
3 FE e B U2 EH-1I 02
£ T ST e Pl 80—
= 305 s u upeer Il C m c
2 z il -
3 100 @
2
05 2 E v LC
- g|o
450-post 12018 7| toner |V LC U EHHII ot
130 % 2
a Basement
== 140 2 Serp. Mantle
560-p==2 1507 | | oo |V UY EH-IV
160 |9 '
=
J |%| wieae VI Basement Bs Bs Bs
- 170 > Oceanic Crust
689 -+ e

Figure 2.24. Seismo-stratigraphy from Martinez-Loriente et al., (2013) based on DSDP Site
135 (Hayes et al., 1972). Units previously defined by Hayward et al., (1999); Medialdea et al.,
(2004), Tortella et al., (1997) in the external part of the Gulf of Cadiz included as reference.
mbsf: meters below the seafloor; CPR: Coral Patch Ridge, SAP: Seine AbyssalPlain; s-HAP:
southern Horseshoe Abyssal Plain. 1. UO-PQ: Upper Oligocene to Quaternary, la. PQ: Plio-
Quaternary; Ib.MM-P: Middle Miocene-Pliocene; Ic.HGU: Horseshoe Gravitational Unit,
Upper Miocene; 1d.UO-MM: Upper Oligocene-Middle Miocene; I UC-LE: Upper Cretaceous-
Lower Eocene; 111.C: Cretaceous, IV.LC: Lower Cretaceous; V.UJ: Upper Jurassic; VI and Bs:
Basement; Serp.: Serpentinized. From Martinez-Loriente et al., (2013).

2.6. Oceanography of the SW Iberian margin

The oceanographic context of the SW Iberian margin is quite complex. The
aperture of the Straits of Gibraltar (5.3 Ma ago) and the increment in sediment
contribution in the Pleistocene (Garcia et al., 2009) changed the character of the
sedimentary deposition and the oceanographic circulation of the area (Habgood et al.,
2003). This sedimentary deposition and the present-day circulation are dominated by
the seawater-exchange between the Atlantic and Mediterranean through the Straits of
Gibraltar (Hernandez-Molina et al., 2003, 2015). This bottom current, the so-called
MOW, is a salty, warm and poorly oxygenated submarine current (~ 13 °C of

temperature and an average salinity of 36.5 %o) that in the present-day configuration
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flows from the Straits of Gibraltar towards the Atlantic, following the slope and the
Portuguese continental shelf between 300 and 1400 m (Hernandez-Molina et al., 2003)
(Fig. 2.25). Along its pathway, the MOW loses velocity and increases in depth. The
MOW accelerates through the Straits of Gibraltar (30 cm/s) and moves north-westward
along the mid-continental slope of the Gulf of Cadiz, decreasing the velocity until 20
cm/s in the CSV area (Ambar & Howe, 1979; Hernandez-Molina et al., 2003; Mulder et
al., 2003). At the head of the SVC, the MOW generates sedimentary deposits such as
contourites (Herndndez-Molina et al., 2015; Hernandez-Molina et al., 2003; Mencaroni
et al,, 2021). The MOW flows northward above the NADW (North Atlantic Deep
Water) and below the AIW (Atlantic Inflow Water). The AIW is constituted by the
North Atlantic Superficial Water (NASW) (surface to 100 m water depth) and the
Eastern North Atlantic Central Water (ENACW) (100 m to 700 m) with an average
temperature of 13-16°C and 34.7-36.25%o average salinity (Hernandez-Molina et al.,
2014, 2015). The underlying NADW is colder (3-8 °C) and less saline (34.95-35.2 %o),
flowing below the 1500 m isobath from the Greenland-Norwegian Sea region towards

the south (Baringer & Price, 1999; Hernandez-Molina et al., 2015; Serra et al., 2005).

Due to the complex continental slope-morphology of the Gulf of Cadiz, the MOW
splits in two main flow cores: the MOW Upper core (MU) and the MOW Lower core
(ML) (Fig. 2.25). The ML follows a general north-western trend, between the 800 and
1400 m depth with a temperature of 10.5-11.5 °C and 36.5-37.5 %o of salinity
(Hernandez-Molina et al., 2015; Llave et al., 2007). While the MU (13-14 °C and 35.7-
37 %o) flows parallel to the SW Iberian slope, at depths of 500-800 m and is partially
captured by the PC (Hernandez-Molina et al., 2015; Marcheés et al., 2007).

69



Chapter 2: Geological setting

Iberian
Peninsula

GulfoICacIlz(;J

\ﬁ

_JAmoggL;
Sea

Water masses MOW circulation Deep current data (100 m/s)
Mediterranean Outflow Water * Madelain, 19;"0
| Mediterranean upper water Kenyon and Belderson, 1973

|
|
* Mali 1974
[N Mediterranean lower water elieres, 19
North Atlantic Superficial Water " b Zenk, 1975

E T e B 8 Intlerrnedlats branch Baringer and Price, 1999
orth Atlantic Deep Water PB  Principal branch Nelson et al., 1999

S8 Southern branch ——3 Cherubin et al., 2000

Figures 2.25. Oceanographic distribution of the MOW in the Gulf of Cadiz (SW Iberia)
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The ML divides into three distinct branches with a general northwest direction: the
southern branch (SB), the principal branch (PBr) and the intermediate branch (IB)
(Hernandez-Molina et al., 2015). The hydrodynamic conditions of the MOW are highly
dependent on the climatic stage (glacial and interglacial cycles) (Bahr et al., 2015; Llave
et al., 2006). On the one hand, during the glacial periods (colder) the freshwater input in
the Mediterranea decrease, therefore, the resulting current from the Strait of Gibraltar
increase its density enhancing the ML. The result is a strong interaction of the MOW
with the seafloor (Bahr et al., 2015; Llave et al., 2006). On the other hand, during
interglacial periods (warmer), the freshing of Atlantic surface waters due to the melting
of the ice results in a high-density contrast between Atlantic and Mediterranean water

masses and a stronger upper MU (Bahr et al., 2015; Llave et al., 2006).
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CHAPTER 3

Data and methods

3.1. The INSIGHT project

The SW Iberian margin has been investigated in this PhD Thesis during the period
2017-2021 collecting new geophysical data on the main active structures of the area.
Such data collection has taken place in the frame of the project INSIGHT - “ImagiNg
large Seismogenlc and tsunamiGenic structures of the Gulf of Cadiz with ultra-High
resolution Technologies”. During the INSIGHT project, two oceanographic surveys

have been carried out: the INSIGHT-Legl and the INSIGHT-Leg?2.

During the INSIGHT-Legl (PI. E. Gracia), active fault structures, mud volcanoes,
and a diapir were mapped, with unprecedented resolution, using the AUV “Abyss” from
GEOMAR- Kiel (Germany). In addition, other marine technologies, such as the 2D-
high-resolution seismic system, high-resolution swath-bathymetry, parametric sub-
bottom profiler and sedimentary sampling (i.e. multicores, gravity cores and piston

cores) (Fig. 3.1) were used to collected new data.

In the frame of the INSIGHT-Leg2 cruise (PI. R. Urgeles), the same active
structures were revisited using new technologies, such as the Controlled Source
ElectroMagnetic (CSEM) method, and the 2D-high-resolution seismic system, swath-
bathymetry, parametric sub-bottom profiler and sediment sampling (gravity coring)

(Fig. 3.1).

The geophysical data of INSIGHT surveys comprises five study areas: a) the
Marqués de Pombal area, b) the Lineament South west section (LSW), ¢) the Lineament
South east section (LSE), d) the Ginsburg mud-volcano area, and e) the Lolita salt-

diapir area (Fig. 3.1).
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Figure 3.1. Bathymetric map of the SW Iberian margin with the location of the data acquired
during the INSIGHT cruises (INSIGHT Leg-1 and Leg-2). AUV: Autonomous Underwater
Vehicle; GMV: Ginsburg mud volcano area; LoSD: Lolita Salt Diapir area; LSE: Lineament
South East area; LSW: Lineament South West area; MP: Marqués de Pombal area; MCS:

Multi-channel seismic.

3.2. The geophysical methods used

Despite this PhD thesis was developed in the framework of the project INSIGHT, it
integrated and associated results from different geological and geophysical data
acquired in several surveys (since mid-90s) and used different methods. The multi-scale
dataset includes swath-bathymetry, high-resolution bathymetry from AUV, sidescan-
sonar TOBI mosaics, parametric sub-bottom profiles and 2D MCS data. These methods

will be described in the following pages.

Using this variety of multi-scale data, different assessments of the SW Iberian
margin can be made. Bathymetry and 2D-multichannel seismic profiles of lower
resolution can cover a large area. AUV maps, TOBI side-scan sonar images, TOPAS
profiles and High-Resolution multi-channel seismic profiles allow us to obtain higher-

resolution information although covering smaller areas (Table 3.1).
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Method Typical Resolution Sub-bottom penetration
Swath-bathymetry 50 m 0m
2D MCS 10 -20m 9,000 m
TOBI 25-6m 0 m
2D High-Resolution MCS 2m 4,000 m
Sub-bottom profiler 2m 80-150 m
AUV bathymetry I m 0m

Table 3.1 Comparison of the different resolution and sub-bottom penetration values for each
geophysical method used in this Thesis. Values extracted from Gracia & INSIGHT Cruise
Party, (2018).

3.2.1. Swath-bathymetry and acoustic backscatter

The multibeam-echosounder allows us to obtain an accurate cartographic seafloor-
map, providing information on the water-depth, geomorphology, seismo-stratigraphy
and tectonics. Multibeam-echosounders provide two types of data: the water-depth and
backscatter of the seafloor. The multibeam echosounder measures the water-depth
sending acoustic pulses (i.e., beams from the transmitter) and receiving the reflections
or echoes from the seafloor. The seafloor depth is calculated using the arrival angle and
arrival time of the acoustic signal in function of the acoustic velocity propagation
through the water-column. The transmission and reception of the acoustic signal is done
by a transducer. The transducers convert electrical pulses to acoustic signals. Later, they
convert the pressure differences of the arrival of the reflected acoustic-waves in an

electric signal that includes the depth information (Lurton, 2010).

The traducers emit a signal composed by numerous straight-beams generating a band
perpendicular to the vessel axis (width swept) (Martinez-Loriente, 2013), hence while
the vessel is sailing it records a continuous map of the seafloor (Lurton, 2010). In
addition, multibeam echosounder equipment is composed by the following parts: 1)
Transmission and reception arrays unit; 2) User interface (with system control options
and real-time processing results); and 3) Ancillary systems, such as the positioning
system, attitude sensor unit and sound velocity profiles (Diez & Gracia, 2005). The

horizontal (x, y) and vertical (z) position of each beam is determined by the GPS
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position and the data of the vessel motion sensors, which are the pitch, roll and yaw
(Fig. 3.2). Usually, the multibeam echo-sounder is fixed in the hull of the research
vessel, with the beams bouncing off the seabed and returning to the ship with the echoes

recorded from the system. The vessel usually sails at velocities between 6 and 10 knots.

Beams bounce off the
seabed and return to
the ship where the
echoes are recorded

Figure 3.2. Left: Scheme portraying the six degrees of freedom of a vessel. Surge, Sway, and
Heave are linear movements in the X, y, z directions, respectively, while Roll, Pitch, and Yaw
are rotary movements about the X, y, z axes, respectively. From ScienceDirect, (2020). Right:

Operation of a multibeam echosounder fixed in a vessel. Modified from British Antartic Survey,

(2015).

Depending on the application (i.e., water depth of the study area), multibeam
echosounders use different frequency ranges. The system resolution increases with the
frequency and it also does the water attenuation. High-frequency instrumentation will
have a better resolution and accuracy than a low-frequency instrument for a certain
water depth. Frequencies between 12 and 15.5 kHz are used to work in deep-waters
until 11,000 m depth, while 95 kHz are typically used for waters less than 1,000 m
depth (Bourillet et al., 1996). To obtain high-quality bathymetric data, an adequate
correction of the tide and the acoustic velocity profile in the water-column are essential.
The acoustic velocity changes depending on the temperature, salinity and pressure,
therefore several profiles of the water column properties during the bathymetric
acquisition are made. To describe the multibeam echosounder equipment’s the acoustic
frequency, the maximum angular aperture, number of beams, beam spacing, length of

emission and cadence are the basic parameters (Diez & Gracia, 2005). The frequency
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determines the sub-bottom penetration into the sediment, the maximum angular aperture
controls the swath-width (ranging between 90° and 150°) and the beam-spacing that can
be equidistant or equiangular. The acoustic emissions are referred as “pings” and are
portions of sinusoidal signals restricted to a length and the cadence is the length

between two successive emissions (Martinez-loriente, 2013).

The processing of raw-data is essential to introduce the corrections and filtering of
erroneous data. In general terms, the processing of bathymetric data implies the
following steps: a) Filter of the vessel-position data (i.e., pitch, roll, yaw and heave), b)
applying the acoustic velocity-profile of the water-column, ¢) clean navigation to avoid
loops, d) automatic edition of the beams to remove the external beams noise and e)
manual spike-cleaning. To process the raw bathymetric data software such as Caraibes,

Swathed or CARIS HIPS&SIPS is used.

In this PhD Thesis, three sources of bathymetric data have been used: a) The
EuroMargins “SWIM” multibeam compilation (Zitellini et al., 2009), the data collected
during the “INSIGHT 2018-2019” cruises and the “SRTM-15" dataset. The SWIM
compilation (Zitellini et al., 2009) refers to a total of 20 marine cruises that took place
from year 2001 to year 2009 by 14 European research institutions (Fig. 3.3). During the
INSIGHT cruises on board of the Research Vessel “Sarmiento de Gamboa”, (Leg-1 and
Leg-2), a total of 10,000 km? of swath-bathymetric data, was acquired with the ATLAS
Hydrosweep DS multibeam echosounder. The ATLAS DS works at a frequency ranging
between 14.5 and 16 kHz. It operates between 10 to 11,000 m depth, with a maximum
vertical resolution of 6.1 cm, and 0.5 m of accuracy (ATLAS HYDROGRAPHIC,
2010). The maximum angular coverage is 5.5 times the water-depth (140°), with up to
141 hardware beams, 1°x1°, corresponding to 345 beams with high order beam-forming.
It includes the ATLAS Hydrosweep Control software, which incorporates controls for
the acquisition and visualization settings. All beams are calibrated in real-time for the
ship attitude (i.e., roll, pitch, yaw, heave) (Gracia & INSIGHT Cruise Party, 2018). The
average speed for the navigation acquisition was about 5 knots up to 6-7 knots. The data
acquired was processed on board using the CARIS, HIPS&SIPS software. The DTM
(i.e. digital terrain model) of 50m cell-size was finally achieved (Gracia & INSIGHT
Cruise Party, 2018).

Finally, the SRTM 15-bathymetry is an open access bathymetric database of a

global-elevation at a spatial sampling interval of 15 arc sec (~500 x 500 m pixel size at
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the Equator) (Olson et al., 2016; Tozer et al., 2019). The bathymetric data is constructed
using a compilation of global shipboard soundings (~351 million sounding records
from numerous marine research institutions) with global marine gravity-models and
satellite-derived predicted depths (Olson et al., 2016). The predictions from the latest
global gravity-models where obtained from the satellites CryoSat-2 and Jason-1, along
with 494 million carefully edited depth-soundings at 15 arc-second resolution (Olson et
al., 2016). This database is accessible through the following link:
https://topex.ucsd.edu/index.html.

]

Figure 3.3. List of the marine surveys carried out in the Gulf of Cadiz, as well a its respective
coverage used in the SWIM compilation. 1. ESPICHEL cruise, 1991 (lfremer, France); 2.
TASYO cruise, 2000 (IGME, Spain); 3. PARSIFAL cruise, 2000 (CSIC, Spain); 4. CADISAR-1
cruise, 2001 (Université Bordeaux, France); 5. HITS cruise, 2001 (CSIC, Spain),; 6. CADIPOR
cruise, 2002 (Ghent Uiversity, Belgium); 7. GORRINGE cruise, 2003 (IAMC-CNR, Italy); 8.
TV-GIB cruise, 2003 (IUEM, France),; 9. PICABIA cruise, 2003 (CSIC, Spain); 10. GAP cruise,
2003 (Universitit Bremen, Germany); 11. MATESPRO cruise, 2004 (Universidade de Lisboa,
Portugal); 12. CADISAR-2 cruise, 2004 (Université Bordeaux, France); 13. DELILA cruise,
2004 (IUEM, France); 14. DELSIS cruise, 2005 (IUEM, France); 15. SWIM-2 cruise, 2005
(ISMAR, Italy);16. HERMES cruise, 2006 (NOC, UK); 17. SWIM cruise, 2006 (CSIC,
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Spain), 18. Digital terrain model (EMPEC, Portugal); 19. Several transit data from SISMER
database. Modified from Vizcaino,(2009) and Zitellini et al.,( 2009).

In this Thesis, multibeam bathymetric data have been used to generate bathymetric
maps and other derived data, such as shaded-relief maps, slope maps, 3D-view images
and combinations of all of them. With the resulting information, it is possible to identify
seafloor structures, such as escarpments, submarine landslides, and fault systems with
their surface expression. All this dataset has been managed and interpreted using the
free software QGIS and the commercial package ArcGIS 10. One of the main goals to
use bathymetry and other derived products in this Thesis is to obtain the volume of
erosional features. Using the software Mirone, the volume of eroded material by the Sao
Vicente submarine canyon has been determined by calculating the difference in
elevation between a spline-smoothed grid, where the canyon topography was removed
(with the function Crop), therefore simulating the slope without canyon incision (filling

the topography of the canyon) and the grid of the actual slope.
3.2.2. The Autonomous Underwater Vehicle “Abyss”

An AUV is a self-propelled, unmanned, untethered underwater vehicle able to
carry-out programmed missions with little and automatic supervision (Bellingham,
2009). These underwater vehicles allow us to obtain very high-resolution bathymetric
maps, detailed sidescan sonar images and high-quality photographies to characterize the
deep seafloor. There are a large variety of AUV models, which depend on the depth
rating, autonomy and sensors used (e.g., multibeam echosounder, sidescan sonar,
underwater camera, acoustic doppler current profiler, CTD (Conductivity, Temperature,
Depth), magnetometer, etc). An AUV allows us to collect also chemical data, seawater
column data and biological water properties (Bellingham, 2009). Depending of the type
of AUV, it is possible to work at depths of up to 6,000 m.

The AUV equipment comprises the AUV itself (Fig. 3.4), a control and workshop
container, transponders and a mobile Launch and Recovery System (LARS) with a
deployment frame. To determine the position an AUV working in deep-waters uses the
long-baseline (LBL) navigation technique. The LBL operates on the principle that the
distance between an underwater vehicle and a fixed acoustic transponder can be
precisely related to the time of flight of an acoustic signal, propagating between the

vehicle and the transponder (Humphris, 2009). Two or more transponders will be
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deployed in the seafloor of the study area at selected locations, to optimize the acoustic
range and geometry of the seafloor work zone (Fig. 3.5). The position of the
transponders is determined by using the GPS system on board of the research vessel,
ranging to them acoustically while the ship circles the point where each transponder was
dropped. The transponders clocks are synchronized with those on the AUV and on the
research vessel (Humphris, 2009).

The AUV and the research vessel have a transceiver to receive and send
communication signals to the transponders. The work frequency of the transponders is
between 9 and 12 kHz. They listen and transmit the acoustic signals from the AUV to
the research vessel or vice-versa. Each transponder works in a specific frequency, so the
AUV and the ship can recognize which transponder is sending information. The flight
time of the acoustic signals, gives a measure of distance to each transponder, and using
a simple triangulation, the point in three-dimensional space where all distances
measured from all the transponders and the ship intersect can be calculated (Humphris,
2009) (Fig. 3.5). The fundamental limitation of the AUV’s is the energy efficiency. The
AUV’s are powered by rechargeable batteries with few hours of autonomy (about 10
hours depending on the model). After the dive, the AUV should be brought on-board to
charge the batteries for the next dive and to download the recorded data (Bellingham,
2009). For recovering the AUV, the nose float of the AUV pops-off when an acoustic
command is sent (Fig. 3.4). The float and the recovery-line drift away from the vehicle,
so that a grapnel hook can snag the line. The line is then connected to the LARS winch,
and the vehicle is pulled up (Gracia & INSIGHT Cruise Party, 2018).
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Figure 3.4. Enlarged view of the parts of the AUV REMUS 6000. Modified from La macchina
del tempo, (2014).
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Figure 3.5. Scheme of operation of an AUV using long-baseline. From LinkQuest Inc., (2020).

Five high-resolution AUV bathymetric maps (Marqués de Pombal area, the
Portimdo Bank, the Lineament South including the West end and the East end, the
Lolita Salt Diapir and the Ginsburg Mud Volcano) were acquired during the INSIGHT
Leg-1 cruise using the AUV “Abyss”; three of them (Marqués de Pombal area and
Lineament South including the West end and the East end) have been analysed in this
PhD Thesis. The AUV “Abyss” is a torpedo-shaped system developed in 2008 by the
Forschungszentrums fiir Marine Geowissenschaften “GEOMAR”. This AUV can
collect data in deep water areas up to 6000 m depth. This AUV uses state-of-the-art
technologies to map in detail the seafloor and investigate the overlying water column
(Haase et al., 2009; Hensen et al., 2015; Speckbacher et al., 2012; Yeo et al., 2016). The
AUV “Abyss” can be launched and recovered in weather conditions with a swell up to

2.5 m and wind speeds up to 6 Beaufort.

The AUV operational speed is of up to 4 knots and its lithium batteries have and
autonomy of 16-20 hours, depending on the sensors used, and need approximately 12-
14 hours to be recharged. The AUV descends with velocities about 1 m/s whereas the
ascent velocity is about 0.7 m/s or Im/s if the ascent weight is dropped (Gracia &

INSIGHT Cruise Party, 2018). The AUV Abyss incorporated the following standard
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sensors: SBE 49 CTD, fluorometer and turbidity sensor, side scan sonar 120/410 kHz
and RESON Seabat 7125 200 kHz multibeam echosounder (Gracia & INSIGHT Cruise
Party, 2018). The main objectives of the INSIGHT-Leg 1 cruise were the acquisition of
high resolution bathymetry maps, therefore the main sensor used for the AUV was the

200 kHz multibeam echosounder (Table 3.2) and CTD to calibrate the bathymetry.

Vendor Reson
Typ SeaBat 7125
Receiver EM7216 PN:85002184 SN:1713118
200kHz Projektor TC2163 PN: 85000327 SN: 3710027
Last calibration September 2017
Exported data S7k files
Unit 5
Notes The following specifications are taken from the general datasheet
Frequency 200kHz (400kHz available on request)
Along-track transmit 2.2° (£0.5°) at 200 kHz / 1° (+ 0.2°) at 400 kHz
beamwidth
Across-track receive 1.1° (£ 0.05°) at 200 kHz / 0.54° (+ 0.03°) at 400 kHz
beamwidth
Max ping rate 50 Hz (+ 1 Hz)
50 Hz (+ 1 Hz) 33 psec to 300 psec
Number of beams 256EA*/256ED* at 200kHz * EA= Equi-angle /
256EA*, 512EA*, 512ED* at 400kHz ED= Equi-distant
Max Swath angle 128°
Depth resolution 6mm
Bathymetry, sidescan & snippets
7K data format
Gbit Ethernet

Table 3.2. Parameters of the multibeam echosounder Reson SeaBat 7125 integrated on the AUV
“Abyss”. From Gracia & INSIGHT Cruise Party, (2018).

The workflow processes for the AUV raw-bathymetric data includes the following
steps: a) Loading the raw-data onto the AUV server; b) Use the Qinsy/Quimera
software package to check the multi-beam parameters and verify that it was properly
working. With the same software, the data is cleaned and a working map is generated. c)
Calibration of the data is carried out using the software PDS2000. d) Once done the first
steps, the data is transferred to the MB System software. With this software, the position
of the multi-beam head transducer is referenced to the vehicle coordinates and the attitude
biases are considered. ¢) The overlapping areas (i.e., from different dives in adjacent
areas) are manually adjusted, using tie-points on both sections resulting in adjustment of
the navigation; and f) manual data-cleaning is carried out (Gracia & INSIGHT Cruise

Party, 2018).
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3.2.3. Sidescan sonar imagery (TOBI)

A sidescan sonar is a system towed by a research vessel consisting of a set of
transducers, which transmit acoustic wave-energy through the water-column to the
seafloor and perpendicular to the sailing direction. Once this energy arrives at the
seafloor it is specularly-scattered from the seafloor. A portion of this energy is scattered
back to the sonar-system, amplified and recorded (Blondel & Murton, 1997). The
distance travelled from the acoustic transducer to the seafloor is referred to as the “slant-
range”, while the horizontal distance between the sonar’s nadir and the target is called
“ground-range” (Fig. 3.6). The total horizontal distance insonified across the track is

referred to as the “swath width” (Blondel & Murton, 1997).

The travel-time of the scattered-wave and its intensity is processed to obtain the
acoustic-imaging of the topography, roughness and acoustic properties of the seafloor
(Fig. 3.6). The work frequency of these systems is between 30 and 500 kHz, therefore
the results of the data acquisition are of high-resolution images (Blondel & Murton,

1997).

The sidescan sonar data used in this Thesis were acquired on board the RV
“Hesperides” during the “HITS” (High Resolution Imagining of Tsunamigenic
Structures of the Southern Iberian Margins) survey (Gracia et al., 2003a; Gracia et al.,
2006) by using the TOBI side-scan sonar vehicle (Flewellen et al., 1993), of the
National Oceanography Centre in Southampton, United Kingdom (Fig. 3.7). The TOBI
vehicle is 4.25 m long, 1.1 m wide and 1.45 m high and contains along both sides a

towed side-scan transducer array pointing down at 20 degrees from the horizontal.

A magnetometer, thermistor and emergency acoustic location beacon complete the
usual instrumentation, even though other sensors can also be added (Le Bas et al.,
1995). To maintain the stability and buoyancy of TOBI at a constant depth, a 600 kg
depressor-fish is connected several meters in front of the towed vehicle. The TOBI
sidescan sonar system can work at water depths up to 6,000 m, with a 30 kHz sonar
frequency. The vehicle is towed between 200 to 500 m above the seafloor to generate
images with 6 m along-track resolution (Blondel & Murton, 1997). The velocity of
acquisition during the HITS cruise was about 2.5 to 3 knots. The data acquired for this
study consisted of four 6-km-wide parallel tracks covering the MPF area, PSF area, the
CSV area and northern of the HF.
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Figure 3.6. a) Interaction of the acoustic pulse with the seafloor and definition of parameters.
Modified from Blondel & Murton, (1997). b) A side-scan sonar at work, and how the seafloor
topography creates changes in the backscattered acoustic energy. From Somers et al., (1978) in

USGS, (2020).

The processing of TOBI data (Fig. 3.7) were done using the softwares PRISM and
ERDAS-Imagine. 1t involves the following steps (Blondel & Murton, 1997): 1)
Correction of the navigation data using the heading, speed, heave, roll, pitch and yaw;
2) Suppression of the sea surface reflections (very important for shallow-waters), which
are manifested as bright-lines in the along-track direction. 3) Depending on the
incidence angle, two close targets can be identically associated with the same slant-
range; hence, slant-range correction to ground-range will be applied using the altitude of

the vehicle. 4) During the data acquisition, there are small speed variations along the
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transects so the inter-pixel spacing will be different. To correct this variable, the
anamorphosis process (reversible deformation of an image) produces an image in which
the inter-pixel spacing is the same across- and along-track. 5) A range-dependent
illumination coefficient is used on the basis of the seafloor acoustic behaviour. 6)
Finally, the correction, filtering and suppression of noise have been carried out. The
four TOBI tracks used in this Thesis have been merged, managed and interpreted using
the ArcGIS 10 commercial package. The TOBI images will be used to interpret small-
scale topographic elements of the seafloor and the sedimentary processes of the study

arca.

Figure 3.7. The TOBI (Towed Ocean Bottom Instrument) underwater side-scan sonar was used

to obtain seafloor images during the HITS-2001 survey on board the RV “Hesperides” (Gracia
et al., 20006, Vizcaino, 2009).

3.2.4. The high-resolution sub-bottom profiler

Most sub-bottom profiling systems are integrated into research vessels and are used
to obtain very high-resolution seismic profiles of the uppermost layers below the
seafloor, penetrating the sediments down to few hundred meters. The sub-bottom
profiler technique consists of a sound source, the transducer, which generates a vertical
acoustic signal through the water-column towards the seafloor. The signal penetrates the
seabed and it is reflected when encounters a boundary between two layers with different

acoustic impedance (related to the density and the sound-velocity propagation of a
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sedimentary layer). The reflected sound signal returns to the vessel and the time that it
takes is used to calculate the thickness and the position of the layers below the seafloor.
The sub-bottom profiler systems used in this Thesis are based in the parametric effect,
which generates a low-frequency signal by the non-linear interaction of two high-
frequency signals (Fig. 3.8) providing a narrow beam and good sub-bottom penetration

(Martinez-Loriente, 2013).

Research Vessel

Pinger

Figure 3.8. Scheme of the operation of

J—I—b—v a high-resolution parametric  sub-

bt bottom  profiler.  Modified  from
Martinez-Loriente, (2013).

seafloor

In this Doctoral Thesis, high-resolution sub-bottom profiles from three different
surveys (i.e. SWIM-2006, INSIGHT Legl-2018 and INSIGHT Leg 2-2019) have been
used. During the SWIM survey (Gracia et al., 2003a; Gracia et al., 2006), the Simrad
TOPAS PS18 was used. The primary frequency of the system is 15-21 kHz and the
secondary frequency is 1 to 6 kHz. Data sampling frequency was 16 kHz. The TOPAS
PS18 has a maximum penetration of 80-100 m assuming a sediment velocity of 1.5
km/s (Martinez-Loriente, 2013). During the SWIM 2006 survey, 16 high-resolution
TOPAS profiles were acquired simultaneously with the MCS profiles at sailing
velocities of 5 knots (Martinez-Loriente, 2013). During the INSIGHT 2018-2019
surveys (Legl and Leg2) on board of the RV “Sarmiento de Gamboa”, the ATLAS
Parasound P35 sub-bottom profiler was used. The Parasound uses a primary frequency
of 18-39 kHz and a secondary frequency of 0.5 to 6 kHz. The maximum seafloor
penetration is up to 150 m. During the INSIGHT cruises (Leg 1 & Leg 2), a Chirp pulse
around a centre frequency of 4 kHz and a continuous pulse with a centre frequency of
3.5 kHz have been used. The pulse length was 0.57 ms. and the data was recorded at a
sampling rate of 6.1 kHz (Gracia & INSIGHT Cruise Party, 2018; Urgeles & INSIGHT
Cruise Party, 2019).
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During the INSIGHT cruises, a total of 71 high-resolution ATLAS Parasound sub-
bottom profiles were acquired at sailing speeds between 3 and 8 knots. In general terms,
most of the profiles in the three surveys are oriented perpendicular to the selected active
faults in the SW Iberia margin. The quality of the sub-bottom profiles highly depends
on the sea state, substrate type and morphology of the studied area. The best results are
obtained in shallow and flat seafloor, mainly constituted by highly penetrative
sediments. Penetration is very low in rock outcrops, while in deep waters the signal is
usually weak. Also, in abrupt seafloor topographies with pronounced slopes and scars
side echoes usually appear. To reduce noise from various sources as much as possible
the recording parameters (i.e., amplitude scale, threshold and bottom TVG) were
constantly updated during the two cruises (Urgeles & INSIGHT Cruise Party, 2019)
(Fig. 3.9).

The ATLAS PARASTORE software was used during the INSIGHT surveys to
record, process and visualize the acquired data. Re-processing the sub-bottom profiler
data, if needed, can be done using the software RadexPro. However, in general, the only
processing step recorded in the output SEG-Y files was the envelope generation (i.e.,

absolute value of the amplitudes contained in the match-filtered data) (Urgeles &

INSIGHT Cruise Party, 2019).
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Figure 3.9. Example of ATLAS PARASTORE Echogram view from the INSIGHT Leg 2 survey.
From Urgeles & INSIGHT Cruise Party, (2019).
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The analyses, management and interpretation of the parametric echosounder
profiles have been done using the IHS “Kingdom Suite” seismic interpretation software.
The high-resolution sub-bottom profiles of the first meters below the seafloor, give us
important information about the Plio-Quaternary and Holocene active processes, such as
active tectonic structures, mass-wasting processes, mud-volcanoes, fluid-flow and gas-

escapes.
3.2.5. Multi-channel seismic reflection profiles

The MCS reflection method is one of the most important techniques of geophysical
prospecting in the field of marine geosciences. This methodology is often used to study
the sub-surface through the artificial generation of a seismic-wave. The MCS reflection
method is based on reflection of the sound, which is produced at the boundary of two
layers with different acoustic impedance, defined as the product of the wave velocity
within a layer and its density (Lowrie, 2007; Yilmaz, 2001). Therefore, physical
properties of the sub-surface can be estimated. With this method, water-depth and

seafloor and sub-seafloor images can be obtained.

The MCS reflection method works as follows: An artificial seismic signal is
generated through an explosion (i.e., acoustic energy), and a shot produced in a point
with known spatial coordinates and time. The sound-waves travel with spherical shape
through the water-column and propagate in the sub-surface until they are partially
reflected and refracted in the surface boundary, between two layers with a contrast of
acoustic impedance (Lowrie, 2007). The time that a sound-wave spends from being
emitted, reflected in a sub-surface layer and returned to the vessel is recorded by several
receivers, as time series. Hence, for each shot several seismic traces are recorded

(Yilmaz, 2001) (Figs. 3.10 and 3.11).

The instruments used on the marine MCS exploration are towed by the research
vessel. The source of the artificial acoustic signal is, in the case of the seismic data used
for this Thesis, the airgun array (Fig. 3.12a), which generates a burst of compressed air
from the compressors. The airguns are towed a few meters in between the vessel and the
receivers and submerged 1 to 6 m below sea surface. Each airgun generates a pulse of
energy (i.e., pressure signature) which is composed by an initial burst and a secondary
burst of lower energy that is produced by interaction between the air bubbles of the
initial burst and the water (Parkes & Hatton, 1986). To disable as much as possible the
bubble effect and to obtain a single spike signal, combinations of airguns with different
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air-capacity chambers are simultaneously used. Synchronizing the energy of the first
bubble as much as possible to destroy the rest of the signal. The time between two

consecutive shots is referred as the shot-interval.

Source Receiver

Y £ X
Layer 1
=
- Figure 3.10. Example of recorded
signal (seismic trace) using the
reflection energy produced by the
acoustic impedance contrast between
l two different layers. From Mjelde et
z

Layer 3

al,, (2013).

The receivers or recording instruments are the hydrophones, which are periodically
distributed (i.e., group interval), along a cable referred to as the streamer (Fig. 3.12b).
The hydrophones are made of piezo-electric ceramics that deform due to the effect of
the differential pressure produced when the reflected seafloor and sub-surface layers
signal arrives at the surface and generate an electrical impulse (i.e., voltage difference)

(National Ocean Service, 2020).

The group interval for deep MCS exploration is about 25 m to 15 m, while for high-
resolution MCS exploration this distance is reduced to 3.125 m or 6.25 m (Martinez-
Loriente et al., 2013). To maintain a constant buoyancy and control of the streamer
depth, a series of instruments referred to as “birds” are systematically attached along a
certain fixed distance of the streamer (Fig. 3.12c). These “birds” incorporate compasses
to monitor the streamer position and control its course to avoid deviations. Finally, the
last element of the streamer is the “tail buoy” that incorporates a GPS to record with

precision the position of the end of the streamer.
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Upper crust

Upper mantle

Figure 3.11. Scheme of the function of the MCS reflection methodology. The yellow lines
represent the reflected wave and the white lines the refracted wave. From Japan Agency for

Marine-Earth Science and Technology, (2020).

Mo

Figure 3.12. MCS reflection elements
used during the INSIGHT cruises. a)
Airgun array 10 G-GUNII, b) GeoEel
Geometrics streamer, c) Bird. From
Gracia & INSIGHT Cruise Party, (2018);
Urgeles & INSIGHT Cruise Party, (2019)
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In the seismic traces, aside of the primary reflections of the sub-surface layers,
coherent and incoherent noise, such as multiples, refracted wave, source bubbles etc is
usually found. All these noise reduce the quality of the MCS profiles and should be
corrected by processing of the seismic data. Depending on the MCS equipment used,
the acquisition parameters and the studied area, different processing steps need to be
applied. However, there are three basic steps that will be applied in all seismic data
processing: a) Deconvolution, b) Common Mid-Point (CMP) stack and c) Migration
(Yilmaz, 2001). The objective of the deconvolution step is to increase the vertical
resolution of the data. To get it, the signal is compressed (wavelet) close to a spike and
the reverberations are suppressed. The deconvolution tries to approximate the generated
wavelet to the earth-impulse response. CMP stack will increase the signal-to-noise ratio.
The migration step removes the diffractions and puts the reflections closer to their real
position in the sub-surface, increasing horizontal resolution (Gémez de la Pefia, 2017).
An example of a complete processing for a specific case is the “INSIGHT-Leg2”
processing-flow that is showed in the figure 3.13 (Urgeles & INSIGHT Cruise Party,
2019). The profiles are usually exported in “SEG-Y” format to easily import the

resulting sections into the interpretation software.

In this Thesis, a total of 74 MCS reflection profiles has been used (Fig. 3.14). These
profiles were collected in the frame of six marine cruises in the SW Iberian Margin: The
ARRIFANO, TIAM, BIGSETS, VOLTAIRE and INSIGHT Legl and Leg 2 surveys
shown in Fig. 3.14. These profiles were interpreted from scratch, while the SWIM
profiles and the three southernmost BIGSETS profiles had been corroborated or re-
interpreted from previous interpretations carried out by Martinez-Loriente et al., (2013,
2018). The analyses and geological interpretation of the MCS profiles used in this study
were carried out using the “IHS Kingdom Suite” seismic interpretation software. The
physical parameters and main processing steps of the different surveys are here

described and synthesized in the table 3.3.
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- Load the raw data (SEG-D acquisition format) to

Data load |=——=> the RadExPro internal format.
- Re-sampling the data from 0.5 msec to 1 msec.

- Assign shot and reciver coordinates to each trace.
Geometry - Bin the traces into common-midpoint gathers (CDP).
De-swell ,
and - Remove low frequency swell noise.
: - Remove residual noise.
de-noise

De-ah =" Remove the ghost arrivals caused by towing the source
€9 ost and recivers below sea level.

N Remove the effect of the bubble pulse generated by
- the airgun source.

Zera—phase T Modify the phase of the data so that the approximately
correction minimum-phase airgun wavelet becomes zero-phase.

>3 Modify the phase of the data so that the approximately
minimum-phase airgun wavelet becomes zero-phase.
e Create a velocity field suitable to image the data using a

- post-stack time migration.

Migration preparation S‘phencall divergence correcvtlon
Time-variant bandpass filtering

- Properly image the seismic
——— > profile so that reflectors appear| Post-stack Kirchhoff time migration

with the correct geometry. . ‘ i Attenuation compensation
Post-migration processing

Time-variant bandpass filtering
- Export post-migration processed stacks to SEG-Y
- — format for loading into interpretation software.
Figure 3.13. Example of a complete processing workflow for the MCS profiles acquired during
the INSIGHT-Leg 2 survey. Information from Urgeles & INSIGHT Cruise Party, (2019).

The “AR” profiles, belonging to the 1992 ARRIFANO cruise, were acquired with
the RV OGS “Explora” (Zitellini et al., 1999). This survey used an airgun array of 32
guns with a total capacity of 4880 cubic inches (c.i.) and a 3-km-long streamer with 120
channels and 50 m shooting interval (Zitellini et al., 1999). The AR data was re-sampled
to 8 ms and processed with spiking deconvolution, spherical divergence correction,
NMO correction, finite-difference wave-equation migration and time variant band-pass

frequency filter (Zitellini et al., 1999).

The IAM profiles, belonging to the 1994 1AM cruise were acquired on board the
Geco Sigma vessel (Banda et al., 1995). In this survey, 30 airguns with a total volume
capacity of 7524 c.i. and a 4.8 km-long streamer with 192 channels and 75 m shooting
interval were used. The processing of IAM MCS profiles consisted in resampling to 8

ms, trace-editing, spherical divergence correction, deconvolution, FK de-multiple,
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NMO correction, spherical divergence correction, noise attenuation FK filter as well as

time and space variant band-pass frequency filter (Banda et al., 1995).

The “BS” profiles from the BIGSETS survey were acquired on board the RV
“Urania” during November 1998 (Zitellini et al., 2001). The seismic source consisted of
an array of two GIl-guns with a total volume ranging from 150 to 465 c.i. The seismic
signal was recorded with a 48 channels, 1.2 km-long streamer and 25, 37 and 50 m
shooting interval (Zitellini et al., 2001, 2004). The processing of BIGSETS MCS data
consisted in spiking deconvolution, velocity analyses every 2.5 km, NMO correction,
spherical divergence correction and finite-difference wave-equation time-migration

using stack velocities reduced by 10% (Zitellini et al., 2004).

The “VOL” profiles correspond to the 2002 VOLTAIRE survey that was carried
out on board the RV ”Urania”. On this survey, 2 GI guns totalling 210 c.i. were shot
every 50 m and a 600 m-long, 48 channel-streamer was used (Terrinha et al., 2009). The
MCS VOLTAIRE dataset was re-sampled to 2 ms and processed with trace editing, shot
delay removal, amplitude recovery, predictive deconvolution, velocity analysis every
200 CMPs, NMO correction, stack, bandpass-frequency filtering and time-migration

using stack velocities reduced by 10%.

The “SW?” profiles correspond to the SWIM survey that was carried out on board
the RV “Hesperides” in 2006. During the survey, an array composed by 8 airguns with a
total volume capacity of 1050 c.i. was shot every 37.5 m and a 2.4 km-long, 96 channels
streamer was used. The SWIM data-processing includes data resampling to 4 ms,
channel and shot-editing, top-mute in a shot gather domain, true amplitude recovery, FK
and bandpass filters, deconvolution, NMO corrections and brut-stack, spiking
deconvolution, Stolt FK migration and bandpass filter. After the normal processing, a
pre-stack depth migration is applied to represent the MCS profiles in the depth domain
(Martinez-Loriente et al., 2013) .

The “INS” profiles from the INSIGHT Leg-1 and Leg-2 cruises were acquired on
board the RV “Sarmiento de Gamboa” during May 2018 and October 2019,
respectively. The seismic source for both legs consisted of an array of 10 G-guns with a
total volume capacity of 930 c.i., shot at intervals of 25 m. The seismic data were
recorded with a 72 channels. 445 m-long streamer for Leg-1, and a 56 channels, 350 m-
long streamer for Leg-2. The channel spacing in both cases was 6.25 m. The processing
of the INSIGHT data included resampling to 1 ms, navigation and geometry
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corrections, trace editing, swell noise-attenuation, de-ghost correction, de-bubble filter,

zero-phase band-pass filtering, CMP binning and NMO correction, and final stacking.

Survey Year Vessel Seismic Streamer | Channels Shooting
Source length interval
ARRIFANO | 1992 Explora 32 airguns 3 km 120 50 m
(4880 c.i.)
1AM 1994 Geco 30 airguns 4.8 km 192 75 m
Sigma (7524 c.i.)
BIGSETS 1998 Urania 2 Gl-guns 1.2 km 48 25,37 and 50
(465 c.i.) m
VOLTAIRE | 2002 Urania 2 Gl-guns 600 m 48 50 m
(210 c.i.)
SWIM 2006 | Hesperides | 8 airguns 2.4 km 96 37.5m
(1050 c.i.)
INSIGHT- | 2018 | Sarmeinto | 10 airguns 445 m 56 12.5,18.5 and
Legl de Gamboa | (930 c.i.) 25m
INSIGHT- | 2019 | Sarmeinto | 10 airguns 350 m 56 12.5 and 18.75
Leg2 de Gamboa | (930 c.i.) m

Table 3.3. Summary of the acquisition parameters of the MCS profiles used in this PhD Thesis.
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Figure 3.14. Geographical location of the MCS profiles used in this thesis. Shaded relief map of
the external part of the SW Iberian Margin (Atlantic Ocean).

3.3. Data interpretation criteria

Once the data is fully processed, it should be analysed and interpreted accurately
and objectively using globally accepted distinct criteria for each type of data. The main

interpretation criteria used in this PhD Thesis are explained below.
3.3.1. The TOBI interpretation criteria

The TOBI sidescan sonar images are generated from seafloor backscattered sound,
as explained above. The backscatter highly depends on geometry of the sensor-target
system (i.e., angle of incidence of each beam and local slope), physical characteristics
of the surface, and intrinsic nature of the surface (e.g., composition, density, etc.)
(Blondel & Murton, 1997). In TOBI mosaics, different acoustic facies can be identified
depending on seafloor composition and roughness. When the seafloor is hard (e.g.,
outcrops), a significant amount of backscattered energy is returned and the TOBI
mosaic displays white and light-grey colours. For blocks and coarse-grained seafloor
sediments, the backscatter is medium and the TOBI image mainly shows grey-colours.
When the seafloor is constituted by fine-grained sediments (such as hemipelagic
sediments), the backscatter is low and the TOBI mosaic displays dark-grey colours.
When a completely black area appears in the TOBI mosaic (no backscatter), it is
interpreted as an acoustic shadow due to an outstanding element in the terrain (i.e.,
resulting from an object with significant relief). In a similar way, the texture of the
TOBI image, spatial organization of the grey levels (backscatter) within a neighborhood
(Blondel et al., 1998) highly varies depending on the seafloor material. The textures can
be described as smooth or rough, small-scale or large-scale, random or organised

(Blondel et al., 1998).

On the basis of the characteristics explained above, the following TOBI acoustic

facies can be distinguished (Fig. 3.15):

a) High backscatter area with high frequency linear to undulated fabric interpreted

as rock outcrop with stratification (e.g. slightly dark lines).
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b) High backscatter area with large-size grainy pattern interpreted as coarse grained

sediment.

¢) Medium and low backscatter area with small-scale grainy pattern interpreted as

fine-grain sedimentary deposits.

d) Heterogeneous medium-backscatter area with a large-size grainy texture and a

slightly dark lineal fabric that corresponds to channels in the canyon bed.

e) Low-backscatter area with rough texture and large acoustic shadows interpreted

as gullies and scars.

f) Medium-backscatter image with a slightly bright backscatter and grainy pattern

area in the center interpreted as homogenous landslide deposit.

g) Low-backscatter area with a rough and irregular semi-circular morphology

associated with large acoustic shadows interpreted as a scar.

h) Medium and low backscatter area with a rough texture and small acoustic

shadows interpreted as fossilized gullies by hemipelagic sedimentation.

1) Homogeneous low-backscatter area with small-scale grainy pattern interpreted as

Very fine-grained sediment, probably hemipelagic sedimentation.

J) Heterogeneous backscatter image, with high backscatter area of large-size grainy
pattern interpreted as coarse grained sediment; and homogenous low backscatter lineal

fabric interpreted as ocean-floor ruptures.

k) Acoustic high-backscatter facies with high frequency linear to undulated fabric

corresponding to a sedimentary outcrop.

1) Artifact located at the margins of the TOBI track.
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Figure 3.15. Selection of different TOBI acoustic facies in the study area. From Vizcaino,
(2009).

3.3.2. Interpretation criteria for high-resolution sub-bottom and MCS profiles

The interpretation of the high-resolution sub-bottom profiles and MCS profiles is
based on seismic facies (i.e., internal and external configuration/geometry, lateral
continuity, amplitude and frequency). Although the same sedimentary package may
display different seismic facies depending on the source and receiver characteristics
(hence resolution and sub-bottom penetration), the same classification scheme can be

used for data of different source-receiver characteristics.

To carry out an accurately seismic stratigraphic interpretation, first, the different
seismic facies should be identified on the base of their acoustic characteristics. The
main parameters to analyze are the follow (Brown Jr. & Fisher, 1980) (Fig. 3.16):

e Reflections configuration: Patterns of the seismic reflections (reflections
geometry) than can be: Parallel, Subparallel, Divergent, Oblique parallel, Oblique
trangential, Complex Sigmoid Oblique and Sigmoid. Geologically, the
configuration of the reflectors can be interpreted as, bedding patterns related to
the depositional processes, erosion or paleotopography or presence of fluids.

e Reflections continuity: Degree of uninterrupted reflectors. The continuity of a
reflection depends on the continuity of the velocity contrast along the strata,
therefore, continuous reflectors in geological terms represents depositional

processes with strata lateral continuity.
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e Amplitude: Degree of velocity-density contrast along stratal surface.
Geologically depends on the material density contrast, bed spacing and fluid
content.

e Frequency: Number of reflectors in a defined space. In geological terms the

frequency depends on the bed thickness and the fluid content.

In general terms a seismic reflection represent an isochronous surface, except if the
reflection surface is an unconformity. Unconformities are surface of erosion or non-
deposition which represents gaps in the geological record (Brown Jr. & Fisher, 1980).
Unconformities can be identified in the seismic profiles finding reflection terminations.
Based on the position with respect the discontinuity the terminations can be classified
in: Onlap and Downlap if the termination is above the discontinuity; or Truncation and
Toplap if the termination point is located below a discontinuity (AAPG, 2015; Brown
Jr. & Fisher, 1980) (Fig. 3.16).

High-resolution sub-bottom and MCS profiles usually display transparent, hyperbolic
and chaotic seismic facies (Fig. 3.17). The transparent and chaotic facies are usually
related to the presence of mass-wasting deposits, free gas and fluid escape features. The
hyperbolic facies are common in high-resolution sub-bottom profiles, corresponding to

unstable areas, rocky outcrops and high-slope areas.

Once the acoustic characteristics have been analyzed, and the seismic facies
classified, the seismic units are described on the basis of the geometric relationship
between reflectors (Fig. 3.16). In the case of this PhD thesis, the seismic units
interpreted in the seismic profiles where previously defined by Martinez-Loriente et al.,

(2013) based on the DSDP Site 135 (Hayes et al., 1972) located in the study area.
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Figure 3.16. Different seismic configurations used to describe the acoustic properties and

geometrical relationship between different seismic horizons. From Mitchum Jr. & Sangree,

(1977).
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Figure 3.17. Transparent (a) and hyperbolic (b) seismic facies from a TOPAS profile. Modified
from Vizcaino, (2009).
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Once the acoustic properties of the reflectors and their geometric relationships are
described, the presence of fractures and their recent activity are described. The main
fault indicators in seismic profiles are the following (Martinez-Loriente, 2013):

a) Abrupt terminations of reflectors towards the fault plane (cut-offs).

b) Abrupt termination of fold-limbs and kink-bands.

c¢) Fault-plane reflections generated by the change in velocity and density across or

within the fault.

Finally, in this Thesis a tectonic structure is classified as active if the following
elements are identified in high-resolution sub-bottom profiles and/or in the MCS
profiles:

a) Fault planes that generate surface-ruptures

b) Presence of recent folding that is generated by a blind-thrust.

c¢) Presence of growth-strata generated by a blind-thrust.

3.4. The Tsunami modelling process

Taking into account all previous methodological information together with the data
exposed above, the simulation of tsunamis that the largest faults in SW Iberia margin
can generate is carried-out. The simulations carried out in this Thesis involve the worst-
case tsunami scenario for the following faults:

e The GBF and the HF. They are the largest reverse-faults in the study area with a
seismicity cluster associated. In addition, several authors propose that these faults may
be a possible source of the 1755 Lisbon earthquake and tsunami.

e The MPF. It is a 50 km long active thrust and has been proposed by several
authors as the source of the 1755 “Lisbon earthquake and tsunami”.

e The NCPF and the SCPF. They have been recently mapped in detail, and they
are active thrusts. However, no previous study attempted to simulate a tsunami
originating in these faults.

e The LSF. It is the largest strike-slip fault in the SW Iberian margin. The LSF is
also the plate boundary between the Eurasian and African plates that goes from the HAP
(West) to the to the accretionary wedge (East), where numerous mud-volcanoes, diapirs,

giant-countourites and levees are located.
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The dataset used in this Thesis for the tsunami simulations includes the existing
swath-bathymetry (Fig. 3.1) as well as the collection and integration of TOPAS sub-
bottom profiles and MCS data (Fig. 3.18 and section 3.2.5).

12°wW 11°W 10°W 9°wW 8°W

37°N

36°N

35°N

MCS:

ARRIFANO 1992 — |AM 1994 BIGSETS 1998
— VOLTAIRE 2002 SWIM 2006 — INSIGHT 2018

Figure 3.18. Relief map of the external part of the SW Iberian margin. Colour lines correspond
to the TOPAS and MCS profiles used in this study and acquired during different marine

surveys.
3.4.1. The Workflow

The basic workflow to obtain the tsunami scenarios here presented involves four
major steps (Fig. 3.19). Note that not all of these steps, described below, apply to all
considered cases, depending on whether simple or complex fault geometries and

uniform or heterogeneous slip distributions are considered for each specific fault.

(1) The TOPAS and MCS profiles (TWTT- Two-Way Travel Time) are interpreted
with the aid of the IHS Kingdom software, to define the sub-seafloor geometry of the
main active faults. The fault-traces along the seafloor are mapped based on the TOPAS
interpretation, MCS profiles and topographic fault expression. Based on the tectonic and

stratigraphic interpretation of the 2D-MCS profiles, triangular 3D-meshes of selected
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fault surfaces and adjacent stratigraphic horizons, are constructed using the Delaunay
triangulation method within the MOVE software (Fig. 3.20). To convert the 3D-
subsurface models from time (TWTT) to depth (km), velocity values are assigned to the
main units: a) Basement: 3500 m/s, b) Jurassic: 2700 m/s, and c) Plio-Quaternary: 2000
m/s. The assigned velocity values are based on existing velocity models used to perform
the PSDM (Pre-stack depth migration) for the SWIM profiles (Martinez-Loriente et al.,
2013). To validate the time-to-depth conversion, the results are compared with the

position of the horizons and the geometry of the faults in the PSDM SWIM profiles.

(2) The size of realistically large ruptures that can be hosted by the reconstructed
faults is determined starting from a fault area covering almost the entire fault plane. It is
first assumed that a fault may rupture entirely along one of its principal dimensions
(either length or width), taking the first saturating value of length or width while
honouring the empirical scaling relations proposed by Leonard, (2014) for crustal
earthquakes in interplate regions. The earthquake moment magnitude (M,,) and average
slip are both then derived from the relationships M,, = a + b x log (X), where a and b are
empirically derived constants that depend on the tectonic setting and the faulting style,
and X can be either length, width or average slip. Next, the average direction of fault
movement (rake) is estimated from the direction of the maximum horizontal stress axes
(Carafa & Barba, 2013). Only the expected values of the relationships are used in this

work, disregarding the associated uncertainty.

(3) The heterogeneous slip-distribution is applied to both, the simple and the
complex HF models. For a given magnitude, each rupture surface is built starting from a
geometric centre (i.e., midpoint of the length and width of the fault plane) and then,
iteratively adding neighbour mesh cells; the process arrests when the area exceeds the
expected value for that magnitude (Scala et al., 2020). An asperity is defined according
to a Gaussian-shaped Probability Density Function. A heterogeneous slip distribution
can be superimposed using a stochastic composite “k-square” (k%) source model (Ruiz
et al., 2011) based on random spatial distribution of overlapping circular dislocations

(sub-asperities), optimized for non-regular surfaces (Herrero & Murphy, 2018).

(4) Finally, tsunami simulations are performed using the Tsunami-HySEA
software, a finite-volume multi-GPU-optimised code that solves nonlinear shallow-
water equations in spherical coordinates (de la Asuncion et al., 2013) (Figs. 3.21, 3.22,

and 3.23). The files to perform the tsunami simulations are available in Annex 1. The
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initial seawater elevation is considered equal to the vertical displacement of the sea
bottom, computed as a Volterra’s formulation of the elastic dislocation theory applied to
a source buried in an elastic half-space, using the Okada (1985) code for the uniform
slip ruptures and the Meade (2007) code for the complex ruptures obtained as
superposition of triangular patches. The rake angle is kept constant all over the fault in
all cases. The rupture is considered instantaneous and the initial velocity field is zero.
Tsunami simulations have been conducted on a regular grid (SRTM15+) with a spatial
resolution of 15 arc seconds, considering open boundary conditions. Results of tsunami
modelling are processed to obtain regional tsunami wave propagation patterns and
maximum wave height (MWH) profiles at selected coastal points. MWHs are extracted
at approximately 50 meters depth. They are subsequently extrapolated at the 1 m depth
using the Green’s law approximation for 1D shoaling as the 4th root of the 50 m, that is
by applying a multiplicative amplification factor of ~ 2.66. For each modelled tsunami,
arrival times at the coast are calculated with the TTT software (Geoware, 2015), using
the 15 arc-sec digital bathymetry (SRTM15) Sandwell et al., (2020), 64 Huygens nodes,
and a set of source points on a rectangle obtained from the projection of the fault on the
Earth’s surface. While it might be assumed that here in most of the cases the arrival
times refer to the same portion of the wave train that includes the maximum wave
height, this is not necessarily the case and late significant arrivals are always possible.

In the chapter 6, we report both the MWH and the arrival times.
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Figure 3.19. Workflow to obtain a tsunami scenario as realistic as possible based on the
characteristics of the faults (GBF, LSF, MPF, NCPF, SCPF and HF) and available data.
PL _hom: Tsunami scenario obtained using a planar fault geometry and homogeneous slip
distribution; 3D _hom: Tsunami scenario obtained using a 3D fault geometry and homogeneous
slip distribution; PL_Gaus: Tsunami scenario obtained using a planar fault geometry and
Gaussian heterogeneous slip distribution; 3D _het: Tsunami scenario obtained using a 3D fault

geometry and heterogeneous (Gaussian and k*-2) slip distribution.

102



Chapter 3: Data and methods

3000000 m 480000.0 m4
3400000 m 380000.0 m 4200000 m 460000.0 m

MPF,

A
{

320000.0m 3400000 m 3600000 m 380000.0 m 400000.0 m 4200000 m 4400000 m 460000.0 m
300000.0 m 480000.0 m

-20128.5 1720182 -15707.9 134976 -11287.3 9077, -4655.4
ﬂ H i &

elevation (m)

Figure 3.20. Complex triangular 3D meshes of the fault planes displayed in the software
MOVE-view. HF: Horseshoe Fault; LSF: Lineament South Fault; MPF: Marqués de Pombal
Fault;: NCPF: North Coral Patch Fault; SCPF: South Coral Patch Fault.

HF mean Def # Title

Cadiz15.grd # Bathymetry file for level @

1 # Initialization type (1: Standard Okada, 2: Triangular Okada, 3: Okada from file, 4:
Gaussian)

2] # Apply Kajiura filter to the Okada deformation (8: no, 1: yes)

1 # Number of faults (»>= 1)

0. -19.8485 36.1470 6.6 107 38.7 50 28 75 2.46 # Time(sec) Lon_epicenter Lat_epicenter Depth_hypocenter
(km) Fault lenght(km) Fault width(km) Strike Dip Rake Slip(m)

HF_mean_Det # NetCDF file prefix for level @

110000 # Variables saved (eta, maximum eta, velocities, modulus of velocity, momentum flux,
maximum momentum flux) (1: save, @: do not save)

1 # Number of levels

& # Upper border condition (1: open, -1: wall)

1 # Lower border condition

1 # Left border condition

1 # Right border condition

7202.0 # Simulation time (sec)

300 # Saving time of NetCDF files (sec) (-1: do not save)
1 # Read points from file (@: no, 1: yes). Used for time series
ts.dat # File with locations

30 # Saving time of time series (sec)

Q.7 # CFL

5e-3 # Epsilon h (m)

20 # Threshold for the 2s+WAF scheme (m)

0.2 # Stability coefficient

0.03 # Water-bottom friction (Manning coefficient)

100 # Maximum allowed velocity of water

100000 # L (typical length)

1000 # H (typical height)]

Figure 3.21. Example of the information introduced in the Tsunami-HySEA sofiware to

simulate a tsunami scenario with the simple fault plane for the Horseshoe Fault.
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HF_3d # Title

Cadizl5.grd # Bathymetry file for level @

2 # Initialization type (1: Standard Okada, 2:Triangular Okada, 3: Okada from
file, 4: Gaussian)

0 # Apply Kajiura filter to the Okada deformation (@: no, 1: yes)

1013 # Number of faults (»>= 1) for each triangle a line with: Time(sec) Lon_vl

Lat vl Depth vi(km) Lon v2 Lat w2 Depth v2(km) Lon v3 Lat v3 Depth v3(km) Rake Slip(m)

2 -10.462103 35.798142 9.452635 -10,454115 35.818956 8.823854 -10.445762 35.798646 10.18174 75 3.24
0 -10.441136 35.777525 11.37048 -10.462103 35.798142 9.452635 -10.445762 35.798646 10.18174 75 3.24
2 -10.441136 35.777525 11.37048 -10.445762 35.798646 10.18174 -10.427638 35.80017 10.92647 75 3.24
0 -10.427638 35.80017 10.92647 -10.419276 35.776946 12.28259 -10.441136 35.777525 11.37048 75 3.24
8 -10.414586 35.751831 13.5 -10.441136 35.777525 11.37048 -10.419276 35.776946 12.28259 75 3.24

2 -10.414586 35.751831 13.5 -10.419276 35.776946 12.28259 -10.401516 35.765417 13.5 75 3.24

0 -10.419276 35.776946 12.28259 -10.403605 35.788048 12.4569 -10.401516 35.765417 13.5 75 3.24

2 -10.403605 35.788048 12.4569 -10.3752 35.78898 13.5 -10.401516 35.765417 13.5 75 3.24

Q0 -10.403385 35.807407 11.65758 -1©.3752 35.78898 13.5 -10.403605 35.788048 12.4569 75 3.24

2 -10.403605 35.788048 12.4569 -10.427638 35.80017 10.92647 -10.403385 35.807407 11.65758 75 3.24

0 -10.429782 35.823819 9.808165 -10.403385 35.807407 11.65758 -10.427638 35.80017 10.92647 75 3.24
@ -10.454115 35.818956 8.823854 -10.429782 35.823819 9.808165 -10.427638 35.80017 10.92647 75 3.24
@ -10.455544 35.842271 7.686947 -10,429782 35.823819 9.808165 -10.454115 35.818956 8.823854 75 3.24
0 -10.455544 35.842271 7.686947 -10©.454115 35.818956 8.823854 -10.476701 35.838217 6.779763 75 3.24
2 -10.484005 35.863306 5.0328 -10.454343 35.861443 6.722229 -10.455544 35.842271 7.686947 75 3.24

0 -10.484005 35.863306 5.0328 -10.455544 35.842271 7.686947 -10.476701 35.838217 6.779763 75 3.24

2 -10.484005 35.863306 5.0328 -10.476701 35.838217 6.779763 -10.502134 35.837694 5.25377 75 3.24

0 -10.502134 35.8376594 5.25377 -10.476701 35.838217 6.779763 -10.480598 35.820039 7.43219 75 3.24

2 -10.484005 35.863306 5.0328 -108.461533 35.883839 5.0328 -10.454343 35.861443 6.722229 75 3.24

2 -10.461533 35.883839 5.0328 -10.431493 35.866811 7.626615 -10.454343 35.861443 6.722229 75 3.24

0 -10.461533 35.883839 5.0328 -10.427195 35.885064 6.659675 -10.431493 35.866811 7.626615 75 3.24

2 -10.461533 35.883839 5.0328 -10.42266 35.906132 5.0328 -10.427195 35.885064 6.659675 75 3.24

0 -10.431493 35.866811 7.626615 -10.427195 35.885064 6.659675 -10.405014 35.870486 8.819981 75 3.24
2 -10.405014 35.870486 8.819981 -10©.405119 35.849759 9.871969 -10.431493 35.866811 7.626615 75 3.24

0 -10.430681 35.845815 8.906133 -10.455544 35.842271 7.686947 -10.454343 35.861443 6.722229 75 3.24
0 -10.476701 35.838217 6.779763 -10.454115 35.818956 8.823854 -10.480598 35.820039 7.43219 75 3.24
9 -10.430681 35.845815 8.906133 -10.429782 35.823819 9.808165 -10.455544 35.842271 7.686947 75 3.24
9 -10.429782 35.823819 9.808165 -10.404749 35.8291 10.82378 -10.403385 35.807407 11.65758 75 3.24
9 -10.3752 35.78898 13.5 -10.403385 35.807407 11.65758 -1©.378795 35.812163 12.36799 75 3.24
9 -10.427638 35.80017 10.92647 -10.403605 35.788048 12.4569 -10.419276 35.776946 12.28259 75 3.24
0 -10.445762 35.798646 10.18174 -10.454115 35.818956 8.823854 -10.427638 35.80017 18.92647 75 3.24
0 -10.480598 35.820039 7.43219 -10.454115 35.818956 8.823854 -10.462183 35.798142 9.452635 75 3.24
0 #Use Okada computation window (@: no, 1: yes)

HF 3d # NetCDF file prefix for level @

110000 # Variables saved (eta, maximum eta, velocities, modulus of velocity, momentum flux,
maximum momentum flux) (1: save, @: do not save)

1 # Number of levels

1 # Upper border condition (1: open, -1: wall)

1 # Lower border condition

i) # Left border condition

i # Right border condition

28802.0 # Simulation time (sec)

60 # Saving time of NetCDF files (sec) (-1: do not save)
1 # Read points from file (@: no, 1: yes). Used for time series
ts.dat # File with locations

30 # Saving time of time series (sec)

8.7 # CFL

5e-3 # Epsilon h (m)

20 # Threshold for the 2s+WAF scheme (m)

0.2 # Stability coefficient

0.03 # Water-bottom friction (Manning coefficient)

1060 # Maximum allowed velocity of water

100000 # L (typical length)

1000 # H (typical height)

Figure 3.22. Example of the information introduced in the Tsunami-HySEA software to
simulate a tsunami scenario with the 3D complex fault plane for the Horseshoe Fault

considering a homogeneous slip-distribution.
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HF 3d smooth # Title

Cadizl5.grd # Bathymetry file for level @

2 # Initialization type (1: Standard Okada, 2:Triangular Okada, 3: Okada from
file, 4: Gaussian)

2} # Apply Kajiura filter to the Okada deformation (@: no, 1: yes)

#wdep # Reference depth for Kajiura filter (m)

1013 # Number of faults (>= 1)

for each triangle a line with: Time(sec) Lon_v1 Lat_v1 Depth_v1(km) Lon_v2 Lat v2 Depth v2(km) Lon_v3
Lat_v3 Depth_v3(km) Rake Slip(m)

0 -10.462103 35.798142 9.452635 -10.454115 35.818956 8.823854 -10.445762 35.798646 10.18174 75 0.029777
0 -10.441136 35.777525 11.37048 -10.462103 35.798142 9.452635 -10.445762 35.798646 10.18174 75 0.027416
9 -10.441136 35.777525 11.37048 -10.445762 35.798646 10.18174 -10.427638 35.80017 10.92647 75 0.032544
0 -10.427638 35.80017 10.92647 -10.419276 35.776946 12.28259 -10.441136 35.777525 11.37048 75 ©.03373

9 -10.414586 35.751831 13.5 -10.441136 35.777525 11.37048 -10.419276 35.776946 12.28259 75 0.02899

0 -10.414586 35.751831 13.5 -10.419276 35.776946 12.28259 -10.401516 35.765417 13.5 75 0.032252

0 -10.419276 35.776946 12.28259 -10.403605 35.738048 12.4569 -10.401516 35.765417 13.5 75 0.039479

0 -10.403605 35.788048 12.4569 -10.3752 35.78898 13.5 -10.401516 35.765417 13.5 75 0.049884

0 -19.483385 35.807407 11.65758 -10.3752 35.78898 13.5 -10.403605 35.788048 12.4569 75 0.057313

9 -10.403605 35.788048 12.4569 -10.427638 35.80017 10.92647 -10.403385 35.807407 11.65758 75 0.048728

0 -10.429782 35.823819 9.808165 -10.403385 35.8074087 11.65758 -10.427638 35.80017 10.92647 75 0.049156
0 -10.454115 35.818956 8.823854 -10.429782 35.823819 9.808165 -10.427638 35.80017 10.92647 75 0.040826
© -10.455544 35.842271 7.686947 -10.429782 35.823819 9.808165 -10.454115 35.818956 8.823854 75 0.040872
0 -10.455544 35.842271 7.686947 -10.454115 35.818956 8.823854 -10.476701 35.838217 6.779763 75 0.034151

-10.140343 36.070124 6.64147 -108.171751 36.074176 5.0328 -10.152492 36.094097 5.045673 75 2.439694
-10.091445 36.066982 8.468475 -10.113399 36.063111 7.996341 -10.119793 36.08165 6.831537 75 3.320311
-19.119793 36.08165 6.831537 -10.092585 36.087509 7.462598 -10.091445 36.066982 8.468475 75 3.467208
-10.123754 36.124318 5.0328 -10.110501 36.1356853 5.0328 -10.093652 36.110966 6.447177 75 3.218686
-10.066605 36.0701 9.054565 -10.092585 36.087509 7.462598 -10.866597 36.891529 8.028581 75 3.996246
-10.966597 36.091529 8.028581 -10.063577 36.112463 7.252102 -10.039338 36.093302 8.658546 75 4.371561
-10.993652 36.110966 6.447177 -10.110581 36.135653 5.0328 -10.082833 36.130411 5.975142 75 3.476544
-10.063577 36.112463 7.252102 -10.060356 36.135679 6.397507 -10.037994 36.115338 7.913422 75 4.348326
-19.082833 36.130411 5.975142 -10.110501 36.135053 5.0328 -10.079867 36.154995 5.0328 75 3.474246
-10.060356 36.135679 6.397507 -10.037711 36.138086 6.986389 -10.037994 36.115338 7.913422 75 4.474429

00000 000 0o®

9 -10.429782 35.823819 9.808165 -10.404749 35.8291 10.82378 -10.403385 35.807407 11.65758 75 0.059421

© -10.3752 35.78898 13.5 -10.403385 35.807407 11.65758 -1@.378795 35.812163 12.36799 75 0.06886

0 -10.427638 35.80017 10.92647 -10.403605 35.788048 12.4569 -10.419276 35.776946 12.28259 75 0.040757

9 -10.445762 35.798646 10.18174 -10.454115 35.818956 8.823854 -10.427638 35.80017 10.92647 75 0.034904
0 -10.488598 35.820039 7.43219 -10.454115 35.818956 8.823854 -10.462103 35.798142 9.452635 7$ 0.027143

HF_3d_smooth # Net(DF file prefix for level @

110080 # Variables saved (eta, maximum eta, velocities, modulus of velocity, momentum flux,
maximum momentum flux) (1: save, 8: do not save)

i # Number of levels

1 # Upper border condition (1: open, -1: wall)

1 # Lower border condition

1 # Left border condition

1 # Right border condition

28802.0 # Simulation time (sec)

60 # Saving time of NetCDF files (sec) (-1: do not save)
4} # Read points from file (@: no, 1: yes). Used for time series
fts.dat #t File with locations

#30 # Saving time of time series (sec)

8.7 # CFL

5e-3 # Epsilon h (m)

20 # Threshold for the 2s+WAF scheme (m)

0.2 # Stability coefficient

0.03 # Water-bottom friction (Manning coefficient)

100 # Maximum allowed velocity of water

100000 # L (typical length)

1000 # H (typical height)

Figure 3.23. Example of the information introduced in the Tsunami-HySEA software to
simulate a tsunami scenario with the 3D complex fault plane for the Horseshoe Fault

considering a stochastic heterogeneous slip-distribution.
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CHAPTER 4

Characterization of the Cape Sao Vicente area

The results exposed in this chapter have been published in the following research
article: Serra, C.S., Martinez-Loriente, S., Gracia, E., Urgeles, R., Vizcaino, A., Perea,
H., Bartolome, R., Pallas, R., Lo Iacono, C., Diez, S., Dafobeitia, J., Terrinha, P.,
Zitellini, N. (2020): Tectonic evolution, geomorphology and influence of bottom
currents along a large submarine canyon system: The Sao Vicente Canyon (SW Iberian
margin). Marine Geology, 426: 106219. https://doi.org/10.1016/j.margeo.2020.106219
(Annex 2)

The CSV area is located in the external part of the Gulf of Cadiz (SW Portuguese
margin) in a convergent boundary between the Eurasian and African plate. The SVC,
which transports sediments from the shelf-break at 200 m water-depth, where its head is
located, to the HAP (at 4900 m depth) is the largest submarine canyon in the area (Fig.
4.1). It is bounded by the Sagres Plateau and the HF to the east and the MPB to the

west. In this area, there are no major rivers to feed sediments to the SVC head.

The SVC is located in a syncline-fold between two prominent anticlines (the MPF
block and the Sagrés Plateau) (Pereira & Alves, 2013; Vizcaino et al., 2005; Zitellini et
al., 2001), and it is mainly dominated by the NE-SW-trending reverse Horseshoe Fault
(Martinez-Loriente et al., 2018) (Fig. 4.1). The sediment inputs to the SVC are mainly
fed by along-shelf sediment-transport sources (i.e., the MOW) (Mastbergen & Van Den
Berg, 2003). Most of the sediments travelling along the SVC are deposited in the HAP
(Eulalia Gracia et al., 2010), but a significant portion of the finest sediment fraction is

incorporated to the MOW current and deposited on the MPB (Mencaroni et al., 2021).

In this chapter, a multi-scale geophysical dataset is used to define the tectonic,
sedimentary and erosional processes along the canyon. We also propose a conceptual
model to discuss the emplacement, age and evolution of the SVC. The dataset used to
analyse the area in this chapter includes high-resolution swath-bathymetry (SWIM),
high-resoluion sidescan sonar (TOBI) mosaics, and 17 MCS profiles that have been

acquired using different configurations for each specific marine survey (Fig. 4.2).
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Figure 4.1. Bathymetric map of the Gulf of Cadiz with the location of the main fault systems
after Martinez-Loriente et al., (2013, 2018). Yellow circles correspond to earthquake locations
for the period 1400-2020 (Instituto Geografico Nacional, 2020). Earthquake locations are
according to Lozano et al., (2019) and Stich et al., (2006). Inset: Plate tectonic setting of the
SW Iberian margin at the plate-boundary between the Eurasian, North-American and African
Plates. The grey rectangle corresponds to the area depicted in Fig. 4.2. Cc: Cascais Canyon;
CPR: Coral Patch Ridge; CPRF: Coral Patch Ridge Fault; CPS: Coral Patch Seamount; CSV:
Cape Sao Vicente; Fc: Faro Canyon; GB: Gorringe Bank; GBF: Gorringe Bank Fault; GCIW:
Gulf of Cadiz Imbricated Wedge; HF: Horseshoe Fault; IDHB: Infante Don Henrique Basin,
LC: Lagos Canyon; LN: Lineament North; LS: Lineament South;, MPF: Marqués de Pombal
Fault; MPFB: Marqués de Pombal Fault Block;, PBF: Portimdo Bank Fault; PC: Portimdo
Canyon; PSF: Pereira de Sousa Fault; SC: Sagres Canyon; SC: Setubal Canyon; SH: Seine
Hills; SP: Sagres Plateau; SVC: Sdo Vicente Canyon; SVF: Sdo Vicente Fault.
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Figure 4.2. Bathymetric map of the study area in the SW Portuguese Margin. The grey area
depicts the TOBI sidescan sonar mosaic of the Sdo Vicente Canyon (SVC), acquired during the
HITS-2001 survey (Gracia et al., 2003a). White lines correspond to the multichannel seismic
(MCS) profiles used in this study, which have been acquired during several cruises: BIGSETS-
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2003, Zitellini et al., 2001, 2004). Thick white lines represent the seismic sections shown in

Figs. 4.9 and 4.11.

109



Chapter 4: Characterization of the Cape Sdo Vicente area

4.1. Geomorphology and acoustic character of the Sao Vicente Canyon

The SVC is a 157 km-long canyon that connects the continental shelf, at 200 m
water-depth, to the HAP at 4900 m water-depth (Figs. 4.1 and 4.2). Its sinuosity
(winding) is 1.12 and its average axial slope is 1.8° (Fig. 4.3). The path of the SVC is
characterized by numerous changes in orientation and slope. The SVC can be divided in
three main sections, from North to South: 1) The upper section (canyon head) is 60 km-
long, trends N50, and extends from the continental-shelf at 200 m water-depth to 3200
m depth (Fig. 4.3a); 2) The central section is 54 km-long, it trends N20 in the northern
part and N160 in the southern end, covering the area located between 3200 m and 4400
m water-depth (Fig. 4.3b); and 3) The lower section is 43 km-long, trends N30 (parallel
to the Horseshoe Fault), and extends from 4400 m to 4900 m water-depth, towards the
canyon mouth in the HAP (Fig. 4.3¢). A significant characteristic of the SVC is that the
longitudinal bathymetric profile of the canyon axis (Fig. 4.4) shows a rectilinear
morphology with a rather constant slope and, therefore, it does not appear to be in
equilibrium. In general, bathymetric profiles that are in equilibrium, such as rivers on-

land, show a logarithmic longitudinal-profile (Amblas et al., 2012).

The flanks of the canyon are clearly asymmetric and their height and slope varies
along the canyon (profiles across the canyon in Figs 4.4a-c) (Fig. 4.3). On the TOBI
mosaic, the canyon floor and the lower part of the flanks display heterogeneous high-
backscatter acoustic facies (i.e., shown as white and light-grey in Figs 4.5-4.7). In
contrast, the canyon flanks and part of the hanging-wall blocks of the MPF, HF and
SVF outside the canyon, are characterized by homogenous dark-grey to black colour
(i.e., low acoustic backscatter). The uppermost head-scarps of the flanks in the upper

and central sections are homogeneous, showing high-acoustic backscatter facies.
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Figure 4.3. Slope maps superimposed on the 3D bathymetry of the Sao Vicente Canyon (SVC).
The slope is represented as percentages in dark blue for the lowest slope (0%) and red for the
highest slope (= 50%). a), b) and c) correspond to the Upper, Central and Lower sections of the
canyon respectively. HFB: Horseshoe Fault Basin. Modified from Vizcaino, (2009).
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longitudinal profile along the Sdo Vicente Canyon axis. Modified from Vizcaino, (2009).
4.1.1. The upper section of the Sdo Vicente Canyon

The head of the SVC shows a semi-circular shape, cut by three major tributary-
canyons that converge on 36°59°N (at 2000 m water depth) (Figs 4.2 and 4.3a). At this
location, the flanks are steep and the V-shaped thalweg becomes narrower (3 km) (Figs.
4.3a, 4.4a). Along the canyon, the slope is relatively constant around 1.02° (Fig. 4.3a).
In this section of the canyon, the flanks are characterized by gradients that range from
9.7° to 26.6°, with rugged topography. The flanks show a network of rectilinear gullies,
which are topped by semi-circular erosional scarps (from 1 to 10 km of diameter) and
other minor sediment-pathways, oriented sub-parallel to the maximum slope direction
with gradients reaching up to 24° (Fig. 4.3a). The slope gradients, the topographic
profiles, and the backscatter signal (Figs. 4.3a, 4.4a, and 4.5) indicate that the NW flank
of the canyon is rougher than the SE flank. Both flanks show gullies, as well as minor
flow pathways, although they are more abundant on the NW flank.
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Figure 4.5. Upper: TOBI sidescan sonar image of the Upper section of the Sdo Vicente Canyon.

Lower: Interpreted TOBI mosaic of the same area identifying sedimentary and tectonic features.
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The gullies and minor sediment pathways (13—14 km-length) appear further incised
in the SE flank compared to the NW one (Figs. 4.2, 4.3 and 4.4d), as the rocky substrate
crops out in the lower part of the SE flank. The scars above the gullies are about 1-4
km-wide on both flanks. However, the SE flank shows a single generation of scars,
whereas the NW flank displays evidence for at least two generations of scars. The first
generation is located in the uppermost part of the NW flank, while the second
generation is longer and develops at mid-elevation, disrupting the minor sediment-
pathways that originate in the first generation of scars. The scars on both flanks, but
particularly in the NW flank, are accompanied by submarine landslide deposits, which

may reach up to 5 km-long and 4 km-wide (Fig. 4.5).

The most striking feature in the TOBI side-scan sonar mosaic is the ENE-WSW
trending stripe of high-backscatter that corresponds to the canyon-floor (Fig. 4.5). The
acoustic character of the canyon-floor is however relatively heterogeneous and shows
the following features: a) Multiple channels along the axis; b) pervasive, >1 km-long
lineaments of low-to-medium backscatter (grey to light-grey colour) that are parallel to
the canyon-axis interpreted as grooves; ¢) Sediment accumulation areas along the
canyon axis of very-high backscatter; d) Low-backscatter lineaments indicative of
acoustic shadows at the lower part of the eastern flank interpreted as stratification; and
e) A low-backscatter semi-circular area with gentle slope, located on the internal side of
a meander on the canyon East flank (area in green in Fig. 5) interpreted as an old

terrace.
4.1.2. The central section of the Sdo Vicente Canyon

Along this section, the canyon-axis shows an average slope of 1.02°, whereas its
flanks show slopes steeper than 26.6° on the upper part that gradually decreases
southward to 14° (Fig. 4.3b). On the upper part of this central section, the canyon is
incised about 1000 m on the west-flank and 800 m on the eastern one (Fig. 4.4b).
Moving south along the canyon, these values decrease to less than 500 m on the west-
flank and 300 m at the east one. Halfway along this section, the canyon profile
progressively changes from V-shaped to U-shaped (Figs. 4.3b and 4.4b). Three main
tributary canyons converge towards the main canyon in its central portion. Those can be
recognized in the eastern flank of the slope, by medium to high backscatter stripes on
the TOBI mosaic (Figs. 4.3b and 4.6). The tributary canyon, located further north, is
oriented E-W, whereas the two other are oriented NE-SW and NW-SE respectively,
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being the three of them >15 km-long. In this section, both flanks show evidence of
stratification (middle-to-low backscatter lineaments along the canyon), and large scars
although less abundant than in the upper section. Some of these scars are associated to

submarine landslide deposits in the TOBI mosaic.
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Figure 4.6. Upper: TOBI sidescan sonar image of the Central section of Sao Vicente Canyon.
Lower: Interpreted TOBI mosaic of the same area labelling the main features of the area. See

legend in Fig. 4.5.
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The largest submarine landslide deposit is located to the north of this section,
associated to a semi-circular scar of ~3 km in diameter and characterized by > 0.5 km-
long, high-backscatter patches. Long scars, such as the ones located in the central
section of the NW flank are elongated (> 4 km-long) and characterized by low
backscatter. The canyon floor in this section shows several features, similar to those
described along the upper section of the canyon (Figs. 4.5 and 4.6), including: a)
middle-grey backscatter signal corresponding to the tributary canyons; b) grooves (i.e.,
erosive structures) that particularly stand-out in areas of very high-backscatter within
the canyon floor (i.e., rock outcrops); ¢) High-backscatter areas (light-blue areas in Fig.
4.6) along the canyon-axis and canyon west-flank, that correspond to sediment
accumulations; and d) Scours (semi-circular negative relief features, perpendicular to
the flow-direction), which may attain a diameter of ~ 2 km and an elevation of 200 m
(i.e. namely “steps” in the longitudinal profile on Figs. 4.3b, 4.4d and “scours” in Fig.

4.6).
4.1.3. The lower section of the Sao Vicente Canyon

In this area, the SVC displays a wide U-shaped valley with a 7-km wide flat
canyon-floor, low axis slope of 0.9° (Fig. 4.3¢) and low-angle flanks (with a mean slope
less than 14°), in comparison to the Upper and Central canyon sections (Figs. 4.3 and
4.4). The western flank slope flattens to the south towards the HAP, whereas the slope
of the eastern flank increases, reaching mean values of 16.7°, and locally up to 26.6°
(Fig. 4.3c). In this lower section, both the SW flank and the HAP display a
homogeneous low-backscatter facies, and the SW flank presents a large number of
canyon-parallel lineaments (i.e., stratification). In the TOBI mosaic (Fig. 4.7), the
canyon-floor shows high-backscatter, which progressively decreases towards the south
(Martinez-Loriente et al., 2018). In this section, the canyon does not show a well-
developed channel, and it rather fades into the HAP. The main features on this area
includes: a) High-backscatter patches (probably outcrops), b) Canyon-parallel,
pervasive grooving (0.5—1 km long) in the north-eastern part of the canyon-floor, and c)

Low backscatter, 1 km long comet-like, irregular scours along the main channel.
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Figure 4.7. Upper: TOBI sidescan sonar image of the Lower section of Sao Vicente Canyon.
Lower: Interpreted TOBI mosaic of the same area identifying the main elements of this sector.

See legend in Fig. 4.5 (modified from Martinez-Loriente et al., 2018).
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4.2. Seismo-stratigraphy of the Cape Sao Vicente area

Seismic horizons have been interpreted on the basis of previous chronostratigraphic
information (Fig. 4.8) (Hayes et al., 1972; Hernandez-Molina et al., 2015; Martinez-
Loriente et al., 2013, 2018). They are correlated through the network of vintage and
recent MCS profiles, and include the following seismo-stratigraphic units: Plio-
Quaternary (Ia), Middle Miocene - Pliocene (Ib), Horseshoe gravitational unit (HGU-
Ic), Upper Oligocene - Middle Miocene (Id), Upper Cretaceous - Early Eocene (II),
Cretaceous (III), Lower Cretaceous (IV), Upper Jurassic (V) and basement (VI) (Figs.
4.9,4.10 and 4.11).

4.2.1. The Pliocene-Quaternary (la)

Unit Ia is characterized by middle-frequency and middle-amplitude continuous
reflectors. This unit shows lateral continuity, except near the SVC, which completely
erodes the Plio-Quaternary unit in the Upper and Central sections of the canyon axis
(Fig. 4.9a, b). In the canyon flanks, gully incision and tributary canyons erode the
uppermost part of this unit (Fig. 4.9a). The maximum thickness of unit la is 1.2 s
(TWTT) in the upper section of the canyon, which progressively decrease to 0.1 s
(TWTT) towards the lower section. In the upper section of the SVC, contourite
geometries (low-aspect, lenticular sedimentary bodies) have been distinguished, (i.e.
low-aspect, lenticular sedimentary bodies) both on the NW flank (Mencaroni et al.,
2021) and SE flank. Within this unit, we identify four discontinuities that correspond to
Late Quaternary (LQD), Mid Pleistocene (MPD), Early Quaternary (EQD) and Late
Pliocene (LPD) discontinuities (Figs. 4.8 and 4.10), described by Hernandez-Molina et
al., (2014, 2015) on the basis of the IODP Site U1391 (Fig. 4.1).

4.2.2. The Middle Miocene-Pliocene (Ib)

Unit Ib is characterized by middle-frequency, middle-amplitude and continuous
reflectors. The thickness of this unit is variable along and across the SVC (Figs. 4.9 and
4.11) with a maximum thickness of 0.7 s (TWTT) below the lower section of the
canyon-axis, which progressively thins towards the flanks. This unit shows onlaps
toward the Marqués de Pombal anticline and also towards the hanging-wall block of the
HF (Fig. 4.11), so it is possible to distinguish multiple, progressive unconformities in
the central and lower sections (Figs. 4.9b and 4.10). The incision of the canyon causes
total erosion of Unit Ib on the upper section of the SVC axis, whereas it is only partially

eroded in the central section. Both, top and base of Unit Ib are unconformities.
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4.2.3. The Horseshoe Gravitational Unit (HGU-Ic)

The HGU-Ic is a wedge-shaped allochthonous body formed by stacked debris-
flows, which originates from the westward migration of the GCIW and was emplaced
during the Upper Miocene (Tortonian) (Gracia et al., 2003b; Iribarren et al., 2007;
Torelli et al., 1997) (Figs. 4.9c and 4.11). The HGU is characterized by high-amplitude,
chaotic seismic-facies with numerous diffractions and hyperbolic reflections. Only few
internal reflectors can be identified, and the top and bottom are defined as
unconformities (Figs. 4.9c and 4.11). The HGU fills the Horseshoe Valley and the HAP,
where it pinches-out towards the edge of the Horseshoe valley (Martinez-Loriente et al.,
2013). Therefore, the HGU can only be identified in the lower-section of the canyon,
where it reaches a maximum thickness of 1.3 s (TWTT- Two-Way Travel Time). In this

section of the Canyon, the HGU is partially or totally eroded underlying Unit Id.
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Figure 4.8. Seismostratigraphy based on DSDP Site 13 (Hayes et al., 1972; Martinez-Loriente
et al., 2013) and IODP expedition 339 (F. J. Hernandez-Molina et al., 2015). mbsf: meters
below the seafloor. Modified from Martinez-Loriente et al., (2013).
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Figure 4.9. Interpreted sections of 3 multichannel seismic profiles in time across the three
sections (upper, central, lower) of the Sdo Vicente Canyon. See location in Fig. 4.2.
Stratigraphy from Martinez-Loriente et al., 2013 (see Fig. 4.8). la = Plio-Quaternary; Ib =
Middle Miocene - Pliocene; Ic-HGU = Horseshoe gravitational unit; Id = Upper Pliocene -
Middle Miocene; Il = Upper Cretaceous - Lower Eocene; III = Cretaceous;, 1V = Lower
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Cretaceous; V = Upper Jurassic;, VI = Basement;, HF: Horseshoe Fault; MPB: Marqués de
Pombal Fault Block; IDHB: Infante Don Henrique Basin, SP: Sagres Plateau; SVF: Sdo
Vicente Fault; SVC: Sao Vicente Canyon;, TWTT: Two-way travel time. VE (vertical

exaggeration) = 2. Uninterpreted seismic profiles in Annex 3.
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Figure 4.10. Close-up of profile BS23 showing the progressive unconformities within Unit Ib,
likely related to contemporary active-folding with sediment deposition. The Plio-Quaternary
sub-units described by Herndandez-Molina et al., (2015) have been displayed as a reference. The

discontinuous red-line depicts the erosion of the SVC. Uninterpreted seismic profile in Annex 3.

4.2.4. The Upper Oligocene-Middle Miocene (Id)

Unit Id is characterized by high-amplitude and low-frequency continuous reflectors.
In the upper and central sections of the canyon, Unit Id lies directly below Unit Ib and
reaches a maximum thickness of 0.5 s (TWTT) (Fig. 4.9a). In contrast, in the lower
section of the SVC, Unit Id lies below the HGU, that is partially eroded at its top. In this
section, the top corresponds to an erosive-surface, generated by excavation and erosion

during the emplacement of the HGU.

4.2.5. The Upper Cretaceous-Lower Eocene (II) and Cretaceous (I111)

The seismic facies of Units II and III show similar characteristics (Fig. 4.9). Both
show low-frequency and high-amplitude continuous reflectors. The contacts between
both units as well as that with the underlying unit (IV) are concordant. The top of Unit
IT is composed by a prominent unconformity marked by a high-amplitude reflector
corresponding to a regional sedimentary-hiatus from the Lower Eocene to the Upper

Oligocene (Hayes et al., 1972; Martinez-Loriente et al., 2013). Both units onlap the top
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of the basement (Figs. 4.9a and b). Their thickness is relatively uniform with a
maximum value for Unit II of 0.45 s (TWTT) and 0.4 s (TWTT) for Unit III. The
minimum thickness for Unit Il is 0.1 s (TWTT) below the HGU in the lower section of
the canyon (Figs. 4.9¢ and 4.11), and of 0.2 s (TWTT) for Unit III below the central
section of the SVC (Fig. 4.9b). These units infill graben structures of the basement,

mainly generated as a result of the Mesozoic rifting (Martinez-Loriente et al., 2013).

4.2.6. The Lower Cretaceous (IV) and Upper Jurassic (V)

The Lower Cretaceous Unit IV and Upper Jurassic Unit V show semi-transparent
and transparent seismic-facies, with low-frequency and low-amplitude reflectors (Fig.
4.9). The contact between these units is concordant and can be identified by parallel
reflectors onlapping the top of the basement highs (Figs. 4.9a, b and 4.11). Unit IV
reaches a maximum thickness of 0.5 s (TWTT) at the hanging-wall of the MPF. Unit V
overlies the basement (i.e., discordant contact) and fills pre-existent half-graben
depressions, where onlap geometries characterize the reflections above the basement
(Fig. 4.11). Accordingly, the thickness of Unit V is highly variable, reaching a
maximum value of 0.7 s (TWTT) in the lower section of the canyon (Figs. 4.9c and

4.11).
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Figure 4.11. Interpreted section of the ARI0 multichannel seismic profile in time across the Cape Sdo Vicente area. See location in Fig. 4.2. Stratigraphy
from Martinez-Loriente et al., (2013) (see Fig. 4.8). VE (vertical exaggeration) = 2. See legend in Fig. 4.9. Uninterpreted seismic profile in Annex 3.
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4.2.7. The Basement (VI)

The Basement (Unit VI) is interpreted to be composed by: a) Thinned continental
crust in the area of the SVC, Sagres Plateau and hanging-wall of the MPB; b) Oceanic-
crust at the southern half of the lower section of the SVC; and c¢) Serpentinized
exhumed mantle at the footwall of the MPB (Martinez-Loriente et al., 2014). This
heterogeneous composition results in differences on the tectonic architecture of the
basement. In the upper and central sections of the SVC, as well as in the MPB, the MCS
profiles reveal tilted basement-blocks bounded by large, old normal faults (Figs. 4.9a, b,
and 4.11). In contrast, in the IDHB, the basement structure is completely different, and

peridotite ridges have also been identified (Martinez-Loriente et al., 2013) (Fig. 4.11).

4.3. Tectonic structures of the Cape Sao Vicente area

The strata across the SVC are folded by two anticlines bounding a synclinal (Figs.
4.9c and 4.11), partially eroded by the incision of the SVC. The synclinal and anticlinal
folds are more pronounced and well-defined in the lower-section of the canyon, whereas
their morphology 1is attenuated towards the upper section (Fig. 4.9). The anticline,
located in the western flank of the canyon, is controlled by the west-verging monocline
thrust MPF (Fig. 4.11) and corresponds to the hanging-wall of this active reverse fault
(Gracia et al., 2003a; Gracia et al., 2010).

The MCS profiles (Figs. 4.9 and 4.11) show that the sedimentary sequence rises
and tilts towards the SVC axis. The eastern flank of the upper-section of the SVC seems
to be controlled by the SVF. The west-verging SVF is an NNE-SSW trending thrust-
fault, that affects all the seismo-stratigraphic units from the basement to the seafloor (Ia)
(Fig. 4.9a). Towards the SSW, the SVF becomes a blind-thrust along the canyon axis,
which progressively attenuates and disappears (Fig. 4.9b).

The lower section of the SVC (Figs. 4.9¢ and 4.11) is dominated by the presence of
the west-verging HF, which is also oriented parallel to the canyon axis, trending NE-
SW. In this section, the southeastern flank of the canyon corresponds to the hanging-
wall block of the HF, whereas the canyon-floor corresponds to the footwall block.
Minor folds are observed in the hanging-wall block near the HF as a propagation-fold
(Figs. 4.9c and 4.11). Flexure at the frontal part of the HF thrust generates
accommodation space in the footwall, which is progressively filled by sediments

transported downstream along the canyon.

124



Chapter 4: Characterization of the Cape Sdo Vicente area

The HF can be easily identified in the MCS profiles (Figs. 4.9c and 4.11), as well as
in the TOBI mosaic (Fig. 4.7). In the lower section of the canyon, the HF cuts and
displaces the entire seismo-stratigraphic sequence (Fig. 4.9¢) (Martinez-Loriente et al.,
2018). However, in the lower part of the SVC central section, the HF cuts only the
sedimentary cover until the HGU (Tortonian age) folding the uppermost units, and
acting as an active blind-thrust (Fig. 4.11). In the middle part of the central section of
the SVC, the HF cannot be identified neither in the MCS profiles nor in the TOBI
mosaic (Figs. 4.7 and 4.9b) (Martinez-Loriente et al., 2018).
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CHAPTER §

The Lineament South and the Marqués de Pombal faults:

high-resolution data

As previously explained, a series of WNW-ESE trending lineaments are identified
in the topography of the Gulf of Cadiz. Zitellini et al., (2009) and Terrinha et al.,
(2009) defined the origin of these lincaments as tectonic. Bartolome et al., (2012)
focused on the two most prominent lineaments in the area: LNF and the LSF and
identified them as currently active dextral strike-slip faults. Zitellini et al., (2009)
hypothesized that these lineaments constituted a 600 km-long wide-deformation zone,
extending from the GB to the Moroccan shelf, constituting a precursor to the formation
of a new transcurrent plate-boundary between Africa and Eurasia. This hypothesis is
strengthened by the fact that these lineaments are reactivating old-structures inherited
from the Jurassic Transfer zone (Martinez-Loriente et al., 2014) and likely not older

than 2 Ma (Rosas et al., 2009). The lineaments cut-off the active NW-SE thrust faults.

Finally, on the basis of the WAS profiles, Martinez-Loriente et al., (2014) identified
that the LSF constitutes the plate-boundary between two types of Jurassic oceanic crust:
a) The central Atlantic crust, and b) The western Thetys crust. This fact leads to
thinking that, at Present, the main deformation associated to the Eurasian-African plate-
boundary transcurrent zone, occurs along the LSF. Therefore, in this chapter, the two
tips of the LSF have been investigated in detail using bathymetry from the AUV
“Abyss”, to identify the signs and characteristics of present-day activity. Moreover, we
also mapped with high-resolution AUV bathymetry the MPF. The MPF has been
selected for detailed study because is one of most evident thrust-faults in the area and its
activity is evidenced by the large number of landslides (see also Ford et al., 2021)
originitaing in the hanging-wall block (MPB) and deposited at the footwall-block
(IDHB) together with the turbidite record. Besides, several authors also hypothesize that

this fault is the source of the Lisbon earthquake and tsunami event of year 1755.

126



Chapter 5: The Lineament South and the Marqués de Pombal faults: high-resolution data

In this chapter, AUV bathymetries, MCS data and TOPAS and Parasound sub-
bottom profiles will be used to describe the topographic expression and the tectonic-
activity of the two end segments of the LSF as well as the central part of the MPF. The
dataset used in this chapter includes: The existing “SWIM” swath-bathymetry, the AUV
“Abyss” high-resolution bathymetry and the MCS profiles that have been acquired with
different configurations during the INSIGHT Leg-1 and Leg-2 marine surveys (See
Chapter 3).
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Figure 5.1. Bathymetric map of the Gulf of Cadiz with the location of the main faults. Yellow,
brown and orange circles correspond to the epicenter locations for the period 1400-2020
(Instituto Geogrdfico Nacional, 2020). Earthquake locations according to Lozano et al., (2019).
The numbers correspond to epicentres of large events: 1. 12 September 1320, intensity I = X; 2.
11 January 1755, estimated Mw 8.5, 3. 07 November 1915, Mw 6.2; 4. 15 March 1964, Mw 6.6;
5. 28 February 1969, Mw 8.0, 2 December 2007, Mw 6.0 (after Bartolome et al., 2012). White
stars represents the AUV dives location. Inset: Plate tectonic setting of the SW Iberian margin
at the boundary between the Eurasian and Afrvican Plates. AFR: African Plate; CPR: Coral
Patch Ridge;, CPRF: Coral Patch Ridge Fault; EUR: Eurasian Plate; GBF: Gorringe Bank
Fault; HF: Horseshoe Fault; LSF: Lineament South Fault; MPF: Marqués de Pombal Fault;
PBF: Portimao Bank Fault; PSF: Pereira de Sousa Fault; SH: Seine Hills; SVF: Sdo Vicente
Fault.
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5.1. High-resolution imaging using the AUV

Three high-resolution bathymetries were collected using the AUV “Abyss” (Fig.
5.1). The first one corresponds to the west-end of the LSF, which extends from the
outer-edge of the GCIW to the HAP. It comprises an area of 42 km” (14 x 3). The
second one is located at the eastern end of the LSF on the Moroccan slope, with an area
of 48 km” (16 x 3). The last high-resolution bathymetry is located at the centre of the
MPF, with an area of 30 km” (10 x 3) (Fig. 5.1).

5.1.1. The Lineament South Fault, West section (LSW)

The high-resolution AUV bathymetry of the LSW section (Fig. 5.1), referred to as
"LSW AUV image", presents seafloor morphologies indicative of multiple geological
processes and the trace of the dextral strike-slip LSF can be easily identified (Figs. 5.2
and 5.3). Physiographically, the LSW AUV image is located in the deepest area, with
the western end of the AUV image of the LSW located close to the HAP and extending
in water-depths down to 4580 m. The shallower part of the LSW AUV image, on the
south-eastern corner, has a water depth of 4336 m (Fig. 5.2). Along the LSW, the 14

km-long AUV image presents a maximum relief variation of 244 m.

The slope-map shows that the southern area of the LSW AUV image, around the
fault-trace of the LSF, is rougher than the northern area (Fig. 5.3). The slope remains
more or less constant, between 1° and 2.5°, mainly at the northern part of the “LSW
AUV image”. The steepest slopes are between 8° and 19° and are located following
longitudinal alignments with ENE-WSW trend, in the centre and the SE part of the
image (Fig. 5.3). The variations in the slope can be correlated with the different
morphological structures that can be distinguished in the LSW AUV image. Three types
of structures are considered of sedimentary origin and two types structures of tectonic
origin.

Amongst the features of sedimentary origin, the following are identified:

1) A series of ENE-WSW trending undulated ridges with mega-herringbone
structures and asymmetric flanks, are located across the area, especially to the north of
the LSF (Figs. 5.2 and 5.3). The flank facing SE is steeper than the one facing NW.
These structures are interpreted as submarine dunes. In the NW part of the LSW AUV
image, the submarine dunes are continuous and they form a ridge of more than 6 km-

long, crossing the AUV image in a WSW-ENE direction (Figs. 5.2 and 5.3). In the rest
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of the AUV image, it is possible to recognize individual submarine crescent-shaped
dune-structures, not longer than 200 m. The smallest dunes show a wavelength of 50 m
and a height of 2 m, while the largest ones have a wavelength of 170 m and a height of
5 m (Figs. 5.2 and 5.3).
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Figure 5.2. Upper: Relief map generated from the
high-resolution LSW (Lineament South West

bathymetry.  Lower:  High-resolution AUV
bathymetry of the LSW. AFR: African Plate; EUR:

FEurasian Plate

2) NNW-SSE trending, large longitudinal erosional bed-forms interpreted as
furrows (Allen, 1971, 1983; Peakall et al., 2020). These furrows are long, relatively
narrow and show comet-shaped depressions at the seafloor (Figs. 5.2 and 5.3). The
whole field of furrows extends for about 14 km around the LSF trace. The spacing
between individual furrows (edge to edge) is ~20 to 215 meters; they range from 20 to
260 m in width, are 1 to 3 m deep, and 60 to 2400 m long. In general terms, the furrows
field is dissected by the LSF trace, however, due to a large number of furrows, their
similar morphology and the irregularities of the seafloor, it is not possible to determine
the correspondence between the different furrows on both side of the fault trace. Even

so, at the SE margin of the LSW, the AUV image shows a longitudinal current-mark
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corresponding to a furrow, which is sectioned and dislocated by 60 m to the right by the
LSF trace (Figs. 5.2 and 5.3).

3) The last sedimentary structure in the LSW AUV image is a semi-circular
negative relief, which attains a diameter of ~650 m and a depth of 50 m that is located at
the NE part of the AUV image, above the trace of the LSF (Fig. 5.3), interpreted as a

mass movement scar.
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Figure 5.3. Upper: Slope map of the high-resolution LSW (Lineament South West segment)
AUV colored bathymetry. Lower: Background grey-colored relief of the LSW high-resolution
AUV bathymetry and interpretation.

In terms of tectonic structures, the following are identified:

1) In this area, the LSF trace displays an E-W trending across the whole LSW AUV
mosaic. The mapped fault trace is 14.7 km-long, it is relatively continuous and it is
possible to identify at least four different segments that slightly change in trend. The
two westernmost segments are shorter, with a WNW-ESE orientation, while the two

easternmost segments are W-E oriented (Figs. 5.2 and 5.3).

2) Two W-E elongated tectonic depressions are bounded on their sides by the
surface expresion of the LS strike-slip fault. They are found along the easternmost
segment of the fault and have been interpreted as pull-apart basins. The largest basin has
a length of 1.5 km, a width of 200 m, and a depth of 10 m. The smallest basin has a
length of 1 km, a width of 110 m and a depth of 6 m (Figs. 5.2 and 5.3).
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5.1.2. The Lineament South Fault, East section (LSE)

In the high-resolution AUV bathymetry of the LSE section (Fig. 5.4), referred to as
"LSE AUV image" is located at the eastern end of GCIW, in front of the continental
shelf of the Moroccan Atlantic margin, in water depths between 1.285 m and 958 m

(Fig. 5.4).
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Figure 5.4. Upper: Relief map generated from the high-resolution LSE (Lineament South West
segment) AUV (Autonomous Underwater Vehicle) bathymetry. Lower: High-resolution AUV
bathymetry of the LSE. AFR: African Plate; EUR: Eurasian Plate.

Along the 16 km of the LSE AUV image, the slope map indicates that the area
around the trace of the LSF is rougher than the area without the influence of the fault.
The slope of the area remains more or less constant, between 1° and 2.5°. The most
prominent and penetrative morphology of the seafloor, in addition to the fault and its
associated structures, are semi-circular escarpments (with a slope between 10° and 20°)
that delimit depressions (Fig. 5.5). These negative reliefs may attain a diameter of up to
2 km and a depth between 30 and 85 m. These scarps mostly located in the NE of the
LSE AUV image, just above the fault trace, and oriented in all directions have been

interpreted as collapsed structures (Figs. 5.4 and 5.5).

In this case, the LSF trace has a general W-E trend and is continuous. Throughout

its 16 km of seafloor expression, different tectonic structures such as pull-apart basins,
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pressure ridges and dislocated ridges can be identified (Figs. 5.4 and 5.5). The two pull-
apart basins located in this area are larger and better developed than those in the LSW
(Figs. 5.2 and 5.3). Both are 2.5 km long, the westernmost one has a width of 300 m and
a depth of 100 m, while the easternmost one has a width of 670 m and a depth of 65 m
(Figs. 5.4 and 5.5).
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Figure 5.5. Upper: Slope map of the LSE (Lineament South East segment) high-resolution AUV
bathymetry. Lower: Background grey-colored relief of the LSE high-resolution AUV bathymetry

and interpretation.

The escarpments along the margins of the pull-apart basins present some of the
steepest slopes in the area of about 30° (Fig. 5.5). Adjacent to the western pull-apart
basin, a longitudinal ridge is bordered by two narrow and longitudinal depressions lines
corresponding to the fault trace. This ridge oriented parallel to the fault, like the pull-
apart basins, has a length of 1.8 km and a width of 300 m. In the centre of the LSE AUV
image, a NE-SW trending ridge can be distinguished. This ridge is dissected and
dislocated about 150 m to the right by the LSF trace (Figs. 5.4 and 5.5; blue triangles).

5.1.3. The Margqiies de Pombal Fault

Finally, the high-resolution AUV bathymetry of the Marqués de Pombal fault (Fig.
5.6), from now on refered as the "MPF AUV image", is located about 100 km to the
west of the CSV, in the central part of the fault. The thrust fault separates the IDHB,
corresponding to the foot-wall block of the fault, from the MPB, which corresponds to
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the hanging-wall block. The deepest part of the bathymetry, at 3920 m water-depth, is
located in the IDHB, south of the MPF AUV image. The shallowest part, at 3700 m
water-depth, is placed in the SE margin of the MPF AUV image, right at the centre of
the upper block. The total difference in water-depth of the MPF AUV image is about
220 m (Fig. 5.6).

While the IDHB is almost flat with a slope less than 1°, the hanging-wall block of
the MPF is steep and rough, due to the presence of a number of submarine mass-
movements (some of which are referred to in Gracia et al., 2003a). The slopes of the
hanging-wall block are about 16° at the top of the image (ENE), and around 25° near the

base of the slope, where mass-wasting processes are commonplace (Fig. 5.6).

Along the MPF trace two segments, with a different trend, which changes at the
centre of the image can be distinguished: The northern and the southern. The southern
segment is 5.5 km-long and shows a general NE-SW trend, while the northern segment
of the fault is 5 km-long and is oriented NNE-SSW. Parallel to the fault-trace, few
meters to the west, in the footwall, is possible to identify a not continuous elongated
ridge with an elevation of ~20 m over the surrounding seafloor. The ridge shows two
main branches, which separate at the point of a small-bend in the hanging-wall block
(centre of the figure 5.6). At this point of the image, the ridge trace is not recognizable
for about 1 km, the hanging-wall block shows a steeper slope and roughness, and the
largest mass movements occur. This ridge is more developed in the southern branch,
where it is divided into two more branches: the most meridional branch is closest to the
fault-trace and the most central branch is further away from the fault-trace. In the
northern branch, the ridge is poor-developed and it is only distinguishable in the
meridional extreme. Due to its proximity to the MPF trace, its parallel orientation, and
its absence in the centre of the AUV image where the MPF change its trend, leads to
thinking that this ridge could be of tectonic origin. It could be the morphological
expression of a poor-developed complementary fault to MPF. Even so, there is no

evidence of this structure in the MCS profiles.

Unlike the LSW, the MPF AUV image does not show penetrative current-marks or
sedimentary structures at the seafloor. However, at the footwall close to the MPB, it is
possible to identify asymmetric elongated mounds, identified as mass-transport deposits

(MTD) generated by the mass-wasting processes of the hanging wall (Fig. 5.6).
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Figure 5.6. Upper: Slope map of the MPF (Marqués de Pombal Fault) high-resolution AUV
(Autonomous Underwater Vehicle) bathymetry. Middle: Relief of the MPF from the High-
resolution AUV bathymetry. Lower: MPF high-resolution AUV bathymetry.

5.2. The high-resolution seismic imaging

The seismo-stratigraphic units described for the MPF area (Fig. 5.7) are based on
those proposed by Martinez-Loriente et al., (2013), as can be seen in Chapter 4, section
4.2 and will not be presented further in this section. In contrast, for the LSF (both in the
LSE and LSW AUV image areas) we use the seismo-stratigraphy proposed by Toyos et
al., (2016), as there are no crossing lines with the study of Martinez-Loriente et al.,

(2013). The seismic line “Mound-22" (Toyos et al., 2016), which crosses the Ginsburg
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and Yuma mud volcanoes, also intersects the INSIGHT-Leg2 MCS lines on the LSE
area. The MCS profiles that we use to illustrate the stratigraphy of the LSF area
(LSW14 and LSEO08) are both from cruises INSIGHT-Legl and Leg2. The vertical
penetration of these profiles is limited to a maximum of about 2 s (TWTT) (Fig. 5.8).
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Figure 5.7. Interpreted sections of multichannel seismic profile MPOS5 in two way travel time
(TWTT) from Martinez-Loriente et al. (2013) (see Chapter 4, Fig. 4.8). la = Plio-Quaternary;
1b = Middle Miocene - Pliocene; Id = Upper Pliocene -Middle Miocene; Il = Upper Cretaceous
- Lower Eocene; IIl = Cretaceous; IV = Lower Cretaceous; MPF: Marqués de Pombal Fault
TWTT: Two-way travel time. VE (vertical exaggeration) = 1.5. Uninterpreted seismic profile in

Annex 3.
5.2.1. Stratigraphy of the area surrounding the Lineament South (LSW and LSE)

Along the LSF, the following horizons have been identified, correlated and tracked
from Toyos et al, (2016): The top of the GCIW; BQD (Base of Quaternary
Discontinuity); MPD (Mid-Pleistocene Discontinuity) and TM (Top of Miocene
Discontinuity) (Fig. 5.8).
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Figure 5.8. Interpreted sections of multichannel seismic and Parasound profiles in two-way-
time across the two end segments of the Lineament South fault. Stratigraphy from Toyos et al.,
(2016). a) Interpreted section of the Parasound profile T14 and MCS profile LSW14 across the
LS west segment. b) Interpreted section of the Parasound profile TO8 and the MCS profile
LSEO8 across the LS east segment. AFR: African plate; BQD: Base of Quaternary
Discontinuity; EUR: Eurasian Plate; GCIW: Gulf of Cadiz Imbricated Wedge; HGU:
Horseshoe Gravitational Unit; MPD.: Mid-Pleistocene Discontinuity; TM: Top of Miocene

Discontinuity; TWTT: Two-way travel time. Uninterpreted seismic profiles in Annex 3.

The unit comprised between the seafloor and the MPD is only present in the LSE
segment (LSEO8 MCS profile), since it corresponds to an area of important sediment
accumulation. This unit is characterized by high-frequency and middle-amplitude
continuous reflectors. The unit shows high lateral continuity and it is only interrupted
by a high originated at the GCIW along MCS profile LSE08. The maximum thickness
of the unit (0.17s TWTT) is located to the SSW of this MCS profile, and progressively
decreases to 0.05 s (TWTT) towards the NNE. The bottom of this unit is defined by the
Mid-Pleistocene Discontinuity, which is considered and important change in the

climatic trend occurred 900-920 ka (Llave et al., 2007) (Fig. 5.8b).

The unit comprised between the Mid-Pleistocene Discontinuity (MPD) and the
Base of the Quaternary Discontinuity (BQD) in profile LSEO0S, is characterized by
middle-frequency, middle-amplitude and continuous reflectors. The unit in the LSE
segment is also interrupted by the same high originated from the GCIW, where the unit
internal refectors onlap, and it is possible to distinguish multiple unconformities. The
maximum thickness of this unit in the LSE segment is about 0.1 s (TWTT) (Fig. 5.8b).
In contrast, this unit in the LSW14 MCS profile comprises the sequence between the
seafloor and the BQD. In the LSW section, the unit is characterized by high-frequency,
middle-amplitude and discontinuous reflectors, and presents different internal
discontinuities (Fig. 5.8a). The bottom of the unit is defined by an unconformity, which

corresponds to the basal Quaternary Discontinuity.

The Pliocene unit is comprised by the sedimentary sequence between the BQD and
the TM. This unit is characterized by middle-frequency, middle-amplitude and
continuous reflectors. In the LSW14 MCS profile and in the SSW part of the LSE08
MCS profile, the unit lies directly above the TM, and reaches a maximum thickness of

0.15 s (TWTT) in the LSEO8 and 0.08 s (TWTT) in the LSW14. In contrast, in the NNE
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part of the MCS profile LSEOS8, the unit lies above the top of the GCIW, where salt
deformation structures can be identified. Both, top and base of this unit are

unconformities. Several other minor discontinuities occur within this unit (Fig. 5.8).

The Messinian unit is made by the sedimentary package comprised between the TM
and the top of the GCIW in the case of the LSE. In the LSW segment this unit is
comprised between the top of the HGU and the TM. Both, the GCIW and the HGU are
of Tortonian age. The Messinian unit is characterized by middle-frequency, low-
amplitude and discontinuous reflectors. In the LSE segment, the unit is interrupted by
protrusions from the GCIW, where the unit shows onlaps towards these highs. There, it
is possible to distinguish multiple progressive unconformities indicating synchronous
deformation while deposition. In the LSE segment, one of the main characteristics of
the Messinian unit, is the presence of salt masses at its base, which deform and fracture
it. The top and the base of this unit are unconformities. The maximum thickness of the
unit is 0.22 s (TWTT) in the LSEO8 MCS profile and 0.07 s (TWTT) in the LSW14
MCS profile (Fig. 5.8).

The HGU is a wedge-shaped allochthonous body, as explained in Chapter 4, section
4.2.3. This unit was emplaced during the Tortonian by stacking of debris-flows that
originated from the westward migration of the GCIW (Gracia et al., 2003b; Iribarren et
al., 2007; Torelli et al., 1997). The HGU fills the Horseshoe Valley and the HAP and for
this reason it is only present in the LSW area, close to the HAP (Fig. 5.8a). In the LSE,
this unit is replaced by the GCIW (Fig. 5.8b). The HGU is characterized by high-
frequency, high to medium-amplitude and chaotic seismic facies. It is difficult to
identify internal reflectors. The top and bottom are defined by unconformities. The
HGU is thicker (0.87 s TWTT) to the SSW, as it is closer to the source, the GCIW, and
progressively thins towards the NNE, where the thickness reduces to 0.64 s (TWTT) in
the multichannel seismic profile (Fig. 5.8b). The top and bottom of this unit are defined
by unconformities (Fig. 5.8). The GCIW is a Tortonian unit with a clear wedge
geometry that this away from the Gulf of Cadiz coast towards the HAP. The GCIW
appears highly deformed and is characterized by high-amplitude, chaotic seismic facies
with numerous diffractions and hyperbolic reflections (Fig. 5.8b). The acoustic
basement present in the MCS profile LSW14 is composed by Early Eocene to Mesozoic
material (Bartolome et al., 2012). This unit is characterized by middle-amplitude and

middle-frequency seismic facies with hyperbolic reflections (Fig. 5.8a).
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5.2.2. Lineament South Fault characteristics from MCS profiles and high-resolution
sub-bottom profiles data

The LSF is a dextral strike-slip fault (Bartolome et al., 2012; Terrinha et al., 2009;
Zitellini et al., 2009) that extends from the HAP to the Moroccan continental shelf
across the Horseshoe Valley and the GCIW for 377 km. The wide deformation area of
the LSF is about 2.5 km perpendicular to the fault trace (Fig. 5.1). The LSF is a sub-
vertical fault that according to the studies by several authors (Bartolome et al., 2012;
Martinez-Loriente et al., 2014; Terrinha et al., 2009) roots at great depths (40 to 60 km
depth) in the oceanic crust. Along the fault trace, several ridges and basins that deform
the seafloor appear (Figs. 5.2, 5.3, 5.4 and 5.5), mainly due to the changes in strike and
dip of the fault-plane, as (Sylvester, 1988) described for the strike-slip faults on land.
Along the LSF trace, several crests and troughs corresponding to a seafloor rupture
appear (Figs. 5.2, 5.3, 5.4 and 5.5). On certain segments, the fault shows positive and
negative flower-like structures. These structures can be clearly identified in the high-

resolution MCS and sub-bottom profiles (Fig. 5.8).

In the high-resolution MCS profile LSW14, the LSF shows a flower-like structure,
which generates a positive relief at the seafloor. This positive flower-like structure
shows two main branches, as well as several smaller branches that raise to the seafloor
generating, at least, four surface ruptures that are clearly distinguished in the sub-bottom
profiles (Fig. 5.8a). In the high-resolution MCS profile LSEO08, it is possible to identify
a flower-like structure that generates a negative relief on the seafloor. This flower
structure shows four main branches of which three of them reach the surface and
generate, at least, 6 surface ruptures from further subbranches (Fig. 5.8a). Some of these
ruptures are directly related to the escarpments corresponding to the collapse-structures

identified in the LSE AUV image (Figs. 5.4 and 5.5).

The LSF is a sub-vertical fault that cuts and displaces the entire seismo-
stratigraphic sequence, breaching the seafloor, on both segments (LSW and LSE)
indicating present-day activity (Fig. 5.8). Furthermore, a small vertical offset and
stratigraphic mismatch indicates not only a transcurrent displacement, but also a vertical
component. On the base of the AUV image of the fault trace, the average strike of the
LSF is 107° and the current rake is ~160°, therefore, the LSF is a right-lateral fault with
a small reverse component. This reverse component is also evidence by a vertical

displacement between the reflectors on both sides of the fault. In the LSW (Fig. 5.8a)
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the base of the HGU shows a vertical slip of ~0.1s (TWTT); while in the LSE (Fig.
5.8b) the vertical slip is constant for all horizons (MPD, BQD and TM) with an average
of ~0.15s (TWTT).

5.2.3. Marqués de Pombal Fault characteristics from MCS profiles

As explained in Chapter 4, section 4.3, the seismic profile of Fig. 5.7, the MPF
fault, is a west-verging monocline-thrust that cuts the whole seismo-stratigrapic
sequence at least, several seconds (3s TWTT) below the seafloor. The hanging-wall of
the MPF is controlled by an anticline structure and has an irregular surface due to the
numerous submarine landslides and mass-movements that have been identified (Fig.
5.7). The vertical slip of the MPF show some differences, measured at the base-horizons
of the seismo-stratigraphic units. The units III and II, in the hanging wall (MPB), show
a relatively constant thickness towards the fault and their base horizons show a constant
vertical slip of ~0.3s (TWTT), while the base of the unit Id shows a slightly large
vertical slip of ~0.35s (TWTT). In contrast, the units Ib and Ia, in the hanging wall
(MPB), are clearly thinned towards the fault and the base horizons of these units show a
higher vertical slip of ~0.4s (TWTT) (Fig. 5.7), indicating synchronous deposition to the
MPF activity. The dip angle of the MPF is higher the first kilometres below the seafloor
and decrease progressively toward the basement. On the base of the AUV image of the
fault trace, the average strike of the MPF is 22° and the current rake is ~50°, therefore,

MPF is a left-lateral reverse fault.
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CHAPTER 6

Seismogenic and tsunamigenic potential of the active faults of

the SW Iberian margin

The SW Iberian margin is one of the most seismically active areas in Western
Europe (See Chapter 2). The convergence between the Eurasian and African plates is
the responsible of the destructive earthquakes and tsunamis that occurred in the region

(e.g. Martinez-Loriente et al., 2014; Zitellini et al., 2009).

For instance, in 1755 a magnitude (My,) > 8.5 earthquake caused a tsunami that hit
several coastal areas and cities along the North-Africa and South-West Iberia,
destroying the city of Lisbon, causing an extensive damage in Cadiz, Huelva, Tangier
and Casablanca. These cities are nowadays large urban areas, where more than 7 million
people lives. Moreover, this area receives more than 40 million tourists annually (INE,
2019), hosting critical infrastructures, such as commercial harbours, nuclear power-

plants, etc.. Therefore, this is a highly vulnerable area.

This chapter focus on tsunamis generated by earthquakes, when the seafloor
abruptly deforms and vertically displaces the overlying water, losing its equilibrium
status (Satake, 2015). The intensity of the tsunami that affects a given coastal locality,
strongly depends on the source parameters (i.e. location and geometry, focal depth, slip-
distribution and kinematics; e.g. (Geist, 1998)). The importance of using a detailed
fault-geometry in tsunami numerical simulations defines hazard scenarios that
sometimes are overlooked (Tonini et al., 2020). Conversely, using a heterogeneous slip,
even on planar faults, is a common established practice (Geist et al., 2019). More in
general, analysing the adopted source model complexity versus the sensitivity of the
resulting tsunamigenic potential of the faults is a first important step before conducting
a full probabilistic tsunami hazard analysis (PTHA). PTHA in fact typically requires the
numerical modelling of a very large number of sources (Selva et al., 2016), involving
the use of massive HPC (High Performance Computing) resources (Gibbons et al.,
2020). Hence, relative source and source parameter importance needs to be carefully

evaluated carefully, possibly in combination with other strategies, such as the
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computational time (Lorito et al., 2015; Volpe et al., 2019; Williamson et al., 2020).
Simplifying the source treatment introduces first-order uncertainties that affect, for

example, the extent of the coastal inundation (Tonini et al., 2020).

Previous studies carried-out tsunami simulations to understand tsunami-hazard
offshore the SW Iberia. According to the NEAMTHMI18 (Basili et al., 2021), this is the
area with the highest tsunami hazard in the Atlantic side of the NEAM region (i.e., the
North-eastern Atlantic, the Mediterranean, and connected seas as per the UNESCO/IOC
subdivision of the World’s oceans). Thus, it is worth investigating if and how most of
this hazard assessment may be sensitive to adopt non-planar geometries and
heterogeneous slip-distributions for local crustal faults, which have not been considered

in previous works.

In this chapter, as a first step in this direction, we consider that the 3D-geometrical
complexities of the different fault-systems, are addressed through numerical-simulations
with a detailed reconstruction of the source-geometry may directly influence the
tsunami impact. A large geophysical dataset acquired offshore the SW Iberia (Fig. 6.1)
is employed to characterize the main potential tsunamigenic structures and model
several tsunami scenarios, generated by large earthquakes on these structures (Fig. 6.2).
First, rectangular rupture-planes are used. Then, more realistic 3D-faults are adopted,
considering their geometry significantly non-planar and sufficiently well-constrained by
the available data. Finally, the influence on the modelled tsunami of heterogeneous slip-
distributions is analysed by a selected fault. For all tsunami scenarios, a rough estimate
of the expected arrival time is reported. It is relevant to analyse together the tsunami-
waves and their arrival-times, since the latter affects the evacuation potential. Indeed,
composite wave-height/arrival time probabilistic hazard assessments have been recently

developed (Wood et al., 2020; Zamora et al., 2021).
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Figure 6.1. High-resolution relief map of the SW Iberian margin. Thin coloured lines
correspond to the available TOPAS and MCS profiles used in this study and acquired during
ARRIFANO 1992 (Sartori et al., 1994), IAM 1994 (Banda et al., 1995), BIGSETS (Zitellini et
al., 2001), VOLTAIRE 2002 (Terrinha et al., 2003), SWIM 2006 (Martinez-Loriente et al., 2013)
and INSIGHT 2018-2019 cruises (Gracia & INSIGHT Cruise Party, 2018; Urgeles & INSIGHT
Cruise Party, 2019). Thick coloured lines label the multichannel seismic profiles (Fig. 6.2).
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Figure 6.2. Five MCS profiles corresponding to: a) Interpreted time-section of profile IAM-4
across the GBF (after Zitellini et al., 2009); b) Interpreted depth-section of profile SW07 across
the LSF (after Hensen et al., 2015); c) Interpreted time-section of profile ARI10 across the MPF
(after Serra et al., 2020); d) Interpreted depth-section of profile SW06 across the HF (after
Martinez-Loriente et al., 2018); and e) Interpreted depth-section of profile SW11 across the
NCPF and SCPF (after Martinez-Loriente et al., 2013). See location of MCS profiles in Fig.
6.1. Stratigraphy from Martinez-Loriente et al., 2013: la = Plio-Quaternary;, Ib = Middle
Miocene - Pliocene; Id = Upper Pligocene -Middle Miocene; Il = Upper Cretaceous - Lower
Eocene; IIl = Cretaceous; IV = Lower Cretaceous, V = Upper Jurassic, VI = Basement; M.O.:
Miocene Olistostrome; TWTT: Two-way travel time; VE (vertical exaggeration) = 1.5.

Uninterpreted seismic profiles in Annex 3.

6.1. Fault parameters for tsunami simulation

The fault plane geometries used in this Thesis are shown in figure 6.3 and their
parameters, including earthquake scenario parameters, are reported in Table 6.1. In the

case of the GBF, the fault plane is not distinguishable in MCS profiles and,
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consequently, its geometry is poorly constrained. Therefore, it did not make sense to
construct a complex mesh. The LSF, is a sub-vertical and rather planar fault, and the
data coverage was limited to the western portion of the fault (Fig. 6.1). Also in this case,
we preferred not to construct a 3D geometry. The fault parameters in these two cases
were fixed according to the available knowledge (Bartolome et al., 2012; Martinez-
Loriente et al., 2013). In the simulated scenarios, the entire fault length was assumed to
rupture and the rupture width, slip and magnitude were consistently derived using the
scaling relationship of Leonard, (2014). For all other faults (HF, MPF, NCPF, and
SCPF), the 3D geometries (Fig. 6.3) have been reconstructed using the workflow
described in Chapter 3, section 3.4. The planar fault orientation was obtained by fitting
an inclined plane through the 3D mesh; the rectangle dimensions were constrained to
preserve the seismic moment (and moment magnitude) and the fault centroid location of
the 3D rupture consistent with those on the corresponding planar fault, while keeping to

a minimum the unavoidable differences with the fault scaling relationships.
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Figure 6.3. a) Map view of the active faults modelled in this study: Gorringe Bank fault (GBF),
Marqués de Pombal fault (MPF), North Coral Patch fault (NCPF), South Coral Patch fault
(SCPF), Horseshoe fault (HF) and Lineament South fault (LSF); b) The type of source fault
planes used for tsunami simulations. In purple: simple rectangular fault planes. In red:

Complex 3D fault planes; c) 3D view of the fault planes used in this study, and d) Close-up of
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fault planes showing the different geometry of both surfaces (i.e., rectangular-planar vs

complex 3D).
Fault | Parameter HF MPF NCPF SCPF GBF LSF
Type
Planar | Latitude 36.224 36.809 35.619 35.534 36.861 35.424
Longitude | -10.010 | -10.126 | -10.794 | -10.585 | -11.411 -8.790
Depth 5.7 6.6 54 6.6 9.5 20.3
(km)
Strike 49 22 80 66 50 107
Dip 17 24 20 21 20 88
Rake 65 50 88 82 85 160
Length 100 53 52 90 155 377
(km)
Width 32 28 26 32 50 39
(km)
Area 3200 1484 1352 2880 7735 14590
(km’)
Slip (m) 3.00 1.35 1.34 2.13 3.38 3.16
Moment | 3.17E+20 | 6.61E+19 | 5.98E+19 | 2.02E+20 | 8.63E+20 | 1.52E+21
(Nm)
Mw 7.60 7.14 7.11 7.47 7.89 8.05
3D Latitude 36.122 36.765 35.514 35.410 - -
Longitude | -9.899 -9.995 -10.768 | -10.518 - -
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Depth 6.2 7.2 5.7 6.2 - -
(km)
Strike 49 22 81 64 - -
Dip 18 24 21 21 - -
Rake 65 50 88 82 - -
Area 3197 1528 1391 2784 - -
(km®)
Slip (m) 3.00 1.35 1.34 2.13 - -
Moment | 3.16E+20 | 6.81E+19 | 6.15E+19 | 1.96E+20 - -
(Nm)
Mw 7.60 7.15 7.12 7.46 - -

Table 6.1. Parameters of the modeled faults. Geometric fault reconstructions based on previous
works (Bartolome et al., 2012; Gracia et al., 2003; Martinez-Loriente et al., 2013, 2018;
Sallarés et al., 2013). Seismic parameters determined according to scaling relationships
(Leonard, 2014). Latitude, longitude, and depth (below seafloor) refer to the fault centroid. For
the calculation of seismic moment, the rigidity was fixed at 33 GPa, as in the scaling

relationships.

Note that the fault rake values, based on the regional tectonic average trend in the
study area, resulted in ranges from pure and oblique thrusting (50°-88°) to strike-slip
(160°) kinematics (Table 6.1). The rake was retained uniform in both planar and 3D
complex fault geometries. The earthquake moment magnitude obtained for these
structures is in the range 7.1 < Mw < 8.1. The LSF, HF and GBF are the faults that can
host the largest ruptures. With our choices and with respect to the average values from
the scaling relationships, the faults of the Gulf of Cadiz can rupture their entire length,
but not their entire width, we thus constrained the earthquake rupture in the upper part
of the fault to explore the maximum efficiency in deforming the seafloor. The calculated
average slip ranges from ~1.3 m (MPF and NCPF cases) to ~2.1 m (SCPF) and over 3.0
m (HF, GBF, and LSF).
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To explore the variability of the tsunami simulations based on different geometric
reconstructions of the fault geometries, two earthquake scenarios were defined for each
fault, one considering the inclined planar surface, the other considering the complex 3D
surface. For all faults, homogeneous slip was used in both cases. For the HF only, we
also explored different alternative heterogeneous slip distributions with the same
average slip value. We first considered a Gaussian-shaped asperity, then five different
stochastic slip distributions superimposed on the Gaussian. The values of the wave
height in the different coastal points for all the tsunami simulations, before and after

applying Green's law, are available in Annex 4.

6.2. Tsunami simulations with planar faults and homogeneous slip

All the tsunami scenarios described below concern the planar faults with
homogeneous slip distribution, which is the simplest scenario configuration commonly
adopted in preliminary studies, or when data are poor, or when performing studies over

very wide regions.

The GBF tsunami scenario obtained with a planar fault approximation (Fig. 6.4a)
shows that the most affected coastal areas are in SW Portugal, where the MWH is
almost 1 m in a sustained way from Lisbon to Portimdo (points 3-6, Fig. 6.4b); and in
western Morocco, where 1 m MWH is exceeded in the stretch between Rabat and Safi
(points 11-13, Fig. 6.4b). The tsunami waves take 30-40 min to reach the SW
Portuguese coasts, and 60-70 min to reach the Moroccan coasts. Most of the tsunami
energy generated by the GBF is directed to the northwest in the North Atlantic Ocean
(Fig. 6.4a).
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Figure 6.4. Tsunami simulation results for the Gorringe Bank fault (GBF). a) Map showing
maximum wave heights and tsunami travel time (10 min contour intervals) for the GBF
considering a simple (rectangular-planar) fault plane and homogeneous slip distribution
(PL_hom). b) Maximum GBF tsunami wave height (MWH) and arrival travel times (TTT) at

different locations just before reaching the coast. Points 1-14 are coastal localities where
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maximum tsunami wave height and arrival times have been extracted (1. Fisterra, 2: Porto, 3:
Lisbon, 4: Sines, 5: Sagres, 6: Portimdo, 7: Faro, 8: Punta Umbria; 9: Cadiz; 10: Tangier; 11:
Rabbat, 12: Casablanca; 13: Safi; 14: Madeira).

The LSF is a planar fault, which generates a tsunami propagation pattern that
scatters over an extensive area of the SW Iberian coasts (Fig. 6.5a). The propagation
pattern over the Iberian shelf, which is reached only after ~10 min, shows that the
tsunami energy is channelled in several northward-directed beams, with the Algarve
coast being reached in ~30 min (points 5-7, Fig. 6.5b) and the Spanish coast in ~70 min
(points 8 and 9, Fig. 6.5b) with a wave-height peaking at over 3 m in Sagres (point 5,
Fig. 6.5b) and ~1 m at all other locations from Sines to Cadiz (points 4, and 6-9, Fig.
6.5b). The NW coast of Morocco is also affected by waves exceeding 0.5 m, with an
average arrival time of ~50 min (points 10-13, Fig. 6.5b).

The MPF planar fault scenario (Fig. 6.6a), despite involving a dip-slip component,
produces an overall smaller tsunami than the LSF. The tsunami is also smaller than that
of the GBF, mostly because the fault dimensions are smaller and, accordingly, we
modelled an earthquake of smaller magnitude and slip value. The tsunami propagation
for the MPF planar-fault scenario (Fig. 6.6a) is highly controlled by the seafloor relief
(Fig. 6.1), which guides the tsunami energy distribution. The GB to the northwest
dampens tsunami propagation, while the SVC and the Sagres Plateau, to the southeast,
guide tsunami energy towards CSV (nearby Sagres, point 5, Fig. 6.6a-b), and the
Portimdo and Sines coasts (points 4 and 6, Fig. 6.6a-b). In these localities, the MWH
reaches ~0.3 m and the arrival time ranges between 20 and 40 min (points 5 and 6, Fig.
6.6c). A similar MWH affects the Madeira Island to the southwest 1 hour after tsunami
initiation (point 14, Fig. 6.6c). The Spanish and Moroccan coasts are not significantly

affected by the MPF generated tsunami (points 8-13, MWH < 0.2 m).
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Figure 6.5. Tsunami simulation results for the Lineament South fault (LSF). a) Map showing
maximum wave heights and tsunami travel time (10 min contour intervals) for the LSF
considering a simple (rectangular-planar) fault plane and homogeneous slip distribution
(PL_hom). b) Maximum LSF tsunami wave height (MWH) and arrival travel times (TTT) at
different locations just before reaching the coast. For key to localities 1-14 see Fig. 6.4.
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Figure 6.6. Tsunami simulation results for the Marqués de Pombal fault (MPF). Map
showing maximum wave heights and tsunami travel time (10 min contour intervals) for
the MPF considering a simple (rectangular-planar) fault plane and homogeneous slip
distribution (PL_hom) (a) and considering a 3D geometry and homogeneous slip
distribution (3D_hom) (b); ¢) Maximum MPF tsunami wave height (MWH) and average
of the arrival travel times (TTT avg.) at different locations just before reaching the

coast for both tsunami simulations. For key to localities 1-14 see Fig. 6.4.

The tsunami scenarios for the NCPF and SCPF using planar fault geometries yield
roughly similar patterns (Figs. 6.7a and 6.7d, respectively), but differ in amplitude and,
slightly, in orientation of the tsunami propagation due to different fault position,
orientation, shape and earthquake size (Figs. 6.1, 6.3 and Table 6.1). In the NCPF case,
MWH ranges from 0.2 to 0.3 m from Lisbon to Portimao (points 3-6, Fig. 6.7¢c) and
from Tangier to Madeira (points 10-14, Fig. 6.7¢c). In the SCPF tsunami simulation, the
same localities are affected by higher waves peaking at over 0.6 m in Sagres (point 5,
Fig. 6.7f). Similarly to the MPF scenario, the tsunami propagation for the NCPF and
SCPF scenarios is dampened to the northwest by the GB. The arrival times to the coast
of both tsunami scenarios are similar, since they involve relatively close sub-parallel
structures. The tsunami waves take ~30 min to reach the coast of SW Portugal and ~50

min to reach the Moroccan coast (Figs. 6.7c and 6.7f).

The HF scenario mostly affects the Moroccan and Portuguese coasts (Fig. 6.8a).
Tsunami MWHs exceed 1 m in Rabat, Casablanca, and Sagres (points 5, 11 and 12 Fig.
6.8j). The tsunami arrival times for the Moroccan coast are ~50 min, 20-30 min for the
SW Portuguese coast and 60-70 min for the Spanish coast where the MWH is ~0.50 m
in Cadiz. Similarly to the other cases, the GB dampens tsunami propagation to the

north.

Overall, for all the scenarios with planar fault and homogeneous slip the most

affected localities are Sagres and Casablanca (points 5 and 12, Figs. 6.4-6.8).

153



Chapter 6: Seismogenic and tsunamigenic potential of the active faults of the SW Iberian margin

\ SC:PL_hom
A

f) 35
35 PL_hom (m) 140 5 PL_om (m) + i
. 3D_hom (m) = 12006 3 3D _hom (m) = .
T 25 100 € E25 100E
T 2 s i _ g0 £ 1 2 s s E
g 15 : g0 @ 215 . gt 60 2
. [ ] [ ] { 2 .
1 e a0 ¢ 1 ;.&/:\ .oe 40 E
05 20 F 05 m= . —__m—m__ 9
. —— - 0 \h\r-,,__(-‘—-"f— sl 0
3 4 5 6 7 8 9 10 11 12 13 14 3 4 5 6 7 8 9 10 11 12 13 14
Localities Localities

Figure 6.7. Tsunami simulation results for the North Coral Patch fault (NCPF) and the South
Coral Patch fault (SCPF). Map showing maximum wave heights and tsunami travel time (10
min contour intervals) for the NCPF considering a simple (rectangular-planar) fault plane and
homogeneous slip distribution (PL_hom) (a) and considering a 3D geometry and homogeneous
slip (3D _hom) (b); c¢) Maximum NCPF tsunami wave height (MWH) and the average of the
arrival travel times (TTT avg.) at different locations just before reaching the coast for both
tsunami simulations. Map showing maximum wave heights and tsunami travel time (10 min
contour intervals) for the SCPF considering a simple (rectangular-planar) fault plane and
homogeneous slip (PL_hom) (d) and considering a 3D geometry and homogeneous slip
(3D _hom) (e); ) Maximum SCPF tsunami wave height (MWH) and the average of the arrival
travel times (TTT avg.) at different locations just before reaching the coast for both tsunami
simulations. For key to localities 1-14 see Fig. 6.4.
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6.3. Tsunami simulations with 3D and homogeneous slip

To explore the influence of rupture geometry in crustal faults, the tsunami
simulations carried out with the simplified planar fault models (described in the
previous section) are compared with a new set of simulations. These new simulations
are carried out for the MPF, NCPF, SCPF and HF with the corresponding complex 3D
geometry using homogeneous slip distributions (Figs. 6.6b, 6.6¢, 6.7b, 6.7¢, 6.7¢, 6.71,
6.8b and 6.8j). For all these scenarios, the most affected localities are again Sagres and
Casablanca (points 5 and 12). Comparing the results of the tsunami simulations for each
rupture pair (i.e., simple fault plane vs. complex fault plane), it is observed that the
overall MWH pattern is quite similar for all scenarios. However, the MWH absolute
value generally increases by about 20% on average when a 3D geometry is used in the
simulation (Fig. 6.9a). We also observe MWH peak values up to ~80% higher than the
value for the corresponding planar faults. In particular, the highest increments occur for
the HF (from 0.5 to 1.5 m, Fig. 6.8j) and for the SCPF (from 0.7 to 1.1 m, Fig. 6.7f),
whereas the MWH increments for the MPF and NCPF tsunami scenarios are generally
smaller but steadier at all studied localities (Figs. 6.6c, 6.7c). A 3D geometry may
focus/defocus the tsunami energy due to fault curvature and introduce shorter
wavelengths in the displacement distribution of the tsunami initial condition. As a
consequence, a locally larger tsunami in the nearer-field coasts can be observed. The
effect is more pronounced for larger, more complex faults, close to the affected coast
(e.g. Geist, 2009, and references therein). This effect was also observed in the lonian
Sea from simulations of tsunamigenic earthquakes generated by the Calabrian Arc
subduction zone; the convex shape of the rupture causes the tsunami waves to take
different paths with respect to the planar rupture, in some cases locally enhancing the

resulting impact (Tonini et al., 2020).

6.4. Tsunami simulations with planar and 3D faults and heterogenous
slip

To explore the influence of spatial earthquake rupture heterogeneities in the
resulting tsunami characteristics, we applied heterogeneous slip distributions to the

planar and complex 3D models for the HF (Figs. 6.8c-6.8j).
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Figure 6.8. Tsunami simulation results for the Horseshoe fault (HF). a) Map showing maximum
wave heights and tsunami travel time (10 min contour intervals) for the HF considering a
simple (vectangular-planar) fault plane and homogeneous slip distribution (PL_hom). b) Same
as panel a) but considering a 3D fault plane and homogeneous slip distribution (3D_hom). c)
Same as panel a) but considering a simple rectangular-planar fault plane and gaussian
heterogeneous slip distribution (PL_Gaus). d) Same as panel a) but considering a 3D fault
plane and gaussian heterogeneous slip (3D _Gaus). e-i) same as panel a) but considering a 3D
fault plane and five different stochastic heterogeneous slip distributions (3D _hetl-2-3-4-5). j)
Maximum tsunami wave heights (MWH) for all HF scenarios at different locations just before
reaching the coast and the average of the arrival travel times (TTT avg.) for each location. For

key to localities 1-14 see Fig. 6.4. Enlarged tsunami simulations in Annex 5.

To perform this comparison, we tessellated with a triangular mesh the planar fault
using a similar number of elements and average element size as for the complex 3D
fault mesh. The slip model in the case of the planar fault is a Gaussian modulation of
the uniform slip (Fig. 6.8c), whereas for the 3D fault we used one Gaussian slip model
(Fig. 6.8d) and five different realizations of a more realistic stochastic distribution (Figs.
6.8e-1; see Chapter 3, section 3.4). These progressively more complex fault geometry
and slip distribution combinations are aimed at representing a progressively increasing

degree of similarity to possibly more realistic earthquake scenarios.

The overall pattern of tsunami energy distribution resulting from the scenarios with
higher level of complexity remains generally similar to those using the planar fault and
homogenous slip (Fig. 6.8). However, in the case of the planar fault, the Gaussian slip
distribution determines generally higher MWHs at most locations with respect to the
homogeneous slip distribution (Fig. 6.9b). The MWH increment is often higher than the
increment obtained with the 3D fault and homogeneous slip (Fig. 6.9b).

For example, off the coast of Casablanca (point 12, Fig. 6.8j), located along the
main direction of propagation, there is an increase in MWH from 1.2 m to 1.6 m when
using a Gaussian slip on the planar fault, whereas the MWH due to the 3D geometry
with homogeneous slip is 1.4 m and with Gaussian slip is 1.7 m. Looking at Sagres
(point 5, Fig. 6.8j), located almost orthogonally to the main direction of propagation, the
3D geometry with homogeneous slip yields the second largest MWH value (1.6 m).
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Figure 6.9. a) Ratio between maximum tsunami wave heights obtained for the 3D fault and
homogeneous slip distribution tsunami scenarios (3D: 3D geometry with homogeneous slip) vs.
the correlative simple realization (PL; planar fault, homogeneous slip) at the various localities.
b) Ratio between the tsunami maximum wave heights obtained for the complex scenarios (C;

combination of either planar or 3D geometry with homogeneous, Gaussian, and heterogeneous
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slip) vs. the correlative simple realization (PL, planar fault, homogeneous slip) at the various

localities.

However, the 3D geometry with Gaussian slip yields the smallest (0.8 m) MWH.
The reduction in MWH at Sagres can be counter-intuitive, but it is likely due to the fault
orientation, perpendicular to the coast, and slip being concentrated towards the centre of
the fault, which makes it more distant from the coast. Irrespective of the specific reason,
the overall sensitivity of the phenomenon to the source details induces differences that
have in turn a direct implication on tsunami hazard in areas such as the SW Iberian
margin, where the fault is very close to the coast and the tsunami has a short travel-time

to the impact area (less than 30 min).

When using different realizations of stochastic composite slip (Figs. 6.8e-6.81),
which are more heterogeneous and richer in spatial high-frequency slip than the
Gaussian-shaped distributions (Figs. 6.8c-6.8d), the differences are generally more
pronounced. For example, heterogeneous slip model h’ (Fig. 6.8h), which slip
concentrates towards the northeastern edge of the fault, determines an important MWH
increase in Sagres (point 5, Figs. 6.8h-j), while heterogeneous slip model i” (Fig. 6.81),
which slip concentrates towards the southwestern edge of the fault, determines a
significant MWH increase in Casablanca (point 12, Figs. 6.8i-j). There is also one
scenario, heterogeneous slip model 1 (Fig. 6.8e), where the two closely adjacent
asperities in the middle of the fault determine enhanced MWH peaks both in Portugal
and in Morocco (Fig. 6.8j). These observations suggest a strong MWH dependence on
the slip concentration, which in turn depends on the fault geometry. The well-known
sensitivity of, at least, local tsunamis to the slip distribution effect, is further enhanced

when both the 3D fault and the heterogeneous slip are used.
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Discussion

7.1. The tectono-sedimentary evolution of the Cape Sao Vicente area

7.1.1. Sedimentary processes along the Sao Vicente Canyon

The highly variable TOBI backscatter evidences Present activity of the canyon. If
the identified sedimentary morphologies were relict structures, a thin layer of
hemipelagic sediment would homogenize the backscatter while preserving the
morphology. Therefore, the TOBI mosaics show that the SVC is a significantly active
pathway for sediment transport. Combining the TOBI mosaic and the morphological
characteristics of the SVC, reveals a predominance of submarine mass-wasting and
erosive processes can be envisaged (Chapter 4, Figs. 4.3, 4.5, 4.6 and 4.7). These
processes are widespread along the canyon-flanks characterized by homogenous light-
grey colours, characteristic of high-backscatter (corresponding to remobilized
sediments), to dark-grey acoustic facies, characteristic of low-backscatter

(corresponding to hemipelagic sediments).

Retrogressive erosion is prevalent on the upper-section of the canyon, with steep
slopes favouring the incision of gullies along the canyon walls. These gullies often are
topped by circular head-scarps, characteristic of retrogressive erosion occurs. Landslide
scars are often coalescent and form a sinuous array of unstable features following the
main canyon path. Erosion is practically non-existent in the lower section of the SVC
(Chapter 4, Figs. 4.3 and 4.7). Of relevance is the NW flank of the SVC, characterized
by a large number of submarine landslide deposits and two generations of landslide
scars (Chapter 4, Figs. 4.5 and 4.6). The topographically lower landslide scars postdates
the upper landslide scars, in contrast with the overall retrogressive and erosional setting
of the SVC. The lower set of landslide scars (i.e., the second generation) suggest recent
re-arrangement of the NW flank. Such re-arrangement, may result from changes in the
base level of the SVC, which tries to come closer to a new equilibrium. In support of
this hypothesis, most of the associated deposits with the upper landslide-scars, cannot
be recognized as they have been likely eroded. In contrast, the deposits associated with

the lower landslide scars can be identified and have not yet been remobilized. The NW
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flank is located at the hanging-wall of the MPF (Chapter 4, Fig. 4.9a), that acts as a
barrier and hinders the progression of the axial canyon incision. Mass-wasting processes
seem to be particularly active in the NW flank of the canyon, although the length of the

flank is shorter and slope gradients are gentler than those in the SE flank.

The SVC (Chapter 4, Fig. 4.1), where the so-called Sdo Vicente earthquake cluster
nucleates (Geissler et al., 2010; Grevemeyer et al., 2017; Stich et al., 2005) is one of the
most seismically active areas of the SW Iberian margin. Several authors suggested that
the MPF is the tectonic source of the SVC cluster, which nucleates along the canyon at
20 to 40 km depth (Geissler et al., 2010; Grevemeyer et al., 2017; Martinez-Loriente et
al., 2018; Silva et al., 2017). In consequence, seismicity is of great relevance to the
occurrence of submarine mass-movements in the SVC. The slope of the canyon-axis
significantly decreases in the lower section of the canyon, where submarine mass-
movements and turbidity currents also reduce velocity and erosional capacity (Chapter
4, Figs. 4.3 and 4.4). In this section, erosive structures are almost non-existent and the
canyon shows a broad U-shaped profile, also suggesting that there is a change in the
dynamics of the canyon and a reduction in erosive capacity. The high-backscatter values
in the TOBI mosaic along the canyon thalweg indicate the sediment accumulation of
gravel and sand (i.e., coarse-grained deposits) (Blondel & Murton, 1997), which
provide evidence of the high-energy sediment transport activity along the canyon floor
(Chapter 4, Figs. 4.5, 4.6 and 4.7). The accumulation of gravel and sand is, however,
scarce and discontinuous, and can probably attest to the presence of lag-deposits from
sediment gravity-flows, periodically funnelled along the canyon. The medium-high
backscatter values of the three main tributary canyons may suggest turbidity current
activity. If the tributary canyons were inactive, they would be covered by a thin layer of
hemipelagic sediments, and their backscatter would be rather low. Finally, we also
recognize erosive bedforms (i.e., grooves and scours) along the central section of the
canyon thalweg. Scours form semi-circular steps (stepped scours or cyclic steps that can
be erosive, depositional or mixed) perpendicular to the canyon axis (Chapter 4, Fig.
4.4d) and partially filled by coarse-grained sediment, as inferred from the high-
backscatter areas in the TOBI sidescan-sonar mosaic (Chapter 4, Fig. 4.6). Stepped
scours (i.e., upstream-migrating bedforms), have been interpreted to result from

supercritical turbidity currents (Covault et al., 2017) (Chapter 4, Fig. 4.6).
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Migration and growth of these cyclic-steps takes place when the high density basal
layer of the hyperpycnal flow, interacts with the seabed triggering a hydraulic-jump
downstream at the base of the step (Clarke et al., 2016). Masson et al., (2004) suggested
that this type of scour formation requires a minimum current speed between 1.0 and 2.5

m/s.

7.1.2. Sediment sources of the Sao Vicente Canyon

One of the main characteristics of the SVC is that there is not a significant fluvial
system onshore that feeds sediments to the canyon-head (Chapter 4, Fig. 4.1). The main
rivers close to the SVC are the Sado River (located 140 km to the north) and the
Guadiana River (located 170 km to the east). Both rivers have an adjacent submarine
canyon-system that trap and distribute their sediments. Therefore, the direct
contribution of sediments from the continent to the SVC is relatively low. Thus, the
question is, being the canyon disconnected from the onshore fluvial sources, which are

the mechanisms that provide sediments to maintain it active and growing?

Isochore maps show that sediments are mainly accumulated in the central and lower
sections of the SVC, since the Middle Miocene (Fig. 7.1c), apparently related to the
uplift of the HF hanging-wall block, and the generation of depositional space in the
subsiding footwall-block. It seems plausible to consider that the main sediment sources
along the SVC, are the materials provided by the erosion of the canyon-flanks through
gullies, tributary-canyons and submarine mass-movements that generate submarine
landslide deposits, which are abundant in the upper and central sections of the canyon.
Arzola et al., (2008) proposed a similar process of flank dismantling in other canyon
systems along the Portuguese coast, such as the Nazaré and Setibal canyons. The total

volume eroded from the SVC is estimated at 1219 km® (Fig. 7.2).

Nevertheless, there are also secondary sediment-sources feeding both, the main
SVC and three tributary canyons. The submarine canyons developed along the
Portuguese coast incising the continental shelf (e.g., the SVC at the shelf-break), and
work as traps for sediments that are transported by bottom-currents along the shelf and
upper slope. This is particularly significant in the oceanographic framework of the Gulf
of Cadiz, with a complex environment dominated by the MOW (Chapter 2, Fig. 2.25;
Chapter 4, Fig. 4.1). Along the pathway from the Straits of Gibraltar towards the West
Iberian Margin, the MOW decreases in velocity, temperature and salinity (Hernandez-

Molina et al., 2015). This favours the formation of sedimentary deposits (i.e.,
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contourites) located at the head and flanks of the canyons, such as the SVC (Hernandez-

Molina et al., 2015; Mencaroni et al., 2021) (Chapter 4, Figs. 4.1 and 4.9a).
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Figure. 7.1. Isochore maps that illustrate the variation in thickness of the different stratigraphic
units through time: a) Upper Cretaceous — Early Eocene (Unit II); b) Upper Oligocene —
Middle Miocene (Unit 1d); c) Middle Miocene — Pliocene (Unit Ib); and d) Plio-Quaternary
(Unit la). HF: Horseshoe Fault; MOW: Mediterranean Outflow Water; MPF: Marqués de
Pombal Fault; SVC: Sdao Vicente Canyon; SVF: Sdo Vicente Fault; TWTT: Two-way travel

time, in seconds.

The contourites located in the upper section of the SVC, are deposited in water-
depths up to 1400 m at Present. At this depth, the sediment transported by the MOW is
sand-rich (Hernandez-Molina et al., 2015). The TOBI sidescan-sonar images show
coarse-grained sedimentary deposits in the upper and central sections of the SVC, that
may have been partially deposited by the MOW. Thus, the SVC likely acts as a
sediment trap. The coarse-grained and dense sediment of the MOW is trapped at the

head of the canyon, which, eventually, could evolve into a hyperpycnal-flow that would
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travel down the canyon and form the cyclic-steps in the canyon bed. Also, the relatively
high-seismicity of the area (Chapter 2, Section 2.4) likely triggers periodic failure of
sediments accumulated at the edge or at the flanks of the canyon, which are

subsequently transported along the SVC to the HAP, as previously described.

C. Amount of the eroded material
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Figure. 7.2. Volume calculation of the eroded material (C) at the SVC. The volume is calculated
from the difference in elevation between a reconstructed spline-smoothed grid in the area of the

canyon where the topography has been removed, simulating the original slope (i.e., without the

SVC; (A)), and a grid with the actual slope of the SVC (B) (i.e., C=A-B) is calculated.

7.1.3. The formation of the Sao Vicente Canyon, timing and evolution of the active

faults of the Cape Sdo Vicente area

The SVC is located in a syncline between two reverse fault-controlled anticlines
related to the SVF, HF and MPF thrust-faults, suggesting a strong structural control on
its development (Chapter 4, Figs. 4.1, 4.9 and 4.11; this Chapter, Figs. 7.2 and 7.3).
Their trend (NE-SW) is compatible with the present-day African-Eurasian plate
convergence (NW-SE) (Martinez-Loriente et al., 2013, 2018). Our multi-disciplinary
dataset give us insights about the timing of formation and evolution of these reverse
faults and neighbouring areas. The Upper Cretaceous to Early Eocene period (Unit II)
was a tectonic quiescence phase in the SVC area and the low sedimentation rate along
the area neighboring the canyon was rather uniform, with the exception of the current
mouth of the canyon (Chapter 4, Figs. 4.9, 4.11; this Chapter, Figs. 7.1a and 7.3a). The
isochore map (Fig 7.1a) reveal a small depocenter that can be related to the uplift of the

HF or the filling of an older rifting structure.

165



Chapter 7: Discussion

In the lower section of the SVC, the sedimentary record of Unit Id (Upper
Oligocene to Middle Miocene) is eroded in the Tortonian due to the emplacement of the
allochthonous HGU (Unit Ic,). Therefore, the related isochore map (Fig. 7.1b) does not
provide relevant information about the tectonic-activity and sedimentation in this sector
of the study area. However, the AR10 seismic profile (Chapter 4, Fig. 4.11) shows that
the HGU is not present in the hanging-wall of the HF at the intersection between the
central and lower sections of the SVC. This evidence suggests that the lowermost
section of the canyon is controlled by the HF and that activity of the fault started before
emplacement of the HGU. Thus, this is the oldest section of the SVC of Middle or Late
Miocene age (Fig. 7.3b). The isochore map of Unit Id shows a relatively small
depocenter at the footwall of the current MPF, and in the southern segment of the SVF
(i.e., upper section of the SVC) (Figs. 7.1a and b). According to the seismic reflection
data, these depocenters would correspond to the filling of pre-existing rifting structures

(Chapter 4, Figs. 4.9a and b).

The MCS profiles show that within Unit Ib (Middle Miocene to Pliocene) there are
various unconformities, onlapping reflectors, and thin chaotic units in the central and
lower sections of the SVC (Chapter 4, Figs. 4.9 and 4.11). In addition, the isochore map
(Fig. 7.1c) reveals a clear depocenter located in the same area. These evidences suggest
a contemporaneous sedimentation and progressive folding and uplift of the HF and
MPF, which generate accommodation space in the central segment of the canyon,
during the Pliocene age (Fig. 7.3c). Unit Ib is locally eroded in the upper section (Fig.
7.1c), but there is no clear evidence that the unit has been eroded by the SVC (Chapter
4, Fig. 4.9a).

The isochore map also shows a depocenter in the footwall of the northern segment
of the MPF (Fig. 7.1¢). The growth-strata configuration identified in the seismic data
(Chapter 4, Fig. 4.11; Chapter 5, Fig. 5.7) suggests synchronous sedimentation with the
uplift of the fault. This tectonic activity may have generated accommodation space in
the footwall-block that would have been filled by sediments coming from the
surrounding morphostructural highs (e.g., Marqués de Pombal Block and Gorringe
Bank). In the MPF AUV image (Chapter 5, Fig.5.6), is evidence that this process is still
active nowadays since it is possible to recognize the dismantling of the MPB by mass-

wasting processes, which generate MTD in the footwall block of the MPF.
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The Quaternary deposits are slightly folded, both in the hanging-wall block of the
MPF and in the upper and lower sections of the canyon (Chapter 4, Figs. 4.9a, 4.9c and
4.11). This evidence suggests that the Pliocene folding is currently active. This is not
the case for the central section of the canyon, where seismic data shows an unfolded
Plio-Quaternary Unit (Unit [a) and no other major tectonic structure could be identified
(i.e., the lateral prolongation of the SVF or the HF) (Chapter 4, Fig. 4.9b). The isochore
map shows Unit Ia fully eroded along the canyon axis in the upper and central sections,
and a highly diminished thickness in the lower section (Fig. 7.1d). The fairly rectilinear
profile along the canyon axis (Chapter 4, Fig. 4.4d) suggests that it has not yet reached
its long-term equilibrium profile (e.g. Amblas et al., 2011).

Evidence for significant erosion has been observed in the upper and central sections
of the canyon (Fig. 7.1) that most likely indicate that the canyon is trying to reach
equilibrium. This observation provides further evidence about the relatively young age
of the SVC. The isochore map shows three main depocentres, one of them associated
with the footwall-block of the MPF (Fig. 7.1d). This observation indicates that during
this period, the maximum activity or development of the MPF took place. Therefore, the
incision of the SVC may have started during the Pliocene being maximum at the same
time that the maximum development of the MPF (Fig. 7.3d). In consequence, this may

suggest that the MPF plays an important role in the depositional dynamics of the SVC.
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Figure 7.3. Formation and evolution model of the Sao Vicente area from the Upper Cretaceous
to the Plio-Quaternary, including the Sdao Vicente Fault (SVF), the Horseshoe Fault (HF) and
Marques de Pombal Fault (MPF). D: Depocentre; M.M.-P.: Middle Miocene-Pliocene; P-Q:
Plio-Quaternary; U.C.-E.E.: Upper Cretaceous-Early Eocene; U.O.-M.M.: Upper Oligocene-
Middle Miocene; SVC: Sdo Vicente Canyon.
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All these observations indicate that the canyon, likely developed in the late
Quaternary from the central section, where erosion is largest and retrograded via mass-
movements on their flanks to the upper section and outer continental shelf (Figs. 7.3¢
and d). The incision along the SVC axis makes the flanks unstable, which enhances
retrogression and canyon widening (Baztan et al., 2005). Mass-movements triggered by
turbidity currents may have favoured the incision of the canyon and their progression

towards the HAP.

The isochore map of Unit Ia, also shows two depocentres located on both sides of
the SVC, in the MPB and the Sagres Plateau (Fig. 7.1d). These depocentres result from
sediment contribution by geostrophic currents, which favour sediment accumulation at
the head and flanks of the SVC (Hernandez-Molina et al., 2003). In summary, the
growth of the three main fault systems (MPF, HF and SVF) conditioned the entire
existence of the canyon, from its orientation to the incision and width. The initial uplift
of the HF generated a depocenter, which became an embryonic canyon with the
subsequent evolution of the SVF and the MPF (Fig. 7.3). These structures are currently
active, and their uplift constrains the incision and activity of the canyon (permanently in

disequilibrium).

7.1.4 Local and global relevance of the SVC

Comparing the morphometric parameters (i.e., length, head-depth, mouth-depth,
width, S index and incision) of the SVC with the average in the global inventory of
large submarine canyons (Harris & Whiteway, 2011), it turns out that the SVC
parameters are significantly larger (at least in terms of length and depth range) (Fig. 7.4,
Tables 7.1 and 7.2). A similar relationship can be found when we compare with the
average of the parameters in submarine canyons of Western Europe (Fig 7.4, Table 7.1
and Table 7.2). According to the submarine canyon classification by Harris &

Whiteway, (2011), three different submarine canyons typologies are distinguished:

e Type 1, shelf-incision with connection to a major river-system,;
e Type 2, shelf-incision without a connection to a major river-system; and

e Type 3, blind-canyons.

The SVC belongs to the Type 2 by definition, even though the morphometric
parameters are closer to Type 1 (Fig. 7.4). Table 7.2 shows the comparison between the

morphometric parameters of different canyon-systems of the West Iberian margin (i.e.,
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Cascais, Setubal-Lisbon canyons), as well as the canyons systems of the Southwest
Iberian margin (i.e., S3o Vicente, Sagrés, Lagos, Portimdo and Faro canyons). The Sao
Vicente, Setubal-Lisbon and Portimao canyons, the three are controlled by faults and
are the longest in a straight line from head to mouth. Together with the Cascais Canyon,
they have the greatest depth-range. In addition, their depth at the canyon head is
shallower and they all incise the continental-shelf. In contrast, the Sagrés and Faro
canyons are shorter, less-incised and their head is located in the upper slope. Among the
compared canyons, the only canyon with a clear river-connection is the Setubal-Lisbon

Canyon, which belongs to type 1 and it is the widest canyon.

However, the Sao Vicente and Portimdo canyons also show morphometric
parameters, such as length, incision, head and mouth-depth, typical of submarine
canyons fed by a large river, despite they have no clear connection to a fluvial system.
Finally, when we observe the trace of the MOW (Chapter 2, Fig. 2.25; Chapter 4, Fig.
4.1), it is evident that the heads of the submarine canyons in south and west Iberia,
coincides with the trace of the MOW, which may interact with other submarine canyons
as it does with the SVC. The SVC has an important sedimentary contribution from the
MOW current; therefore it can be classified as a new type of canyon, which is strongly
influenced by bottom-currents and also by active tectonic-structures (faults). Despite
some authors classify the Gulf of Cadiz and SW Iberia as a passive margin (Harris &
Whiteway, 2011), it has been demonstrated that this area is an active margin that hosts
the Present-day Eurasia-Africa plate boundary (Bartolome et al., 2012; Gracia et al.,
2003a; Gracia et al., 2010; Martinez-Loriente et al., 2013, 2014, 2018; Sallar¢s et al.,
2013; Terrinha et al., 2003; Zitellini et al., 2004, 2009).

Some of the world's largest submarine canyons do not have a river connection, and
are associated to active margins with subduction zones. On this context, the base-level
of these canyons is constantly changing. Therefore, the submarine canyons are not in
equilibrium and are constantly incising and growing due to retrogressive erosion. Some
examples are the submarine canyons located on the Pacific plate subduction margin,
such as the Bering canyon, 400 km-long (Harris & Whiteway, 2011); the Navarin
canyon, 250 km-long (Carlson & Karl, 1988); the Zhemchug canyon, 196 km-long
(Carlson & Karl, 1988); the Pribilof canyon, 145 km-long (Normark & Carlson, 2003);
and the Monterey canyon, 111 km-long (Carlson & Karl, 1988). Other examples, are

the submarine canyons that are associated to the subduction-system of the Caribbean
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plate, such as the Great Bahama canyon, 175 km-long (Andrews et al., 1970). Thus, the
SVC is a clear example of how a large submarine canyon may develop within an active

and long-recurrence seismogenic margin.
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Figure 7.4. Plot of the mean statistics of the submarine canyons arranged in order of
decreasing 959 percentages. Classification of canyons according to Harris et al. (2011): Type
1: Connected to a 960 major river system; Type 2: without connection to a major river system;,
Type 3: blind canyon. 961 Parameter averages of the submarine canyons in W-Europe and

global average of canyon types 962 from Harris et al. (2011). Statistics in table 7.1.
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Length (km) Sinuosity (°) Average Slope (°) Depth Range (km)

N. SD Mean +CI SD Mean £+ CI SD Mean £+ CI SD Mean £+ CI
Type 1 153 | 509 | 80.9+8.1 | 0.199 | 1.187 £0.032 | 1.7 | 3.8 £0.3 | 1.080 | 2.767+0.171
Type 2 1671 | 424 | 504+2 | 0.162 | 1.121+0.008 | 4.2 | 52+0.2 | 0.920 | 2.265+0.044
Type3 | 4025 | 31.2 | 39.1+1 | 0.154 | 1.111£0.005 | 3.8 | 52+0.1 | 0.754 | 1.849+0.023
Global | 5849 | 41,5 | 56.8+1 | 0.172 | 1.139+0.004 | 32 | 47+0.1 | 0918 | 2.293+0.023
W- 139 | 375 | 49.6+6 | 0.118 | 1.120£0.020 | 2.7 | 45+£0.5 | 1.101 | 2.326+0.183

Europe

Table 7.1. Submarine canyons statistics for geomorphic parameters: Length, Sinuosity, Average Slope and Depth Range.
Confidence Interval (CI 95%) calculation based on Standard Deviation (SD) from Harris and Whiteway, (2011).

N= number of canyons.

Canyon Straight | Depth at | - Mouth Width | Sinuosity . M.a?(. River Information Canyon
name length the head depth (km) Index Tectonic control Incision connection Source tvoe O
(km) (mbsl) | (mbsl) (m) yp
. Lastras et al., 2009
Cascais 61.5 175 4600 4.2-28 1.44 Unknown 1800 No Type 2
, Lower Tagus fault
Setitbal- 145.8 150 4800 7.8-40 1.2 zone and Grandola 2200 Tagusand |y s etal, 2009 | Type
Lisbon Sado rivers
fault
Vi‘i ‘;Z " 157 200 4900 1.5-3.5 112 MPF, SVF, HF 2000 No This study Type 2
Sagres 41.7 1300 4200 1.26-2.89 1.06 Unknown 300 No This study Type 3
(Marches et al.,
Lagos 56 760 3600 2.46-12.4 1.16 Unknown 1500 No 2007) & this study Type 3
(Marches et al.,
Portimio 134.7 100 4000 2.3-5.7 1.125 Portiméo Fault 1600 Unknown 2007) & this study Type 2
Faro 48 1300 2700 4.9-11.8 1.16 Unknown 700 No This study Type 3

Table 7.2. Morphometric parameters of the canyons in the west and southwest Iberian margins.

172



Chapter 7: Discussion

7.2. The Lineament South Fault: How active it is?

Until now, evidence for recent activity of the LSF had only been found close to the
HAP, where several authors (Bartolome et al., 2012; Terrinha et al., 2009; Zitellini et
al., 2009) analysed MCS profiles. Fault activity has been corroborated by the location of
few seismic epicentres close to the fault trace (Silva et al., 2017). The total length of the
LSF and the maximum extension that may break in a single seismic-event, have been
assumed for years on the basis of its topographic expression. However, the fault-trace is
not easy to follow and it is not clear at all, in the central part of the GCIW, where the
roughness of the seafloor prevents to accurately determine the continuation of the fault-
system. In this study, both extremes of the fault have been analysed, the LSW close to
the HAP and the LSE close to the Moroccan continental shelf. On both segments, there
is clear evidence of present-day activity, which has been revealed throughout the
topographic expression of the fault: presence of pressure-ridges, pull-apart basins and a
series or crest and troughs, as well as the seismic profiles where the fault system affects
the entire sedimentary sequence, and clearly reaches the seafloor surface (Chapter 5,

Figs. 5.2,5.4,5.6,5.7 and 5.8).

The AUV bathymetry and the MCS profiles demonstrate that both ends of the fault,
which acts throughout its length as a boundary between two-types of oceanic crust
(Martinez-Loriente et al., 2014), are active at present-day. In this thesis, we have
considered that the entire extent from the active Lineament South West (LSW) segment
to the active Lineament South East (LSE) segment constitutes the maximum fault-
length that can break, which in total it means a total length of 377 km. The LSF is a
deep fault (i.e., reaching down to about 50 km) and, therefore, mechanically it may
break along the entire length of the fault. Thus eventually, it may cause one of the most
powerful earthquakes in the SW Iberian margin, reaching up to Mw 8.05 (calculated
with Leonard, 2014).

The LSW AUV image shows seafloor sedimentary structures, such as submarine
dunes and furrows. These sedimentary structures occur directly over the fault and
therefore, their understanding may provide additional clues on the fault activity. These
sedimentary structures show a perpendicular geometric relationship in between them
(Chapter 5, Figs. 5.2 and 5.3). The asymmetry of the dunes is a reliable indicator of
their direction of motion and, indirectly, as an indicator of the direction of the flow that

generated them (Perillo, 2001). The submarine dunes are generated perpendicular to the
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flow-direction, from the trough of the dunes to the slip-face (Dalrymple & Rhodes,
1995). On the basis of this postulation, it can be inferred that the submarine flows that
generate and move the submarine dunes in the LSW segment comes from the NNW and
travels towards the SSE. The furrows are one of a series of longitudinal bed-forms,
which are aligned with the net direction of the water flows and are typically attributed to
the development of secondary helicodal circulation-cells, that occur above the
sediment/water interface (Allen, 1971; Viekman et al., 1989). The massive number of
furrows and their orientation suggests that the furrows have been produced by NNW-

SSE currents of strong deep-water flows (Cuevas, 2013).

Since the submarine dunes are perpendicular to the flow and the furrows are
parallel, it seems logical that both bed-forms were produced by the same submarine
current. Taking into account that the LSW segment is located in water-depths greater
than 4000 m (Chapter 5, Fig.5.2), the bottom current that flow to these great depths in
the Gulf of Cadiz is the NADW (North Atlantic Deep Water) (Baringer & Price, 1999;
Hernandez-Molina et al., 2015; Llave et al., 2006; Ochoa & Bray, 1991; Thorpe, 1975;
Zenk, 1975). The NADW is a cold (3-8 °C) and less saline (34.95-35.2 %o) water-mass
that flows from the Greenland-Norwegian Sea region to the Atlantic-Mediterranean at
water-depths greater than 1500 m (Herndndez-Molina et al., 2015; Llave et al., 2006).
The NADW current acquired its present configuration at the end of the glacial-age,
therefore, the current pathway of the NADW is about 10,000-11,000 years old (Elliot et
al., 2002). As seen on the AUV image of the LSW there is a furrow structure, which is
sectioned and dislocated 60 m to the right by the LSF trace (Chapter 5, Fig. 5.2 and
5.3). As it is proposed that the furrows were formed by the NADW, which is about
10,000 years old it has been inferred that the LSW segment has moved in a transcurrent-
way, at least 60 m, during the Holocene period. Probably, along the LSF trace, there are
more displaced furrows and dunes. However, due to the large number of bed-forms,
their similar morphology and the irregularities of the seafloor around the fault, it is not
possible to determine the correspondence between the other bed-forms on both sides of
the fault trace. Despite the NADW seems to be the most plausible origin of the bed-
forms, some authors (e.g. Beal et al., 2006; Mencaroni et al., 2021; Talley et al., 2011)
propose that in this area the velocity of the NADW is close to zero. In this case, the
NADW would not have enough energy to generate these bed-forms, and the only

possible submarine currents that can generate it would be the turbidity currents (Tinterri
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et al., 2020) from the submarine canyons of the SW Iberian margin. If the origin of the
bed-forms is from the turbidity currents of the submarine canyons, with the data of this

PhD Thesis is not possible to infer the date of the furrow dislocation.

In the LSE AUV image we reveal a ridge-structure that is sectioned and dislocated
150 m to the right, in comparison with the displaced furrows, however, the age of this
ridge cannot be constrained with the available data (Chapter 5, Figs. 5.4 and 5.5).
Despite the lack of time constraints for the displacements, the different right-lateral and
vertical slip displacement on both ends of the LSF (Chapter 5, Fig. 5.8), might imply

different slip/seismogenic behaviour along the fault-system.

Although, the main component of the LSF movement is right-lateral (evidence by
the dislocated structures and the rake), a vertical component is evidence in the seismic

profiles (Chapter 5, Fig. 5.8).

7.3. Relevance of complex models to obtain realistic tsunami

We analysed the tsunami MWH at 14 locations along the coasts of SW Iberia and
NW Morocco produced by earthquake scenarios with different levels of complexity,
from planar fault geometries with homogeneous slip distribution to the complex 3D
fault geometries with highly heterogeneous slip distributions. The higher level of
complexity tends to represent a more realistic earthquake scenario. Although the fault
geometry characterization can be improved by acquiring more data, the slip distribution
remains a random variable. The different cases analysed have shown that a higher level
of complexity most often leads to higher MWH at coastal locations and only
occasionally to lower MWH (Chapter 6, Figs. 6.6-6.9). Whether the MWH absolute
values increase or decrease depends on the relative position of the coastal location with
respect to the fault position and orientation, and ultimately on the position of the slip
heterogeneity on the fault. The combination with local bathymetric features enhances
the effect in several cases. In relative terms, these variations can be as high as three
times as much as the simplest scenarios (planar fault and homogeneous slip) (Chapter 6,
Fig. 6.9). This difference in wave-height between the two models has direct
implications on the resulting run-up and the consequent inland flooding. Therefore,
complex tsunami source models for crustal faults must be considered in future tsunami

hazard assessment.
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7.4. Bathymetric effects

In all simulated scenarios, spatial variations in the propagation of the tsunami (i.e.,
channelling of the tsunami energy) are observed. This effect is much more noticeable in
the LSF scenario, which significantly affects the SW Iberian coast (Fig. 7.5). In this
case, neighbouring locations have a very different tsunami impact. For instance, 42 km
separate Sagres from Portimao, but there is a difference in wave-height of 250% (i.e.,
from 3.5 m to 1 m, respectively) (points 5 and 6 in Chapter 6, Fig. 6.5b; this Chapter
Fig. 7.5).

Comparing the areas where the LSF tsunami energy focusses with the bathymetry
of the area, a clear relationship can be established with the presence of submarine
canyons and topographic reliefs. When tsunami waves travel through submarine
canyons, such as the SVC, LC and PC, they do not lose as much velocity or increase as
much wave height as when they pass above the high reliefs surrounding the canyon
(Fig. 7.5). Consequently, the wave height and tsunami energy off locations facing the
canyons is lower than in the absence of canyons, as observed in previous works
(Aranguiz & Shibayama, 2013; Iglesias et al., 2014). In contrast, outside submarine
canyons such as the SVC with topographic reliefs of 1500 m (MPB and Sagres Plateau;
Chapter 6, Fig. 6.1; this Chapter Fig. 7.5), there is a velocity decrease and wave-height
amplification by the shoaling effect (Iglesias et al., 2014).

The effect of canyons on velocity is highly dependent on the canyon’s morphology.
In the SW Iberian margin, the submarine canyon that can produce the least MWH
increase is the SVC (Serra et al., 2020). In the case of the LSF tsunami scenario
(Chapter 6, Fig. 6.5; this Chapter Fig. 7.5), the presence of the SVC prevents wave
build-up and decreases the tsunami energy in the coastal area north of CSV, while the
Sagres Plateau causes an increase of the wave-height in the Sagres area (point 5, Fig.

7.5).

In a similar way, the presence of the LC and PC induce a decrease in wave-height
east of Sagres and in the coastal area between Portimdo and Faro (points 6 and 7, Fig.
7.5). Similar effects have been verified in other geographic areas. For example, during
the 2010 Mw 8.8 Maule earthquake and tsunami that hit Chile, the flooding reached 6-8
m high, while in areas in front of submarine canyons the inundation did not exceed 2 m-

height (Aranguiz & Shibayama, 2013).
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Figure 7.5. Lineament South fault dislocation simulated tsunami wave height distribution along
the SW Iberian margin with shaded bathymetry (Zitellini et al., 2009) displaying the position of

submarine canyons.

There are other morphological features in the Gulf of Cadiz that control the
propagation pattern of tsunami energy, such as the lobes of GCIW or the channel
incised through the Straits of Gibraltar (Chapter 6, Fig. 6.1). In the LSF tsunami
scenario, it can be observed how the presence of lobes focusses the tsunami energy, and
hence increases the wave-height (Fig. 7.5). The channel crossing the Straits of Gibraltar,
on the other hand, prevents the build-up of tsunami waves and diverts energy
propagation. As a result of such energy diversion, the coastal area of Tangier is severely
affected by the tsunami, with waves exceeding 1 m-high (Fig. 7.5). As explained above,
due to the strong shoaling effect, the GB also has a great influence on propagation of

tsunami energy, dissipating or scattering it (Chapter 6, Figs. 6.4-6.8). The Murray Ridge
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in the Arabian Sea has a similar effect on the directivity of tsunamis originating from

the Makran subduction zone (Swapna & Srivastava, 2014).

7.5. Impact of tsunami scenarios on the coasts of SW Iberia and NW

Morocco

Tsunami simulation results indicate that the NW Moroccan coast is the most
affected area if a tsunami originates on a thrust fault (Chapter 6, Figs. 6.4-6.8). The
effects are notorious in the case of tsunamis generated by the GBF, HF, and SCPF.
Most of the tsunami energy from these faults radiates perpendicular to the Moroccan
coast, which has a wide, shallow continental shelf. Therefore, the shoaling effect is
expected to cause a significant increase in the wave height. Although we did not
investigate the inundation properties of the simulated scenarios, it should be considered
that the Moroccan coastline is mainly composed by massive sand dune beaches and
estuarine environments, which can be easily flooded (Lobo et al., 2014). Altogether,
with the poor coverage of sea-barriers and coastal sea-defence structures in different
areas of Morocco (Omira et al., 2011) make these coasts prone to enhanced tsunami

effects.

The major thrust faults, the GBF (Chapter 6, Fig. 6.4) and the HF (Chapter 6, Fig.
6.8), radiate part of their energy to the Spanish and SW Portuguese coasts. The wide
and shallow SW Iberian shelf induces an increase in wave-height, especially in the HF
tsunami scenario, which has a significant impact on the Spanish coastal area. In the
Algarve area, the presence of submarine canyons prevents the wave-height to increase
along most of the coastline, except in the CSV and Sagres areas, where the Sagres
Plateau acts as a guide for tsunami energy towards the coast and increases the wave-
height (Chapter 6, Fig. 6.8). In the case of the GBF, most of the tsunami energy is
radiated towards the North-Atlantic Ocean and the impact on the Peninsula is restricted

to the W-Portuguese coast, between Sagres and Lisbon (Chapter 6, Fig. 6.4).

The LSF tsunami scenario generates the highest waves in the SW Iberian margin
(Chapter 6, Fig. 6.5; this Chapter Fig. 7.5). Despite its sense of movement is not very
efficient in deforming the seafloor, the significantly larger earthquake magnitude
together with the rupture orientation determines that most of the tsunami energy is

radiated towards the northeast. Its proximity to a large, wide and shallow shelf causes a
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drastic increase in wave height on the Algarve and Spanish coasts (Fig. 7.5). However,
a large coastal stretch of the Algarve is dominated by rocky cliffs (Lobo et al., 2014)
and protected by the presence of submarine canyons, which prevent a significant
increase of the tsunami wave height at its shores. In contrast, the Spanish coast is
mainly made-up of estuaries, marshes and sandy beaches (Benavente et al., 2015) that
could be easily flooded. Hence, the Spanish coasts are more prone to inundation than

those of the Algarve.

Previous tsunami models in the SW Iberian margin (Baptista et al., 2011; Matias et
al., 2013; Omira et al., 2011), substantiate the significant impact that tsunamis
originating on the HF and GBF can have on the coasts of Morocco, Portugal and Spain.
However, these works cannot be directly compared with our results because of the
different approaches followed and the newly considered structures, such as the SCPF

and, especially, the LSF.

Finally, other active faults in this area, such as the LNF, PSF and PBF faults
(Chapter 6, Fig. 6.1), have not been analysed in this study due to the lack of relevant
MCS data. However, considering their orientation (parallel to the coast) and proximity
to the shore, these faults deserve to be considered in local tsunami hazard assessments.
The difficulties posed by their lower level of knowledge (higher epistemic uncertainty)
can be treated by including these faults into a category of potential seismic sources
characterized by larger aleatory variability of their parameters adopting, for example,
the method for probabilistic tsunami hazard analysis developed by Selva et al., (2016)
and already applied at the regional scale by Basili et al., (2021). In this way, the hazard
analysis can benefit from implementing an input dataset as complete as possible while

treating and controlling the major uncertainty sources.
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Conclusions

In this thesis, new insights about the interaction between active tectonics, and the
dynamics of submarine canyons are provided; the seismogenic and tsunamigenic
potential of the main active-faults of the Gulf of Cadiz is evaluated; and the sensitivity
of tsunami impact on the coastal areas, to the fault-geometry and slip-distribution is

assessed. The most relevant findings of this research are:

1st Hypothesis: The Marqués de Pombal fault plays a key role in the evolution of
the Cape Sdo Vicente area. Furthermore, the main active faults in this zone (i.e.,
Marqués de Pombal Fault, Sdo Vicente Fault and Horseshoe Fault) controlled the
development of one of the largest submarine canyon, in the Atlantic continental

margins: Sdo Vicente Canyon.

A multiscale view of the SVC region includes the use of a multibeam echo-sounder
data, 2D multi-channel seismic profiles and high-resolution TOBI sidescan sonar data,
which allow us to carry-out an accurate morpho-sedimentary and tectonic study of the
processes occurring in this area. The upper and the central sections of the SVC are
deeply entrenched (2000 m incision) in the continental slope. The upper section shows a
V-shape that progressively changes to a U-shape at the central section, whereas the
lower section directly connects to the HAP. On the basis of its physiography
(bathymetric profile with a rectilinear morphology and constant slope), at the present,
the SVC is not in equilibrium and shows erosive dynamics. In the upper and central
sections of the canyon, retrogressive erosion and dismantling of the flanks predominate,
indicating that the canyon evolves from bottom-up. The submarine landslide deposits
and landslide-scars are the main processes that allow bottom-up evolution of the SVC.
The material resulting from the dismantling of the flanks and the contourites related to
the MOW are the main sedimentary source, as the canyon is not fed by any river. The
MOW contributes with material through two different processes: a) It deposits
contourites on the flanks and head of the upper-section of the canyon, that periodically
fail into the canyon; and b) The coarser-grained and denser sediment of the MOW might
be trapped at the head of the canyon and be able to generate hyperpycnal flows. Erosion
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by the hyperpycnal and other sediment gravity-flows, forms steps at the canyon bed on
their way to the canyon mouth. Most of the sediment gravity-flows are likely triggered
by frequent seismic events in this area. The origin of the canyon is fully tectonic and
actively deforming at present as shown by the long-profile and active sedimentary
dynamics. The canyon is mostly Quaternary in age, although related to initial uplift of
the HF, which developed a synclinal fold at the base of the continental slope, during a
NNW-SSE trending compressive stage (late Miocene). The topographic relief, latter
enhanced by the evolution of the SVF and MPF, favoured the development of an
embryonic canyon. During the Pliocene, the embryonic canyon develop towards the
continental-shelf by means of retrogressive mass-failures induced by the tectonic uplift
and steep slope gradient. Full development of the canyon took place coinciding with the
period of maximum activity of the MPF, in the Quaternary, evidenced by the isochore
maps and the vertical slip distribution of the fault. Therefore, the SVC is a diachronous
and segmented canyon. Currently, the SVC shows a strong structural control and it is

conditioned by three main active faults (i.e., the MPF, the SVF and the HF).

2nd Hypothesis: The accuracy of the fault models has a considerable influence on
the resulting tsunami-propagation pattern and the wave-height and improves
significantly the simulation of the worst-case tsunami scenarios. Therefore, accurate
parameters, realistic fault-planes and heterogeneous slip-distributions need to be taken

into account during the tsunami hazard assessment process.

A large dataset allowed us to determine and model the relatively detailed fault-
geometries of the main active structures in the SW Iberian margin. While the 2D MCS
profiles provided information to re-defining or corroborating previously determined
parameters for each fault, AUV images allowed verifying the present-day activity of
some of them. An example is the case of the LSF, where two AUV images
demonstrated the activity of the fault at both ends of its trace; or the case of the MPF
where the current trace of the fault and the mass-wasting processes, consequence of its
activity, are evidence in the AUV image. By modelling and comparing tsunami
scenarios for each fault using simple and complex fault-plane geometries and different
slip-distributions (i.e. homogeneous and heterogeneous), it can be observed that the
coastal zones affected by the tsunamis are quite similar for all scenarios. However, there
is up to 50% variation in wave-height, in most of the coastal locations, when using

complex fault-plane models. Adding a stochastic slip-distribution to the complex fault-
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planes, the wave distribution of the tsunami models is relatively poorly affected, but the
wave-height increases dramatically (up to 300%) at some points along the coastline, in
comparison to the simple fault-plane with homogeneous slip-distribution. Therefore,
considering a realistic fault-plane and a heterogeneous slip-distribution, it is highly
relevant for tsunami hazard assessment. Submarine canyons strongly interact with
tsunami features induced by fault and slip complexity, and play a major role in
controlling regional tsunami hazard. It is then very important to accurately characterize
the local bathymetry. On the basis of the tsunami simulations carried out in this study,
the HF, GBF and SCPF are the faults that may pose the highest threat to the Moroccan
coast, where the low topography along the coastline could also be easily flooded. In the
case of the Iberian Peninsula, the LS seems to be the most threatening fault for the
Spanish and Algarve coasts. The rocky cliffs of the Algarve coast are not easily flooded
and the presence of the SVC, LC and PC attenuates the wave-height that reaches the
coastline, decreasing the potential tsunami effects in this area. In contrast, the southern
Spanish coast is dominated by plains and marshes that can easily be flooded. For the
west coast of Portugal, the most threatening fault is the GBF, mainly because of the

proximity of source and impact areas.
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Forward look

This PhD Thesis provides new insights that concern the development of the CSV
area and the large SVC. A conceptual model to discuss the emplacement, age and
evolution of the canyon system, which shows a strong structural-control, is proposed.
This study also provides accurate analyses of the fault-plane geometries and fault-
source parameters of the most relevant fault systems in the SW Iberian margin. Using
this data, realistic 3D-fault planes and heterogeneous slip-distributions are used for
tsunami modelling. Further to this work carried, we have several ideas to solve

questions that raised as a result of the work presented in this PhD Thesis.

9.1. Installation of two moorings stations along the Sao Vicente Canyon

In this study, we do not use sedimentological information from gravity-cores,
piston-cores or mooring stations along the SVC. Therefore, we cannot demonstrate the
relationship between the MOW and hyperpycnal flows. We link these two processes as
a potential hypothesis. To clarify if the sediments of the SVC are directly fed by the
MOW and then trapped in the canyon or mobilized from periodic failures of sediment
drifts at the edge of the canyon or both processes, I propose: The installation of two
deep mooring-stations with sediment traps, current-meters, CTD, turbidimeters and
profilers of the water column to measure the flow-water rate, its periodicity and

characteristics and to mesure the transported sediment grain size.

9.2. Improving the tsunami models in the SW Iberian margin

9.2.1 The seismic imaging of the Sao Vicente, Lineament South, Lineament North

and Pereira de Souza faults.

In the framework of this PhD, the fault parameters are based on different datasets.

However, despite the MPF, HF, SCPF and the NCPF appear to be well-constrained, the
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LSF and other faults, such as the SVF, LNF and PSF need more information from MCS

data to be properly constrained as explained below.

The SVF has been recognized in this PhD Thesis using a succession of high-
resolution MCS profiles. Specifically, by means of 6 seismic-profiles acquired from
November of year 1998 during the BIGSETS cruise. These seismic profiles are not of
very high-qualit. However, despite the relatively low quality, they allow us to see how
the SVF raise the seafloor and become a blind-thrust, which gradually attenuates until it
disappears in the southern end. However, we miss several high-quality profiles at the
northern end of the fault, to see its geometry appropriately. New MCS data would
provide better high-quality data to constrain accurately the 3D geometry of the fault-

plane.

In the case of the LSF, we have good constraints at the fault terminations, however,
there is a lack of seismic data in the central part of the lineament. In this area, new MCS
profiles would provide information to construct the 3D fault-plane geometry of the
entire LSF. Finally, we recognize that we do not have enough good-quality and
appropriately-oriented MCS profiles to constrain the fault-plane geometry of the LNF
and PSF. Therefore, new MCS and several sub-bottom profiler profiles are needed. For
all this reasons, I propose the accomplishment of a new geophysical survey to record 17

new seismic profiles in the SW Iberian margin (Fig. 9.1).

9.2.2. Tsunami modelling of other active structures in the area

Due to the lack of relevant MCS data, the SVF, LNF, PBF and PSF systems in the
SW Iberian margin, have not yet been carefully analysed. However, considering the
orientation (i.e., parallel to the coast) of the LNF, PBF and PSF, and the proximity of
the SVF to the Iberian Coast, I consider that it would be necessary to carry-out new
tsunami models, considering the 3D fault-plane for each active structure to constrain
geohazard properly. Before this is accomplished, a geophysical survey needs to be
carried out to cover the requirements of section 9.2.1. Therefore, the new MCS data for
the SVF, LNF and PSF to determine the 3D-fault-planes for the new tsunami
simulations will be adequate (Fig. 9.1). The MCS data to generate the PBF 3D fault
plane can be obtained from the dataset of the INSIGHT-Leg2 survey.
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9.2.3. Tsunami scenarios for the LSF considering a complex fault-geometry and

heterogeneous slip-distribution.

Since the LSF is the largest and most threatening fault in the SW Iberian margin, I
consider that is necessary to assess the tsunami threat to the SW Iberian Peninsula.
Modelling the potential tsunami of the LSF with the 3D fault-plane geometry could also
incorporate several stochastic slip-distributions. The 3D fault-plane could be generated

with the MCS profiles acquired according to section 9.2.1.
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Figure 9.1. Relief map of the SW Iberian margin. Discontinuous coloured lines correspond to
the available TOPAS and MCS profiles used in this study and acquired during different surveys
(See Chapter 3). Continuous light green lines correspond to the new geophysical transects
proposed in this Forward look. White stars, located in the upper and middle part of the SVC

correspond to the location of the proposed moorings within the SVC.
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List of acronyms used in the Thesis text

AGFZ: Azores Gibraltar Fault Zone
AUV: Autonomous Underwater Vehicle
BQD: Base of Quaternary Discontinuity
CAQO: Central Atlantic Ocean

CC: Cascais Canyon

c.1.: cubic inches

CMP: Common Mid-Point

COT: Continent-Ocean Transition

CPR: Coral Patch Ridge

CSV: Cape of Sao Vicente

CTD: Conductivity, Temperature, Depth
DSDP: Deep Sea Drilling Project

FC: Faro Canyon

GB: Gorringe Bank

GBF: Gorringe Bank Fault

GCIW: Gulf of Cadiz Imbricated Wedge
GiF: Gibraltar Fault

GuB: Guadalquivir Bank

GuBF: Guadalquivir Bank Fault

HAP: Horseshoe Abyssal Plain

HAT: Horseshoe Abyssal Plain Thrust
HF: Horseshoe Fault

HGU: Horseshoe Gravitational Unit
HPC: High Performance Computing

IB: MOW lower core, intermediate branch

Acronyms
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Acronyms

IDHB: Infante Don Henrique Basin
IODP: Integrated Ocean Drilling Program
LARS: Launch and Recovery System
LBL: Long-baseline

LC: Lagos Canyon

LNF: Lineament North Fault

LSE: Lineament South, East section
LSF: Lineament South Fault

LSW: Lineament South, west section
m.b.s.1.: meters below sea level

MCS: Multi-channel seismic

ML: MOW lower core

MOW: Mediterranean Outflow Water
MPB: Marqués de Pombal fault Block
MPD: Mid-Pleistocene Discontinuity
MPF: Marqués de Pombal Fault
MTD: Mass-Transport Deposits

MU: MOW Upper core

MWH: Maximum Wave Height
NCPF: North Coral Patch Fault

PB: Portimao Bank

PBF: Portimao Bank Fault

PBr: MOW lower core, principal branch
PC: Portimao Canyon

PSDM: Pre-Stack Depth Migration
PSF: Pereira da Sousa Fault

PTHA: Probabilistic Tsunami Hazard Analysis
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ROV: Remotely Operated Vehicle
SAC: Sagres Canyon

SAP: Seine Abyssal Plain

SB: MOW lower core, southern branch
SC: Setubal Canyon

SCPF: South Coral Patch Fault

SH: Seine Hills

SHF: Seine Hills Faults

SVC: Sao Vicente Canyon

SVF: Sao Vicente Fault

SFZ: SWIM Fault Zone

TAP: Tagus Abyssal Plain

TM: Top of Miocene Discontinuity

TOBI: Towed Ocean Bottom Instrument

TOPAS: Topographic Parametric Sounder

TWTT: Two-way travel time

WAS: Wide-Angle Seismic

Ia: Plio-Quaternary

Ib: Middle Miocene — Pliocene

Id: Upper Pliocene -Middle Miocene
II: Upper Cretaceous - Lower Eocene
III: Cretaceous

IV: Lower Cretaceous

V: Upper Jurassic

VI: Basement

Acronyms
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Annex 1: Data to perform the tsunami simulations

Data are available at the file “Fault meshes.ts” in the figshare repository:

https://figshare.com/s/02e¢19886d2ded8ec9145

Fault meshes.ts: coordinates of the simple fault planes for the Gorringe Bank fault,

Lineament South fault, Marqués de Pombal fault, Horseshoe fault, North Coral Patch

fault and South Coral Patch fault; and the coordinates of the vertex of each triangle that

constitute the 3D fault planes of the Marqués de Pombal fault, Horseshoe fault, North

Coral Patch fault and South Coral Patch fault.

“figshare Bronse a

TEXT

Fault_meshes ts (78.77 kB) Points_HMAX_pdf (379.56 kB)

view download

Fault meshes, points coordinates and tsunami heights

Download all (458.33 kB) & This item is shared privately

Dataset modified on 26.03.2021, 10:42

This zip file contains two documents with the data necessary to reproduce the main results
presented in: "Sensitivity of tsunami scenarios to complex fault geometry and
heterogeneous slip distribution: case-studies for SW Iberia and NW Morocco”, submitted
to JGR: Solid Earth, 2021

In this repository, you can found two files "Fault_meshes.ts" and "Points_HMAX xIsx".

1) Fault_meshes. ts: coordinates of the simple fault planes for the Gorringe Bank fault,
Lineament South fault, Marqués de Pombal fault, Horseshoe fault, North Coral Patch fault
and South Coral Patch fault; and the coordinates of the vertex of each triangle that
constitute the 3D fault planes of the Marqués de Pombal fault, Horseshoe fault, North
Coral Patch fault and South Coral Patch fault.
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ARTICLEINFO ABSTRACT

Keywords: A multi-scale dataset consisting of multi-beam echo-sounder, 2D multi-channel seismic and sidescan sonar
Submarine canyon (TOBI) data allows us to identify a large variety of morphologies originating from sedimentary and tectonic
Thrust faults

processes along the Sdo Vicente Canyon (SVC), which is the largest submarine canyon developed in the external
part of the Gulf of Cadiz. The SVC is located in one of the most seismogenic areas of Western Europe. The
convergence between the Eurasian and African plates has controlled the formation and evolution of the canyon.
The SVC is tectonically controlled by three main thrust faults: the Marqués de Pombal Fault, the Sio Vicente
Fault and the Horseshoe Fault. No major rivers feed sediment to the canyon head, but the main sediment source
is related to the dismantling of canyon flanks and the MOW (Mediterranean Overflow Water). This current
contributes sediments by two different processes: a) conturites deposition at the head and flanks of the SVC that
periodically fail into the canyon; and b) the coarser-grained and denser sediment of the MOW might be trapped
at the head of the canyon and could develops into hyperpycnal flows. The SVC is characterized by retrogressive
erosion being submarine landslide deposits and scars the main seafloor morphologies. The tectonic and strati-
graphic interpretation of seismic profiles indicate that the SVC is a clear example of a diachronous and seg-
mented canyon developed since the Late Miocene in an area of present-day active plate tectonics. This study
investigates the interaction between active tectonics, the dynamics of submarine canyons and the resulting
geomorphologies.

Bottom currents
Sedimentary pathways
Sidescan-sonar
Seismic reflection

1. Introduction (Amblas et al., 2012; Lastras et al.,, 2009; Micallef et al., 2014;

Pierdomenico et al., 2019; Shepard, 1981). Erosion and sediment re-

Submarine canyons are major sediment pathways that link shallow
continental shelf areas to the deep sea. They play an important global
role in the development of continental margins. Submarine canyons not
only act as conduits for sediments, but also they play a role as main
transport corridor for associated nutrients, organic carbon, litter and
pollutants travelling from the continental shelves to the abyssal plains

mobilization induced by sediment-laden gravity flows (e.g. turbidity
currents), which travel from the head and flanks of the canyon towards
the deep oceanic basins (Lewis and Barnes, 1999), are the main factors
in the generation of submarine canyons. Temporary sediment accu-
mulations near the canyon head may become unstable due to a number
of factors, such as over-steepening, earthquake-triggered deformation,
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Fig. 1. Bathymetric map of the Gulf of Cadiz with
the location of the main faults (after Martinez-
Loriente et al., 2013, 2018). Yellow circles corre-
spond to epicenter locations for the period
1400-2020 (Instituto Geogrifico Nacional [IGN]
catalogue; http://www.ign.es/ign/layout/sismo.do).
Earthquakes locations according to Lozano et al.,
2019 and Stich et al, 2006. Inset: Plate tectonic
setting of the SW Iberian margin at the boundary
between the Eurasian and African Plates. The grey
rectangle corresponds to the area depicted in Fig. 1.
Ce: Cascais canyon; CPR: Coral Patch Ridge; CPRF:
Coral Patch Ridge Faults; CPS: Coral Patch Sea-
mount; CSV: Cape Sdo Vicente; Fc: Faro canyon; GB:
Gorringe Bank; GBF: Gorringe Bank Fault; GCIW:
Gulf of Cadiz Imbricated Wedge; HF: Horseshoe
Fault; IDHB: Infante Don Henrique Basin; Lc: Lagos
canyon; LN: Lineament North; LS: Lineament South;
MPF: Marqués de Pombal Fault; MPFB: Marqués de
Pombal Fault Block; PBF: Portimdo Bank Fault; Pc:
Portimdo canyon; PSF: Pereira de Sousa Fault; SAc:
Sagres canyon; Sc: Setiibal canyon; SH: Seine Hills;
SP: Sagres Plateau; SVC: Sao Vicente Canyon; SVF:
S3o Vicente Fault. (For interpretation of the refer-
ences to colour in this figure legend, the reader is
referred to the web version of this article.)
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sediment liquefaction and basal erosion of canyon flanks (Arzola et al.,
2008). However, other flows such as hyperpycnal flows that generated
submarine slope failures at the canyon head, and dense shelf water
cascading (Canals et al., 2006; Palanques et al., 2006; Puig et al., 2014)
may cause erosion, and transport of large sediment volumes along the
entire canyon.

The onset of canyon development and its subsequent evolution is
determined by a number of factors, including sediment sources and the
resulting sedimentary and erosive processes that shape the canyon floor
and their flanks (Amblas et al., 2011). Sediments may derive from
fluvial sources (i.e. most existing canyons are directly fed by rivers,
particularly during sea level low-stands) (Mauffrey et al., 2017) or
along-shore currents (Piper et al., 2009). In addition, structural control
has also been proposed (Micallef et al., 2014).

The Sdo Vicente Canyon (SVC) is the largest submarine canyon in
the SW Iberian margin (Fig. 1), transporting sediment from the shelf
break (~-200 m water depth, where the SVC head is located) to the
Horseshoe Abyssal Plain (4900 m at the SVC mouth), although no major
river feeds sediment to its head. The SVC is located in a convergent
setting placed between the Eurasian and African plates, which greatly
control its dynamics. In this work, we use a multi-scale dataset and
different analysis techniques to describe the tectonic, sedimentary and
erosional processes linked to the canyon, and to propose a conceptual
model to discuss the emplacement, age and evolution of the SVC. This
study improves the knowledge on the origin and interplay between
active tectonics, the dynamics of submarine canyons, and the resulting
geomorphologies.

2. Geological setting

The SVC is located on the external part of the Gulf of Cadiz (SW
Portuguese margin), along the Eurasian-African plate boundary.
Present-day tectonic deformation is mainly driven by NW-SE trending
convergence, with an estimated velocity of 3.8-5.6 mm a ! (Neres
et al., 2016; Noequet and Calais, 2004) (Fig. 1).

The SW Iberian margin has undergone a complex geodynamic
evolution that includes three rifting phases during the Mesozoic (i.e.,
the opening of the Central Atlantic and the western Alpine-Tethys

spreading system in the Early Jurassic, followed by the first stage of the
North Atlantic opening in the Lower Cretaceous) and a Neogene-to-
present-day convergence (Martinez-Loriente et al., 2014; Sallarés et al.,
2013, 2011). The latest Neogene convergence stage, mainly trending
NNW-SSE (Schettino and Turco, 2009), resulted in the emplacement of
large allochthonous masses during the Tortonian (Gracia et al., 2003a;
Iribarren et al., 2007). As a result of the Neogene collision, Mesozoic
extensional faults were reactivated and new fault systems appeared in
weakened areas. There are two main families of active faults: a) NE-SW
trending reverse faults; and b) WNW-ESE trending dextral strike-slip
faults (Gracia et al.,, 2003a, b; Martinez-Loriente et al., 2018, 2014,
2013; Terrinha et al., 2009, 2003) (Fig. 1).

The SW Iberia is an area of low to intermediate magnitude earth-
quakes (M,, < 5.5), occasionally punctuated by high-magnitude
seismic activity (Buforn et al., 1995; Martinez-Loriente et al, 2018,
2013; stich et al., 2005) (Fig. 1), with focal mechanisms indicating
compressional stress and/or strike-slip regime (Buforn et al, 1995;
Stich et al., 2005). This area is also the source of the largest historical
and instrumental earthquakes in Western Europe, including the earth-
quakes and tsunamis of the 26 January 1531 Tagus Estuary tsunami
(MSK = X), the 27 December 1722 Tavira tsunami, (M,, 6.5) and the 1
November 1755 Lisbon earthquake (M,, = 8.5) (Baptista and Miranda,
2009) events (Fig. 1). This last earthquake caused extensive destruction
in Portugal, southern Spain and western Morocco (Baptista and
Miranda, 2009; Barkan et al., 2009; Gracia et al., 2010). In recent times,
earthquakes of considerable magnitude have nucleated in the study
area on the 28 February 1969 (M, 7.9-8.0), 12 February 2007 (M,,
6.0), and 17 December 2009 (M,, 5.5) (Stich et al., 2006; Lozano et al.,
2019) (Fig. 1).

The physiography of the Portuguese margin is characterized by the
presence of numerous large submarine canyons, such as the Faro,
Portimdo and Lagos canyons in the south (Mulder et al., 2006; Vizcaino
et al., 2005), and the Cascais, Lisbon, Setiibal and Nazaré canyons in the
west of Portugal (Arzola et al., 2008; Lastras et al., 2009; Oliveira et al.,
2007; Terrinha et al., 2019) (Fig. 1). The oceanic circulation of the Gulf
of Cadiz is dominated by the MOW (Mediterranean Outflow Water)
(Fig. 1). The MOW is a salty, warm and poorly oxygenated submarine
current that flows from the Strait of Gibraltar towards the Atlantic
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following the slope and the Portuguese continental shelf (Herndndez-
Molina et al., 2003). Along its pathway, the MOW loses velocity and
increases in depth. At the head of the SVC, the MOW generates asso-
ciated sedimentary deposits such as contourites (Hernandez-Molina
etal., 2013).

The SVC extends from Cape Sao Vicente on the Portuguese coast to
the Horseshoe Abyssal Plain, bounded by the Sagres Plateau and the
Horseshoe Fault to the east, and by the Marqués de Pombal fault block
to the west (Fig. 1). The SVCis located in a syncline fold in between two
prominent anticlines (i.e., the Marques de Pombal block and the Sagres
Palteau) (Vizcaino et al., 2005; Zitellini et al., 2001; Pereira and Alves,
2013) and is mainly dominated by the NE-SW-trending reverse Horse-
shoe Fault (Martinez-Loriente et al., 2018) (Fig. 1). Alternatively, some
authors propose that the SVC is linked with the prolongation offshore of
the Messejana—Plasencia Fault Zone (Pereira and Alves, 2013). The
sedimentary inputs to the SVC are mainly fed by along-the-shelf sedi-
ment transport sources (i.e., the MOW) (Mastbergen and Van Den Berg,
2003). Most of the sediments travelling along the SVC are deposited in
the Horseshoe Abyssal Plain (Gracia et al, 2010).

3. Data and methods

The multi-scale dataset used in this work includes existing swath-
bathymetry, sidescan sonar (TOBI) and multi-channel seismic (MCS)
data (Fig. 2). Swath bathymetric data in the Gulf of Cadiz was acquired
during 20 different marine cruises, from 2001 to 2009, using different
multibeam echosounder systems. Ten European contributors collabo-
rated to complete the bathymetric map of the Gulf of Cadiz, the “SWIM”
compilation published by Zitellini et al. (2009) (Figs. 1, 2). Sidescan
sonar data (Figs. 2, 5, 6, 7) were acquired on board the RV Hesperides
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during the “HITS” (High Resolution Imagining of Tsunamigenic Structures
of the Southern Iberian Margins) survey (Gracia et al., 2003a, 2006) by
using the TOBI (Towed Ocean Bottom Instrument) side-scan sonar ve-
hicle (Flewellen et al., 1993). The sidescan sonar system used a 30 kHz
sonar frequency on a vehicle towed 200 to 500 m above the sea-floor to
generate images with 6 m along-track resolution (Blondel and Murton,
1997). The data used for this study consisted of four 6-km-wide parallel
tracks covering most of the Sao Vicente Canyon. In this study, swath-
bathymetry and side-scan sonar data were analysed using the ArcGIS 10
commercial package.

The sinuosity index of the SVC has been calculated using the ratio of
curvilinear to straight length (Leopold and Wolman, 1957). The volume
of the eroded material by the SVC has been determined by calculating
the difference in elevation between a spline-smoothed grid where the
canyon topography was removed, therefore simulating the slope
without canyon incision (Fig. S1) and the grid of the actual slope (Fig.
S1).

The Multi-channel seismic (MCS) data available for this study con-
sists of 17 profiles acquired with different configurations during dif-
ferent marine surveys (Fig. 2). The “AR” profiles, belonging to the 1992
ARRIFANO cruise, were acquired with the R/V OGS EXPLORA (Zitellini
et al., 1999). This survey used an airgun array of 32 guns with a total
capacity of 4880 cubic inches (c.i.) and a 3-km-long streamer with 120
channels and 50 m shooting interval (Zitellini et al., 1999). The AR data
was processed with spiking deconvolution, spherical divergence cor-
rection, NMO correction, finite-difference wave-equation migration and
time variant band-pass frequency filter (Zitellini et al., 2009). The “BS”
profiles from the BIGSETS survey were acquired on board the R/V
URANIA during November 1998 (Zitellini et al., 2001). The seismic
source consisted of an array of two GI-guns with a total volume ranging

Fig. 2. Bathymetric map of the study area in the SW Portuguese
Margin. The grey area depicts the TOBI sidescan sonar mosaic of the
Sdo Vicente Canyon (SVC) acquired during the HITS-2001 survey
(Gracia et al., 2003a). White lines label the multichannel seismic
(MCS) profiles used in this study and acquired during the BIGSETS-
1998 (BS), ARRIFANO-1992 (AR) and VOLTAIRE-2004 (VOL) surveys
(e.g. Zitellini et al., 2001, 2004; Terrinha et al., 2003). Thick white
lines represent the seismic sections shown in Fig. 8.

10w
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from 150 to 465 c.i. The seismic signal was recorded with a 1.2 km-long
streamer of 48 channels and 25, 37 and 50 m shooting interval (Zitellini
et al., 2004, 2001). The processing of BIGSETS MCS data consisted in
spiking deconvolution, velocity analysis every 2.5 km, NMO correction,
spherical divergence correction and finite-difference wave-equation
time migration using stacking velocities reduced by 10% (Zitellini et al.,
2004). The “VOL” profiles correspond to the 2002 VOLTAIRE survey
carried out on board the R/V URANIA. In this survey, 2 GI guns to-
talling 210 c.i. were shot every 50 m and a 600 m-long, 48 channel
streamer was used (Terrinha et al., 2009). The MCS VOLTAIRE dataset
was processed with trace editing, shot delay removal, amplitude re-
covery, predictive deconvolution, velocity analysis every 200 CMPs,
NMO correction, stack, bandpass-frequency filtering and time migra-
tion using stacking velocities reduced by 10%. The analysis and geo-
logical interpretation of the 17 MCS profiles used in this study were
carried out using the “IHS Kingdom Suite” seismic interpretation soft-
ware.

In this work, the seismostratigraphic units defined by Martinez-
Loriente et al. (2013) were correlated throughout the seismic network
of profiles shown in Fig. 2 (see supplementary material Fig. S2). These
units were defined based on the DSDP (Deep Sea Drilling Project) Site
135 (Hayes et al., 1972) and correlated with those previously defined in
the area (Tortella et al., 1997; Hayward et al., 1999; Medialdea et al.,
2004). In addition, the tectonic and stratigraphic analysis carried out by
Martinez-Loriente et al. (2018) along three MCS profiles crossing the
mouth of the SVC has been used in this work as a reference. Hernandez-
Molina et al. (2015) defined four Quaternary subunits based on IODP
(International Ocean Discovery Program) Site 339 results (Hernindez-
Molina et al., 2013). The lack of seismic data connecting the Site 339 to
the study area, prevents a confident age assignment to the four un-
conformities identified within the youngest unit in the seismic dataset
used in this work (i.e., subunit Ia; see Supplementary Material Figs. 52,
s3).

4. Results
4.1. Geomorphology and acoustic character of the Sdo Vicente Canyon

The SVC is a 157 km-long canyon connecting the continental shelf,
at 200 m water depth, to the Horseshoe Abyssal Plain at 4900 m water
depth (Figs. 1, 2). The sinuosity (winding), is 1.12 and its average axial
slope is 1.8” (Fig. 3). The path of the SVC is characterized by several
changes in orientation and slope. Accordingly, the canyon has been
divided in three main sections, from north to south: 1) the upper section
(canyon head) is 60 km-long, trends N50, and extends from the con-
tinental shelf from water depth of 200 m to 3200 m (Fig. 3a); 2) the
central section is 54 km-long, trends N20 in the northem part and N160
in the southem end, covering the area located between 3200 m and
4400 m water depth (Fig. 3b); and 3) the lower section is 43 km-long,
trends N30 (parallel to the Horseshoe Fault), and extends from 4400 m
to 4900 m water depth towards the canyon mouth in the Horseshoe
Abyssal Plain (Fig. 3c).

A significant characteristic of the SVC is that the longitudinal
bathymetric profile of the canyon axis (Fig. 4d) presents a rectilinear
morphology with a rather constant slope and, therefore, does not ap-
pear to be in equilibrium. Generally, bathymetric profiles that are in
equilibrium, similarly to rivers on land, show a logarithmic long-
itudinal-profile (Amblas et al., 2012). However, the longitudinal profile
of the SVC shows a rather linear morphology (Fig. 4d) although the
flanks are clearly asymmetric and its height and slope vary along the
canyon (profiles across the canyon in Fig. 4a, ¢) (Fig. 3). On the TOBI
mosaic, the canyon floor and the lower part of the flanks display het-
erogeneous high-backscatter acoustic facies (i.e., shown as white and
light grey in Figs. 5, 7). In contrast, the canyon flanks and part of the
hanging-wall blocks of the Marqués de Pombal Fault (MPF), Horseshoe
Fault (HF) and Sdo Vicente Fault (SVF) outside the canyon, are
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characterized by homogenous dark grey to black colour (i.e., low-
acoustic backscatter). The uppermost head-scarps of the flanks in the
upper and central sections are homogeneous showing high acoustie
backscatter facies.

4.1.1. The upper section of the SVC

The SVC head shows a semi-circular shape cut by three main tri-
butary canyons that converge at 36°59'N (2000 m water depth) (Figs. 2,
3a). At this location, the flanks steepen and the V-shaped thalweg be-
comes narrower (3 km) (Figs. 3a, 4a). Along the canyon, the slope is
roughly constant at 1.02° (Fig. 3a). In this section of the canyon the
flanks are characterized by gradients ranging from 9.7° to 26.6°, and a
rugged topography. The flanks present a network of rectilinear gullies
(rectilinear erosive landforms usually generated in land that has been
remobilized) topped by semi-circular-shape erosional scarps (from 1
to10 kms of diameter) and minor flow pathways (maximum slope lines
that can channel flows) that are oriented subparallel to the maximum
slope direction and their gradients reach up to 24° (Fig. 3a).

The slope diagram (Fig. 3a), the topographic profiles (Fig. 4a) and
the acoustic backscatter signal (Fig. 5) indicate that the NW flank of the
canyon is rougher than the SE flank. Although both flanks show a
number of gullies and other minor flow pathways, these are more
abundant on the NW flank. The gullies and minor flow pathways
(13-14 km-length) appear more incised in the SE flank than in the NW
one (Figs. 2, 3, 4d), as the rocky substrate outcrops on the lower part of
the SE flank.

The scars are about 1-4 km-wide on both flanks. However, the SE
flank shows a single generation of scars, whereas in the NW flank there
is evidence for at least two generations of scars. The first generation is
located on the uppermost part of the NW flank. The second generation
is longer and develops at mid-elevation, disrupting the minor flow
pathways from the first generation of scars. The scars on both flanks,
but particularly those of the NW flank, are characterized by submarine
landslide deposits (up to 5 km-long and 4 km-wide) (Fig. 5).

The most striking feature in the TOBI mosaic is the ENE-WSW
trending high-backscatter band, corresponding to the canyon floor
(Fig. 5). The acoustic character of the canyon floor is highly hetero-
geneous, and shows the following features: a) multiple channels along
the axis; b) grooves > 1 km-long, pervasive lineaments parallel to the
canyon axis carved by sediment transport, of low to medium back-
scatter areas (grey to light-grey colours); ¢) sediment accumulation,
areas of very-high backscatter along the axis; d) stratification, low
backscatter lineaments showing acoustic shadows on the lower part of
the eastern flank; and e) old terrace, low-backscatter semi-circular area
with gentle slope, located on the internal side of a meander attached to
the canyon east flank (area in green in Fig. 5b).

4.1.2. The central section of the SVC

Along this section, the canyon axis shows an average slope of 1.02°,
whereas its flanks show slopes steeper than 26.6" on the upper part,
which gradually decreases southward to 14" (Fig. 3). In the middle of
this section, the canyon cross section progressively changes from V-
shaped to U-shaped (Figs. 3b, 4b). On the upper part of this central
section, the canyon is incised 1000 m on the west flank and 800 m on
the eastern one (Fig. 4b). Moving south along the canyon, these values
decrease to less than 500 m on the west flank and 300 m at the east one.

Three main tributary canyons converging towards the main canyon
can be recognized on the eastern flank of the slope by medium-high
backscatter values in the TOBI mosaic (Figs. 3b, 6). The canyon located
further north is oriented E-W, whereas the other two canyons are or-
iented NE-SW and NW-SE respectively, being the three > 15 km-long.
Both flanks of this section show evidence for stratification, middle to
low backscatter lineaments along the canyon and large scars, although
less abundant than in the upper section. Some of these scars have as-
sociated submarine landslide deposits in the TOBI mosaic. The largest
submarine landslide deposit located in the north of this section, is
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associated to a semi-circular scar of- 3 km in diameter and is char-
acterized by > 0.5 km-long high-backscatter patches. Long scars, such
as those located on the central section of the NW flank are elongated
(> 4 km-long) and characterized by low backscatter.

The canyon floor of this section shows several features similar to
those described along the upper section of the canyon (Figs. 5, 6), in-
cluding: a) a middle-grey backscatter signal that corresponds to the
tributary canyons; b) grooves (erosive structures) that particularly
stand out in areas of very high backscatter within the canyon floor (i.e.,
rock outerops); ¢) high backscatter areas (light blue areas in the Fig. 6)
along the canyon axis and canyon west flank that correspond to sedi-
ment accumulations; and d) scours (semi-circular negative relief per-
pendicular to the flow direction), which may attain a diameter of
--2 km and an elevation of 200 m (namely “steps” in the longitudinal
profile on Figs. 3b, 4d and “scours” in Fig. 6).

4.1.3. The lower section of the SVC

In this area, the SVC displays a wide U-shaped valley with a 7-km-
wide flat canyon floor, low slope axis of 0.9° (Fig. 3¢) and low angle
flanks (mean slope less than 147) in comparison to the upper and central
canyon sections (Figs. 3, 4). The slope of the western flank flattens to
the south towards the Horseshoe Abyssal Plain, whereas the slope of the
eastern flank increases, reaching mean values of 16.7" and locally up to
26.6° (Fig. 3c). In this lower section, both the SW flank and the
Horseshoe Abyssal Plain display a homogeneous low-backscatter facies
and the SW flank presents a large number of canyon-parallel lineaments
(stratification).

In the TOBI mosaic (Fig. 7), the canyon floor shows high-backscatter
facies that progressively decrease towards the south (Martinez-Loriente
etal., 2018). In this section, the canyon does not show a well-developed
channel, rather it fades into the Horseshoe Abyssal Plain. The main
features in this area include: a) high backscatter patches (probably
outerops), b) canyon-parallel, pervasive grooving (0.5-1 km-length) at
the north-eastern part of the canyon floor, and c) low backscatter, 1 km-

long comet-like, irregular scours along the main channel.
4.2. Seismo-stratigraphy of the Sdo Vicente Canyon

Seismic horizons have been interpreted based on previous chron-
ostratigraphic information (Fig. §2) (Hayes et al., 1972; Hernindez-
Molina et al., 2015; Martinez-Loriente et al., 2018, 2013). They have
been correlated through the network of vintage and recent MCS pro-
files, and include the following units: Plio-Quaternary (la), Middle
Miocene - Pliocene (Ib), Horseshoe gravitational unit (HGU-Ic), Upper
Oligocene - Middle Miocene (Id), Upper Cretaceous - Early Eocene (II),
Cretaceous (III), Lower Cretaceous (IV), Upper Jurassic (V) and base-
ment (VI) (Fig. 8).

4.2.1. Pliocene-Quaternary (Ia)

Unit Ia is characterized by middle frequency and middle amplitude
continuous reflectors. This unit shows lateral continuity and is inter-
rupted near the SVC, which completely erodes the Plio-Quaternary unit
in the upper and central sections of the canyon axis (Fig. 8a, b). On the
canyon flanks, gully incision and tributary canyons erode the upper-
most part of this unit (Fig. 8a). The maximum thickness of unit Ia is
1.2 s TWTT (Two Way Travel Time) in the upper section of the canyon,
which progressively decreases to 0.1 s TWTT towards the lower section.
In the upper section of the SVC, mainly on the SE flank, contourite
geometries can be distinguished (low-aspect, lenticular sedimentary
bodies). Within this unit, we identify four discontinuities that may
correspond to Late Quaternary (LQD), Mid Pleistocene (MPD), Early
Quaternary (EQD) and Late Pliocene (LPD) discontinuities (Figs. S2, §3)
described by Hernandez-Molina et al. (2015, 2013) based on the IODP
Site U1391 (Fig. 1).

4.2.2. Middle Miocene-Pliocene (Ib)

Unit Ib is characterized by middle frequency, middle amplitude and
continuous reflectors. The thickness of this unit is variable along and
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across the SVC (Fig. 8), with a maximum thickness of 0.7 s TWTT below
the canyon axis in the lower section, that progressively thins towards
the flanks. This unit shows onlaps towards the Marqués de Pombal
anticline fold and also towards the Horseshoe Fault hanging-wall block
(Fig. 8d), so we can distinguish multiple progressive unconformities in
the central and lower sections (Fig. 8b, Fig. §3). The incision of the
canyon causes the total erosion of Unit Ib on the SVC axis of the upper
section, whereas is only partially eroded in the central section. Both top
and base of Unit Ib are unconformities.

4.2.3. Horseshoe Gravitational Unit (HGU-Ic)

The Horseshoe Gravitational Unit (HGU-Ic) is a wedge-shaped al-
lochthonous body formed by stacked debris-flow that originates from
the westward migration of the Gulf of Cadiz Imbricated Wedge (GCIW)
and was emplaced during the Upper Miocene (Tortonian) (Gracia et al.,
2003b; Iribarren et al., 2007; Torelli et al., 1997) (Fig. 8¢, d). The HGU
is characterized by high-amplitude chaotic seismic facies with nu-
merous diffractions and hyperbolic reflections. Only a few internal re-
flectors can be identified. The top and bottom are defined by
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unconformities (Fig. 8c, d). The HGU fills the Horseshoe Valley and the
Horseshoe Abyssal Plain, where it pinches out towards the edges of the
valley (Martinez-Loriente et al., 2013). Therefore, the HGU can only be
identified at the lower section of the canyon, where it reaches a max-
imum thickness of 1.3 s TWTT. In this section, the HGU partially or
totally eroded the underlying Unit Id.

4.2.4. Upper Oligocene-Middle Miocene (Id)

Unit Id is characterized by high-amplitude and low-frequency con-
tinuous reflectors. In the upper and central sections of the canyon, Unit
Id lies directly below Unit Ib and reaches a maximum thickness of 0.5 s
TWTT (Fig. 8a). In contrast, in the lower section of the SVC Unit Id lies
below the HGU, which partially eroded its top. In this section, the top
corresponds to an erosive surface generated by excavation and erosion
during the emplacement of the HGU.

4.2.5. Upper Cretaceous-Lower Eocene (II) and Cretaceous (IIT)

The seismic facies of Units IT and 1T show similar characteristics
(Fig. 8). Both have low-frequency and high-amplitude continuous re-
flectors. The contacts between both units and underlying unit (IV) are
concordant. The top of Unit II is composed by a prominent un-
conformity marked by a high-amplitude reflector that corresponds to a
regional sedimentary hiatus from Lower Eocene to Upper Oligocene
(Hayes etal., 1972; Martinez-Loriente et al., 2013). Both units onlap the
top of the basement (Fig. 8a, b). Their thickness is relatively uniform
with a maximum value for Unit I of 0.45 s TWTT and 0.4 s TWTT for
Unit IIT that reached the hanging wall of the Marqués de Pombal Fault.
The minimum thickness for Unit I is 0.1 s TWTT below the HGU in the
lower section of the canyon (Fig. 8c, d), and of 0.2 s TWTT for Unit III
below the SVC at the central section (Fig. 8b). These units infill graben
structures of the basement generated as a result of Mesozoic rifting
(Martinez-Loriente et al., 2018).
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4.2.6. Lower Cretaceous (IV) and Upper Jurassic (V)

The Lower Cretaceous Unit IV and Upper Jurassic Unit V show semi-
transparent and transparent seismic facies with low frequency and low
amplitude reflectors (Fig. 8). The contact between these units is con-
cordant and can be identified by parallel reflectors onlapping the top of
basement highs (Fig. 8a, b, d). Unit IV reaches a maximum thickness of
0.5 s at the hanging wall of the Marqués de Pombal Fault. Unit V di-
rectly overlies the basement (i.e. discordant contact) and fills pre-ex-
istent half-graben depressions (Fig. 8d). Accordingly, the thickness of
Unit V is highly variable, reaching a maximum value of 0.7 s (TWTT) at
the lower section of the canyon (Fig. 8c, d).

4.2.7. Basement (VI)

The Basement (Unit VI) is interpreted as composed of: a) thinned
continental crust in the area of the SVC, Sagres Plateau and the hanging
wall of the Marqués de Pombal Fault Block; b) oceanic crust at the
southem half of the lower section of the SVC; and c¢) serpentinized

exhumed mantle at the footwall of the Marqués de Pombal Block
(Martinez-Loriente et al., 2014). This heterogeneous composition re-
sults in differences on the tectonic architecture of the basement. In the
upper and central sections of the SVC, as well as in the MPF block, the
MCS profiles reveal tilted basement blocks bounded by large, old
normal faults (Fig. 8a, b, d). In contrast, at the Infante Don Henrique
Basin the basement structure is completely different, and peridotite
ridges have been identified (Fig. 8d).

4.3. Tectonic structures across and along the Sdo Vicente Canyon

The strata across the SVC are folded by two anticlines bounding a
synclinal (Fig. 8c, d), partially eroded by the incision of the SVC. The
synelinal and anticlinal folds are more pronounced and well-defined in
the lower section of the canyon, whereas their morphology is atte-
nuated towards the upper section (Fig. 8).

The anticline located on the western flank of the canyon is
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controlled by the west-verging monocline thrust Marqués de Pombal
Fault (MPF) (Fig. 8d) and corresponds to the hanging wall of this active
reverse fault (Gracia et al., 2003a, 2010). The MCS profiles (Fig. 8d)
show that the sedimentary sequence rises and tilts towards the SVC
axis. The eastern flank of the upper section of the SVC seems to be
controlled by the Sdo Vicente Fault (SVF). The west-verging SVF is an
NNE-SSO trending thrust that affects all the seismo-stratigraphic units
until the seafloor (Ia) (Fig. 8a). Towards the SSW, the SVF becomes a
blind-thrust along the canyon axis, which progressively attenuates and
disappears (Fig. 8b).

The lower section of the SVC (Fig. 8c, d) is dominated by the pre-
sence of the west-verging Horseshoe Fault (HF), which is also oriented
parallel to the canyon axis trending NE-SW. In this section, the south-
eastern flank of the canyon corresponds to the hanging-wall block of the
HF, whereas the canyon floor corresponds to the footwall block. Minor
folds are observed in the hanging-wall block near the HF as a fault-
propagation-fold (Fig. 8c, d). Flexure at the frontal part of the HF thrust
generates accommodation space in the footwall, which is progressively
filled by sediments transported downstream in the canyon. The HF can
be easily identified in the MCS profiles (Fig. 8¢, d), as well as in the
TOBI mosaic (Fig. 7). In the lower section of the canyon, the HF cuts
and displaces the entire seismo-stratigraphic sequence (Fig. 8c)
(Martinez-Loriente et al., 2018). However, in the lower part of the SVC
central section, the HF only cuts the sedimentary cover until the HGU
(Tortonian age) and folds the uppermost units, acting as an active blind-
thrust (Fig. 8d). In the middle part of the central section of the SVC, the
HF cannot be identified neither in the MCS profiles nor in the TOBI
mosaic (Figs. 7, 8b) (Martinez-Loriente et al., 2018).

10

5. Discussion
5.1. Sedimentary processes along the Sdo Vicente Canyon

The highly variable TOBI backscatter evidences Present activity of
the canyon. If the identified sedimentary morphologies were relict
structures, a thin layer of hemipelagic sediment would homogenize the
backscatter while preserving the morphology. Therefore, the TOBI
mosaics show that the SVC is a significantly active pathway for sedi-
ment transport. Combining the TOBI mosaics and the morphological
characteristics of the canyon reveals a predominance of submarine
mass-wasting and erosive processes can be envisaged (Figs. 3, 5, 6, 7).
These processes are widespread in the canyon flanks characterized by
homogenous light-grey colours to low backscatter with dark grey
acoustic facies. The retrogressive erosion is prevalent in the upper
section of the canyon, with steep slopes favouring the incision of gullies
along the canyon walls. These gullies often are topped by circular head-
scarps where retrogressive erosion occurs. These landslide scars are
often coalescent and form a sinuous array of unstable features following
the main canyon path. Erosion is practically non-existent in the lower
section of the SVC (Fig. 3).

Of relevance is the NW flank of the SVC, characterized by a large
number of submarine landslides deposits and two generations of land-
slide scars (Figs. 5, 6). The lower landslide scars postdate the upper
landslide scars, in contrast with the overall retrogressive and erosional
setting of the canyon. The lower landslide scars (i.e., the second gen-
eration) suggest a recent rearrangement of the NW flank. Such re-
arrangement may result from changes in the base level of the SVC,
which tries to come closer to a new equilibrium. In support of this
hypothesis most of the deposits associated with the upper landslide
scars cannot be recognized as they have been likely eroded. Conversely,
the deposits associated with the lower landslide scars can be identified
and have not yet been remobilized. The NW flank is located at the
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hanging wall of the Marqués de Pombal Fault (Fig. 8a), that acts as a
barrier and hinders the progression of the axial canyon incision. Mass-
wasting processes seem to be particularly active in the NW flank of the
canyon, although the length of the flank is shorter and slope gradients
are gentler than those in the SE flank. One of the most seismically active
areas of the SW Iberian margin is the SVC (Fig. 1), where the so-called
Sdo Vicente earthquake cluster nucleates (Geissler et al., 2010;
Grevemeyer et al., 2017; Stich et al., 2005). Some authors suggest that
the MPF is the tectonic source of the SVC cluster, which nucleates along
the canyon at 2040 km depth (Geissler et al., 2010; Grevemeyer et al.,
2017; Martinez-Loriente et al., 2018; Silva et al., 2017). Consequently,
seismicity is of special relevance to the occurrence of submarine mass
movements in the SVC. The slope of the canyon axis significantly de-
creases in the lower section of the canyon, where submarine mass
movements and turbidity currents also reduce velocity and erosive
capacity (Fig. 3). In this section, erosive structures are almost non-ex-
istent and the canyon shows a broad U-shaped profile, also suggesting
that there is a change in the dynamies of the canyon and a reduction in
erosive capacity.

11

The high backscatter values in the TOBI mosaic along the canyon
thalweg indicate the sediment accumulation of gravel and sand (coarse-
grained deposits) (Blondel and Murton, 1997), which provide evidence
of the high-energy sediment transport activity along the canyon floor
(Figs. 5-7). The accumulation of gravels and sands is scarce and dis-
continuous and can probably attest to the presence of lag-deposits from
sediment gravity flows periodically funnelled along the canyon. The
medium-high backscatter values of the three main tributary canyons
may suggest current activity. If the tributary canyons were inactive,
they would be covered by a thin layer of hemipelagic sediments and
their backscatter would be rather low.

Finally, we also recognize erosive bedforms (i.e., grooves and
scours) along the central section of canyon thalweg. Scours form semi-
circular steps (stepped scours or cyclic steps, which can be erosive,
depositional or mixed) perpendicular to the canyon axis (Fig. 4d) par-
tially filled by coarse-grained sediment, as observed in the high-back-
scatter areas in the TOBI sidescan sonar mosaic (Fig. 6). Stepped scours
(upstream-migrating bed-forms), have been interpreted to result from
supercritical turbidity currents (Covault et al., 2017) (Figs. 5,6).
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Migration and growth of these cyclic steps takes place when the higher-
density basal layer of the hyperpycnal flows interacts with the seabed
triggering a hydraulic jump downstream of the base of the step (Hughes
Clarke, 2016). Masson et al. (2004) suggested that this type of scour
formation requires minimum current speeds between 1.0 and 2.5 m/s.

12
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5.2. Sediment sources of the Sao Vicente Canyon

One of the main characteristics of the SVC is that there is no sig-
nificant fluvial system onshore that could feed sediments to the canyon
head (Fig. 1). The main rivers close to the SVC are the Sado River
(located 140 km to the north) and the Guadiana River (located 170 km
to the east). Both rivers have an adjacent submarine canyon system that
trap and distribute their sediments. Therefore, the direct contribution of
sediments from the continent to the SVC is relatively low. Thus, the
question is, being the canyon disconnected from the onshore main
drainages, which are the mechanisms that provide sediments to main-
tain it active and growing?

Isochore maps show that sediments were mainly accumulated in the
central and lower sections of the SVC since the Middle Miocene
(Fig. 9¢), apparently related to the uplift of the HF hanging wall block
and the generation of depositional space in the subsiding footwall
block. It seems plausible to consider that the main sediment sources
along the SVC are the materials provided by the erosion of canyon
flanks through gullies, tributary canyons and submarine mass move-
ments that generate submarine landslide deposits, which are abundant
in the upper and central sections of the canyon. Arzola et al. (2008) also
proposed similar processes of flanks dismantling for other canyon sys-
tems along the Portuguese coast, such as the Nazaré and Setibal can-
yons. The total volume eroded by the SVC is 1219 km® (Fig. S1).

Nevertheless, there could also be secondary sediment sources
feeding both the main SVC and their three tributary canyons. The
submarine canyons developed along the Portuguese coast incise the
continental shelf (the SVC at the shelf break) and work as traps for
sediment transported by bottom currents along the shelf and upper-
slope. This is particularly significant in the oceanographic framework of
the Gulf of Cadiz, with a complex environment dominated by the
Mediterranean Outflow Water (MOW) (Fig. 1). Along its pathway from
the Straits of Gibraltar towards the West Iberian Margin, the MOW
decreases in velocity, temperature and salinity (Hermnandez-Molina
et al., 2015). This favours the sedimentary deposits (i.e., contourites) at
the head and flanks of the canyons such as the SVC (Hermandez-Molina
et al., 2003) (Figs. 1, 8a, b). The contourites on the upper section of the
SVC are deposited in water depths up to 1400 m. At this depth, the
sediment transported by the MOW is sand-rich (Hemandez-Molina
et al., 2015). The TOBI images show coarse-grained sedimentary de-
posits in the upper and central sections of the SVC that could have been
partially deposited by the MOW. Thus, the SVC acts as a sediment trap.
The coarser-grained and denser sediment of the MOW is trapped at the
head of the canyon, which could eventually evolve into hyperpycnal
flows that would down into the canyon and could form steps at the
canyon bed. The relatively high seismicity of the area (Fig. 1) triggers
periodic failure of sediments accumulated at the edge or within the
canyon, which are subsequently transported along the SVC to the
Horseshoe Abyssal Plain, as previously described.

5.3. Timing of formation and evolution of the Sao Vicente Canyon and
neighboring areas

The SVC is located in a syncline between two reverse fault-con-
trolled anticlines related to the SVF, HF and MPF thrust faults, which
suggests a strong structural control on its development (Figs. 1, 8, 9,
10). Their trend (NE-SW) is compatible with the present-day African-
Eurasian plate convergence (NW-SE) (Martinez-Loriente et al., 2013,
2018). Our multidisciplinary dataset gives us some insights about the
timing of formation and evolution of these reverse faults and neigh-
boring areas.

The Upper Cretaceous to Early Eocene period (Unit II) was a tec-
tonic quiescence phase in the SVC area and the low-rate sedimentation
along the SVC area was rather constant, except in the current mouth of
the canyon (Figs. 8, 9a, 10a). Here, the isochore map reveals a small
depocentre that may be related to the uplift of the HF or to the filling of
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an old rifting structure.

In the lower section of the SVC, the sedimentary record of Unit Id
(Upper Oligocene to Middle Miocene) is eroded in the Tortonian due to
the emplacement of the allochthonous HGU (Unit Ic). Therefore, the
related isochore map (Fig. 9b) does not provide relevant information
about the tectonic activity and sedimentation in this zone of the study
area. However, the AR10 seismic profile (Fig. 8d) shows that the HGU is
not present in the hanging wall of the HF at the intersection between
the central and lower sections of the SVC. This evidence suggests that
the lowermost section of the canyon is controlled by the HF and their
activity started just before emplacement of the HGU. Thus, this is the
oldest section of the SVC of Middle or Late Miocene age (Fig. 10b). The
isochore map of Unit Id shows a small depocentre at the footwall of the
current MPF and in the southern segment of the SVF (i.e., the upper
section of the SVC) (Fig. 9a, b). According to the seismic data, these
would correspond to the filling of pre-existing rifting structures (Fig. 8a,
b).

MCS profiles show that within Unit Ib (Middle Miocene to Pliocene)
there are various unconformities, onlapping reflectors, and thin chaotic
units at the central and lower sections of the SVC (Fig. 8). In addition,
the isochore map (Fig. 9c¢) reveals a clear depocenter located in the
same area. These evidences suggest a contemporaneous sedimentation
and progressive folding and uplift of the HF and MPF, which also
generated accommodation space. This corresponds to the central seg-
ment of the canyon of Pliocene age (Fig. 10c). Unit Ib is locally eroded
in the upper section (Fig. 9c), but there is no clear evidence that this
unit has been eroded by the SVC at that time (Fig. 8a). The isochore
map also shows a depocenter in the footwall of the northem segment of
the MPF (Fig. 9¢). The growth-strata configuration identified in the
seismic data (Fig. 8d) suggests synchronous sedimentation with the
uplift of the fault. This tectonic activity would have generated accom-
modation space in the footwall block that may been filled by sediments
coming from the surrounding morpho-structural highs (e.g., Marqués
de Pombal and Gorringe Bank).

The Quatemary deposits are slightly folded both in the hanging-wall
block of the MPF and in the upper and lower sections of the canyon.
This evidence suggests that the Pliocene folding is currently active
(Fig. 8a, ¢, d). This is not the case in the central section of the canyon,
where seismic data shows the unfolded Plio-Quaternary Unit (Unit Ia)
and no major tectonic structure can be identified (i.e., the lateral pro-
longation of the SVF or the HF) (Fig. 8b). The isochore map shows Unit
Ia fully eroded along the canyon axis in the upper and central sections,
and a highly diminished thickness in the lower section (Fig. 9d). The
fairly rectilinear profile along the canyon axis (Fig. 4d) suggests that it
has not yet reached its long-term equilibrium profile (e.g. Amblas et al.,
2011). Evidence for significant erosion is observed in the upper and

¢ Sinuosity (")
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Fig. 11. Plot of the mean statistics of the submarine canyons in order
of length (km), slope ("), sinuosity ("), and depth range (km).
Classification of canyons according to Harris and Whiteway (2011).
Morphometric parameter averages (see in supplementary material
Table S1) of the submarine canyons in Western Europe and global
average of canyon types from Harris and Whiteway (2011).

A Average Slope (°)
W Depth Range (km)

central sections of the canyon (Fig. S1) most likely indicate that the
canyon is trying to reach equilibrium. This observation provides further
evidence about the relatively young age of the SVC. The isochore map
shows three depocentres, one of them associated with the footwall
block of the MPF (Fig. 9d). This observation may indicate that during
this period the maximum activity or development of the MPF took
place. Therefore, the incision of the SVC may have started at the Plio-
cene being maximum at the same time that the maximum development
of the MPF (Fig. 10d). Accordingly, this may suggest that the MPF plays
an important role in the depositional dynamics of the canyon. All these
observations indicate that the canyon likely developed in the late
Quaternary from the central section, where erosion is largest and ret-
rograded via mass movements on its flanks to its upper section and
outer continental shelf (Fig. 10c, d). The incision along the SVC axis
makes the flanks unstable, which enhances retrogression and widening
of the canyon (Baztan et al, 2005). Mass movements triggered by
turbidity currents would have favoured the incision of the canyon and
its progression towards the Horseshoe Abyssal Plain.

The isochore map of Unit Ia also shows two depocentres located on
both sides of the SVC, at the Marqués de Pombal Block and the Sagres
Plateau (Fig. 9d). These depocentres result from sediment contribution
by geostrophic currents. This favours the sediment deposition on the
head and flanks of the SVC (Heméndez-Molina et al., 2003), which acts
as a sediment trap for the MOW sediments.

Summarizing, the growth of the three faults (MPF, HF and SVF) has
conditioned the entire existence of the canyon, from its orientation to
its incision and width. The initial uplift of the HF generated a depo-
centre, which became an embryonic canyon with the subsequent evo-
lution of the SVF and the MPF (Fig. 10). These structures are currently
active, and their uplift conditions the incision and activity of the canyon
(permanently in disequilibrium).

5.4. Local and global relevance of the Sao Vicente Canyon

Comparing the morphometric parameters (i.e., length, head depth,
mouth depth, width, and S index and incision) of the SVC with the
average in the global inventory of large submarine canyons (Harris and
Whiteway, 2011) it turns out that, the SVC parameters are significantly
larger (at least in terms of length and depth range) (Table 51, Fig. 11). A
similar relationship can be found when comparing with the average of
those parameters in submarine canyons of Western Europe (Table 1,
Table S1, Fig. 11). According to the submarine canyon classification by
Harris and Whiteway (2011), three different submarine canyons
typologies can be distinguished: a) Type 1, shelf-incision with con-
nection to a major river system; b) Type 2, shelf-incision without a
connection to a major river system; and c) Type 3, blind canyons. The
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Y SVC belongs to the Type 2 by definition, even though its morphometric
L parameters are closer to Type 1 (Fig. 11).
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s g8 288 8 & Table 1 shows the comparison between the morphometric para-
§ eg EEE £ 2 meters of different canyon systems of the West Iberian margin (i.e.,
Cascais, Setibal and Lisbon canyons) with the canyons systems of the
T Southwest Iberian margin (i.e., Sdo Vicente, Sagres, Lagos, Portimdo
5 £ and Faro canyons). The Sdo Vicente, Setubal-Lisbon and Portimio
g ; canyons, the three being controlled by faults, have the longest straight
. 22 § § length. Together with the Cascais Canyon, they have also the greatest
§ ] 8 sl = depth range. In addition, their depth at the head is shallower and they
2 =4 g © all incise the continental shelf. In contrast, the Sagres and Faro canyons
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= - However, the Sao Vicente and Portimio canyons also show morpho-
= 3 metric parameters such as length, incision, head and mouth depth ty-
% E = pical of submarine canyons fed by a large river, despite they have no
5 =N % clear connection to a fluvial system. Finally, when observing the trace
b SEEZ2E22 5 & of the MOW (Fig. 1), it is evident that the heads of submarine canyons
. of south and west Iberia coincide with the trace of the MOW, which
& may interact with other submarine canyons as it does with the SVC. The
g SVC has an important sedimentary contribution from the MOW current;
£ therefore it could be classified as a new type of canyon, which is
F gs 8 g g g = strongly influenced by bottom currents and also by active tectonic
= Y Es2 2 R structures (faults). Despite some authors classify the Gulf of Cadiz as a
g passive margin (Harris and Whiteway, 2011), it has been demonstrated
E = that it is an active margin that hosts the Present-day Eurasia-Africa
5 E = = plate boundary (e.g., Bartolome et al., 2012; Gracia et al., 2003a, 2010;
E 3= E Martinez-Loriente et al, 2013, 2014, 2018; Sallarés et al, 2013;
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3 ., 282 8 < changing. Ther.efore., the subman}le canyons are not in equ.th.num and
n A B z are constantly incising and growing due to retrogressive erosion.
Some examples are the submarine canyons located on the Pacific
plate subduction margin, such as the Bering canyon, 400 km-long
(Harris and Whiteway, 2011); the Navarin canyon, 250 km-long
2 - (Carlson and Karl, 1988); the Zhemchug canyon, 196 km-long (Carlson
= nod o 0% and Karl, 1988); the Pribilof canyon, 145 km-long (Normark and
£ E‘E i b g! ;'g 1 iy Carlson, 2003); and the Monterey canyon, 111 km-long (Carlson and
E = R e Karl, 1988); as well as submarine canyons associated to the subduction
g system of the Caribbean plate, such as the Great Bahama canyon,
E 175 km-long (Andrews et al., 1970). Thus, the SVCis a clear example of
=5 how a large submarine canyon may develop within an active and slow
£ g 2les sss 5 s z seismogenic margin.
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g £ “é‘ $% %98 % 5 i 6. Conclusions
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% - | A multiscale view of the SVC region using multibeam echo-sounder
= 2 g data, 2D multi-channel seismic profiles and sidescan sonar data allows
g E] E] us to carry out an accurate morpho-sedimentary and tectonic study of
sl &4 B the processes occurring in the area. The SVC is the largest submarine
é §' g £8 § é § g é £ canyon of the SW Iberian margin. The upper and the central sections of
%‘ = the SVC are deeply entrenched in the continental slope. The upper
o g section shows a V-shape that progressively changes to a U-shape in the
f Eﬂ u::E central section, whereas the lower section connects to the Horseshoe
< = Abyssal Plain.
§ % - - é On the basis of its physiography and morphology, at present the SVC
E EE|2g phe 3 o 2 is not in equilibrium and shows erosive dynamics. In the upper and
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g, = central sections of the canyon, retrogressive erosion and dismantling of
_E E B &0 the flanks predominate, indicating that the canyon evolved from
g 3 E g 'g bottom-up. Submarine landslide deposits and landslide scars are the
ng ; 23 E gy E g main processes that allowed bottom-up evolution of the canyon. The
] E‘ 5 g §] 88 E E :‘: material resulting from the dismantling of the flanks and the MOW
g= sedimentary deposits are the main sediment source, as the canyon is not
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fed by rivers. The MOW contributes material through two different
processes: a) it deposits contourites on the flanks and head of the upper
section of the canyon that periodically fail into the canyon; and b) the
coarser-grained and denser sediment of the MOW might be trapped at
the head of the canyon and could generates hyperpycnal flows. Erosion
by these hyperpycnal and other sediment gravity flows forms steps at
the canyon bed on its way to the mouth of the canyon. Most sediment
gravity flows likely originate from destabilization of canyon flanks and
contourites deposits by frequent seismic events in this area.

The origin of the canyon is fully tectonic. Initial uplift of the HF
developed a synclinal fold at the base of the continental slope during an
NNW-SSE trending compressive stage (late Miocene). This topographic
relief, latter enhanced by evolution of the SVF and MPF, favoured the
development of an embryonic canyon. During the Pliocene, the em-
bryonic canyon developed towards the continental shelf by means of
retrogressive mass-failures induced by the tectonic uplift and steep
slope gradient. Full canyon development took place coinciding with the
period of maximum activity of the MPF in the Quaternary. Therefore,
the SVC is a diachronous and segmented canyon. Currently, the SVC
shows a strong structural control and is conditioned by three main
active faults (i.e., the MPF, the SVF and the HF).
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Annex 3: Uninterpreted MCS profiles
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Annex 4: Wave height for each coastal point and tsunami simulation

Wave height for each coastal and tsunami simulation

Location |ID| XDec | vDec | D®[GB PL|LS PL| HF PL hom [MPF PL hom|[NCPF_PL_hom[SCPF_PL_hom|HF 3D_hom|MPF_3D_hom|NCPF_3D_hom[SCPF 3D_hom| HF PL gauss |[HF _3D_gauss| HE 3D _het 1|HF 3D _het 2[HF 3D het 3| HF 3D het 4| HF 3D het 5
2 3 04 i 032 2 X 2 5 ; ]

Fisterra 1 -02048 428875 03 0230 0047 0.109 0.03; 0.023 0.058 0111 0.039 0.027 0.059 0141 0137 0.146 0.137 0.133 0.161 0.125
Porto 2 -86707 411216 2 0365 0101 0.157 0.048 0.031 0.078 0.161 0.038 0.037 0.079 0.101 0.196 0.21 0.19¢ 019 0.233 0177
Lisboa 3 93485 386798 195 0874 0363 0.642 0.232 0.139 0338 0.643 027 0.159 0.352 0.885 0.969 1.015 0.884 0.837 1.192 0.853
Sines 4 -8.8824 379507 233 0745 0.6 0.597 0.231 0.136 0.309 0.396 0272 0.153 04 0.828 0033 0916 0.803 0.757 1.2556 0.821
Sagres 5 -89775 370078 176 07 203 1117 0.272 0224 0.616 1435 0.27 0.265 0.984 0986 0.713 0.793 0.95¢ 125 212 0818
Pertimao 6 -85820 371178 186 0.644 0839 0.448 032 0.166 0418 0313 0.3¢ 0.197 0.443 0.674 0.716 0.722 0.573 0.576 0.883 0.736
Faro 7 -78866 369631 136 067 115 0.286 0.095 0.063 0179 03 0.127 0.058 0.203 0324 0387 0382 0.348 0.341 0.448 0.345
PuntaUmb. 8§ -6.9533 371717 178 0323 0.637 0.18 0.04 0.041 0.11 0.189 0.034 0.04 0.004 0.165 02 0.199 0.197 0.205 0.238 0.192
Cadiz 9 -62042 365258 199 0539 1118 0377 0.094 0.072 0.156 0.444 0.126 0.063 0.128 0451 0.52 0.506 0472 0.476 0.613 0438
Tanger 10 -6.06082 3545404 3 0492 0455 0415 0.095 0.00 0.18 0.748 0.116 0.117 0.172 0.603 1.06 116 0.094 1.025 1.295 0.693
Rahbat 11 -687815 340032 19 0996 0437 0.803 0.105 0.109 0.203 1.041 0.149 0.123 0.249 1.055 1.196 151 1277 1216 1.283 121
Casablanca 12 -7.46989 33.66566 152 1580 0723 1.116 0.151 0.16 05 1.281 0.208 0.186 0.490 1432 1518 1.577 1512 14 145 1743
Safi 13 -023642 324639 247 0961 0.442 0212 0.069 0.165 0.481 0.202 0.088 0.22 0.482 0.435 0.398 0392 0.322 0.247 04 0432
Madeira 14 -16.82205 3276931 297 033 0.205 0.268 0.164 0.123 0.202 0405 0.163 0.14 0.280 0375 0.567 0.632 0.578 0.569 0.638 0523

Green's Law
Location |ID] XDec | vDec | PP B PL|Ls PL] HF PL hom [MPF PL hom|NCPF PL hon|SCPF PL hon{HF 3D hom|MPF 3D _hom|NCPF 3D hom[SCPF 3D hom| HF PL gauss |HF 3D gauss|HF 3D het 1/HF 3D het 2| HF 3D het 3|HF 3D het 4|HF 3D het 5

Fisterra 1 -02048 428875 1 0285  0.056 0.130 0.038 0.027 0.069 0.132 0.047 0.032 0.070 0.168 0.164 0.174 0.164 0.159 0.192 0.149
Porto 2 -86707 411216 1 0434 0120 0.187 0.057 0.037 0.003 0191 0.069 0.044 0.094 0227 0233 0.250 0.237 0.226 0.277 0.210
Lisbea 3 03485 38.6798 1 1.033 0429 0.739 0.274 0.164 0.399 0.760 0319 0.188 0416 1.046 1.145 1.199 1.045 0.989 1.409 1.008
Sines 4 88824 379507 1 0920 0.741 0.738 0.285 0.168 0.382 0.736 0.336 0.189 0.494 1.023 1.153 1.132 0.002 0.935 1551 1.014
Sagres 5 -80775  37.0078 1 0.806 3375 1.287 0313 0.258 0.710 1.653 0311 0.305 1.133 1.136 0821 0913 1.105 1.440 2442 0.042
Pertimao 6 -8.5820 37.1178 1 0752 0980 0.523 0374 0.194 0.488 0.366 0435 0.230 0517 0.787 0.836 0.843 0.669 0.673 1.031 0.860
Fare 7 -7.8866 36.9631 1 0.749 1285 0320 0.106 0.070 0.200 0335 0.142 0.065 0.227 0362 0433 0427 0.389 0.381 0.501 0.386
PuntaUmb. 8 -69533 37.1717 1 0.373 0.736 0208 0.046 0.047 0.127 0218 0.062 0.046 0.109 0.191 0231 0230 0228 0.237 0.275 0222
Cadiz 9 -6.2042 365258 1 0.640 1328 0.448 0112 0.086 0.185 0.527 0.130 0.075 0.152 0336 0.618 0.601 0.561 0.365 0.728 0.520
Tanger 10 -6.06082 3545404 1 0.648  0.599 0.346 0.125 0.118 0.237 0.084 0.153 0.154 .226 0912 1305 1527 1.308 1.349 1.704 0912
Rabbat 11 -6.87815 34.0032 1 1.169 0513 1.048 0.123 0.128 0.344 1222 0173 0.144 .202 1239 1.404 1.538 1409 1428 1.506 1421
Casablanca 12 -7.46989 3366566 1 1.764 0805 1.239 0.168 0.178 0.555 1422 0.231 0.207 0.554 1.500 1.686 1.751 1679 1.554 1.610 1935
Safi 13 923642 324639 1 205 0554 0.266 0.087 0.207 0.603 0.253 0.110 0.276 0.604 0.545 0.499 0.491 0.404 0310 0501 0.542
Madeira 14 -16.82205 3276031 1 0430  0.269 0352 0.215 0.161 0.383 0.532 0214 0.184 0379 0.402 0.744 0.856 0.759 0.747 0.838 0.687

GB: Gorringe Bank fault

LS: Lineament South fault

HF: Horseshoe fault

MPF: Marqués de Pombal fault
NCPF: North Coral Patch fault
SCPF: South Coral Patch fault
PL: planar

hom: homogenecus

het: heterogeneous

Dec: decimal coordinates

(1) D: Depth (meters below the sea level)

Data are available at the file “Points HMAX.pdf” in the figshare repository: https://figshare.com/s/02e19886d2ded8ec9145
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Annex 5: Horseshoe fault tsunami simulations
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