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Abstract

Subaqueous landslides are globally widespread — occurring on continental margins, in lakes,
fjords and river deltas, and at volcanic islands — and can destroy critical seafloor infrastruc-
ture and marine habitats. Furthermore, they can result in tsunami waves that can have a
devastating impact on coastal communities and infrastructure, can transport organic ma-
terial and pollutants into the deep sea, impact upon hydrocarbon systems, and play a role
in defining national economic boundaries. Thus, understanding how subaqueous landslides
are emplaced and their potential impact is important both from a hazard mitigation and
an economic perspective. The morphology and geometry of a landslide deposit provides key
information about how it was emplaced, but our understanding of these factors depends
heavily on data coverage and resolution. This thesis makes use of a variety of types of data
from different settings and of different resolutions in order to both qualitatively and quan-
titatively investigate the morphology of mass transport deposits. In particular, I explore
the relationship between morphology and the process of emplacement. Some morphological
features, such as elongated ridges related to lateral-margin compression, toe compression,
and extension (spreading), form through entirely different processes, but appear to have
similar geomorphology. As geomorphology is widely used to infer information about the
formative process, it is important that it is correctly interpreted. This poses a particular
problem in areas of low data coverage, or for very large landslides, which may have failed
in multiple stages. Here, we develop and test a quantitative method for distinguishing bet-
ween different types of ridges in subaqueous landslide deposits. Our results demonstrate a
quantitative link between the morphology and formative processes responsible for spreading,
toe-compression, and lateral-margin compressional ridges. The application of quantitative
methodology such as this represents an important step towards reducing the subjectivity
that is often inherent in the analysis of subaqueous landslide deposits. Furthermore, the
morphology and emplacement of two end-member cases — a volcanic flank-collapse (the
Monte Amarelo flank-collapse of the island of Fogo in the Cape Verdes), and a submari-
ne megaslide on a passive continental margin (the Tampen Slide, offshore Norway) — are
examined in detail. The Monte Amarelo flank-collapse deposits offshore Fogo are investiga-
ted using a combination of high-resolution sub-bottom profiles, sediment gravity cores, and
bathymetric data. These data reveal that the lateral extent of the Monte Amarelo debris
avalanche deposits is more than twice what it was previously thought to be. Moreover, we

find that the deposition of the debris avalanche deposits triggered the multi-phase failure
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of pre-existing seafloor sediments — similar to what has been documented for flank-collapses
in the Lesser Antilles (Caribbean). We also find evidence for numerous small volume, pre-
viously unobserved, mass transport deposits on the submerged slopes south of the island of
Fogo. The second end-member case, the buried Tampen Slide offshore Norway, is investiga-
ted using laterally extensive, high-resolution 3D seismic data. We find that the prodigious
volume of the Tampen Slide (>1,000 km?) is largely the result of a single failure along a
single glide plane. This differs significantly from other megaslides, whose large total volumes
seem to be the result of numerous small volume retrogressive failures, and has important
implications for our understanding of how large landslides may fail. Furthermore, the high
resolution of the data enables the morphology of the Tampen Slide to be investigated in
detail, and we identify regions of spreading and compression (cross-slope ridges), as well as
longitudinal (down-slope orientated) chutes and ridges that are >40 m higher than the sur-
rounding deposits — the first time that longitudinal ridges of this scale have been identified
in a deep marine setting. The findings for both these end-member subaqueous landslides
have important implications for understanding how other such landslides may be emplaced,

as well as their corresponding hazards.



Zusammenfassung

Subaquatische Hangrutschungen sind global weit verbreitet — sie treten an Kontinental-
rdndern, in Seen, Fjorden und Flussdeltas sowie auf vulkanischen Inseln auf — und kénnen
wichtige Infrastrukturen am Meeresboden, marine Okosysteme und Habitate zerstoren.
Dariiber hinaus kénnen sie Tsunamis auslosen, die verheerende Auswirkungen auf Kiisten-
regionen und Infrastruktur haben, organisches Material und Schadstoffe in die Tiefsee trans-
portieren, sich auf Kohlenwasserstoffsysteme auswirken und bei der Festlegung nationaler
Grenzen und wirtschaftlicher Zonen eine Rolle spielen konnen. Daher ist das Verstédndnis von
Mechanismen dieser subaquatischer Hangrutschungen und ihrer potenziellen Auswirkungen,
sowohl aus der Sicht der Gefahrenminderung, als auch aus wirtschaftlicher Sicht, essentiell.
Die Morphologie und Geometrie einer Hangrutschung liefert wichtige Informationen dariiber,
wie diese abgelagert wurde. Jedoch héngt die Analyse dieser Faktoren stark von der Art der
Datenaufnahme und -auflosung ab. Um die Morphologie von Massentransportablagerungen
sowohl qualitativ als auch quantitativ zu untersuchen, wird in dieser Arbeit eine Vielzahl von
Datentypen aus unterschiedlichen Regionen und unterschiedlicher Auflosungen verwendet.
In dieser Arbeit werden insbesondere die Beziehungen zwischen Morphologie und deren
zugrunde liegenden Prozesse untersucht. Strukturen &hnlicher Auspragung kénnen durch
ganz unterschiedliche Prozesse entstehen. Ein gutes Beispiel dafiir sind Kémme, die als
Folge von Dehnung (Spreizung) im proximalen Bereich, Kompression im distalen Bereich,
oder durch laterale Randkompressionen entstehen konnen. Da die Geomorphologie weit-
hin zur Ableitung von Informationen iiber den Entstehungsprozess verwendet wird, ist es
wichtig, dass diese korrekt interpretiert wird. Dies stellt ein besonderes Problem in Gebieten
mit geringer Datendichte oder bei sehr groflen Hangrutschungen dar, die moglicherweise in
mehreren Phasen abgerutscht sind. Hier werden quantitative Methoden zur Differenzierung
zwischen lateraler Randkompression, distaler Ridge Kompression und Dehnungskdmmen in
Ablagerungen von subaquatischer Hangrutschungen untersucht und getestet. Die Ergeb-
nisse dieser Analyse zeigen einen quantitativen Zusammenhang zwischen der Morphologie
und den Formgebungsprozessen, die fiir die Spreizung, die distale Kompressions-Kédmme und
die Kompression der seitlichen Rénder verantwortlich sind. Die Anwendung einer solchen
quantitativen Methodik stellt einen wichtigen Schritt zur Verringerung der Subjektivitéit
dar, die der Analyse subaquatischer Hangrutschablagerungen oft innewohnt. Dariiber hin-
aus wird die Morphologie und rdumliche Lage von zwei Fallbeispielen im Detail untersucht:

der vulkanischer Monte-Amarelo-Flankenkollaps der Insel Fogo, Kapverden, und die riesige
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Tampen subaquatische Hangrutschung an dem passiven Kontinentalhang vor zentral Nor-
wegen. Die Ablagerungen des Monte-Amarelo Flankenkollapses vor der vulkanischen Insel
Fogo wurden mit einer Kombination aus hochauflésenden Sedimentecholot-, Féacherecholot-
und Sedimentkerndaten untersucht. Die Daten zeigen, dass die laterale Ausdehnung der
Monte-Amarelo Schuttlawine mehr als doppelt so grof ist wie bisher angenommen. Zudem
konnte gezeigt werden, dass die Ablagerungen der Schuttlawine das mehrphasige Rutschen
von bereits abgelagerten Sedimenten ausloste. Dieser Prozess ist bereits von Flankenab-
briichen auf den Kleinen Antillen (Karibik) bekannt. An Fogos subaquatischen Vulkanhédngen
konnten aulerdem zahlreiche kleinvolumige Massentransportablagerungen nachgewiesen wer-
den. Als zweites Fallbeispiel wurden die Ablagerungen der Tampen-Rutsunchung mit einem
Gesamtvolumen von >1,000 km?® untersucht. Unter Verwendung eines grofien, hochauf-
l6senden reflektions-seismischen 3D Datensatzes der Sediment bedeckten Abbruchkante der
Tampen-Rutschung konnte festgestellt werden, dass die Massenumlagerung weitgehend wih-
rend eines einzigen Ereignises entlang einer Gleitebene stattfand. Diese Beobachtung unter-
scheidet sich erheblich von anderen Megarutschungen, deren grofles Gesamtvolumen das
Ergebnis zahlreicher retrogressiver, kleinvolumiger Hangrutschungen ist. Dies hat wichtige
Auswirkungen auf das Verstéindnis von Ablaufen, die wihrend einer groflen Hangrutschung
stattfinden konnen. Die hohe Datenauflosung ermoglicht es die Morphologie der Tampen-
Rutschung im Detail zu untersuchen. So konnten Spreizungs- und Kompressionsregionen,
die quer zum Streichen verlaufen, sowie hangabwirts orientierte Rutschungsbahnen und
Kémme, die bis zu 40 m hoher sind als die sie umgebenden Ablagerungen identifiziert wer-
den. Dies ist das erste Mal, dass diese longitudinalen Kdmme in dieser Wassertiefe gefunden
wurden. Die Erkenntnisse, die durch diese beiden Fallbeispiele gewonnen wurden, haben
wichtige Implikationen fiir das Versténdnis wie derartige Hangrutschungen abgelagert wer-

den, und welche Gefahren mit ihnen einhergehen konnen.
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Chapter 1

Motivation and Outline

1.1 Motivation

Subaqueous landslides are globally widespread and occur in a variety of different settings,
including in alpine lakes and fjords, at volcanic islands, and on active and passive continental
margins (e.g. Hampton et al., 1996, Talling et al., 2014, Blahut et al., 2018, Sammartini
et al., 2019). Additionally, they can be orders of magnitude larger than their terrestrial
counterparts (Korup et al., 2007, Masson et al., 2010). For example, the submarine Storegga
Slide offshore Norway that occurred 8,200 years ago involved 2,500 - 3,500 km? of material
and ran out for over 800 km (Haflidason et al., 2005, Kvalstad et al., 2005). In comparison,
the 1980 flank collapse of Mt St Helens involved ~3 km? (Glicken, 1996), while the collapse
of Mt Shasta, the largest known Quaternary terrestrial landslide, incorporated a volume of
~26 km? (Crandell et al., 1984).

Moreover, subaqueous landslides can have devastating consequences — damaging critical
offshore infrastructure such as wind farms, oil rigs, and submarine telecommunication cables
that carry >95% of global data traffic (e.g. Heezen and Ewing, 1952, Thomas et al., 2010,
Clare et al., 2017), as well as generating tsunami waves that can destroy coastal community
infrastructure and result in significant loss of life (e.g. Harbitz et al., 2014, Ramalho et al.,
2015, Nakata et al., 2020). Furthermore, submarine landslides can transport pollutants, such
as microplastics, as well as organic matter to the deep sea (Korup et al., 2007, Azpiroz-
Zabala et al., 2017, Kane and Clare, 2019). Buried subaqueous landslides also play an
important role in hydrocarbon systems — controlling their distribution and geometry; acting
as (or disrupting) seals; or even acting as hydrocarbon reservoirs (Weimer et al., 2007, Clare

et al., 2018).
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However, in spite of the hazards they pose and the environmental changes that can result
from them, subaqueous landslides remain poorly understood. Furthermore, there are re-
markably few direct observations of the development and failure of subaqueous landslides,
and so understanding how past landslides have failed is critical in order to understand the

risks posed by future landsliding events.

The morphology of a landslide provides critical information about the process of failure,
which can then be used to understand the associated hazard. An interpretation of the
morphology, however, is closely tied to the resolution and coverage of the data, and variations
in these make it difficult to compare landslides in different settings. In this thesis, I employ
both qualitative and quantitative methods to explore the relationship between subaqueous
landslide morphology and the process of emplacement, using a variety of data from multiple

settings.

1.2 Outline of this thesis

In Chapter 2, I provide an overview of subaqueous landslides, including their classification;
morphology; and preconditioning and triggering factors; before outlining the main objectives
of this thesis.

In Chapter 3, the results of a survey of the Monte Amarelo flank-collapse of Fogo Island in
the Cape Verdes are presented. These show that the flank-collapse deposits extend across a
much larger area than previously thought. Furthermore, we suggest that the deposition of
the volcanic debris avalanche deposits triggered the failure of pre-existing seafloor sediments,
as has been proposed previously for the islands of Montserrat and Martinique in the Lesser
Antilles (Watt et al., 2012, Le Friant et al., 2015). We also document, for the first time,
multiple landslides on the slopes south of Fogo, which may be unrelated to volcanic processes
and instead indicative of ongoing tectonic activity in the region. This chapter is published

as

Barrett, R., Lebas, E., Ramalho, R., Klaucke, 1., Kutterolf, S., Kliigel, A., Lindhorst, K.,
Gross, F., and Krastel, S. (2019). Revisiting the tsunamigenic volcanic flank collapse of Fogo
Island in the Cape Verdes, offshore West Africa. In Geological Society of London Special
Publications, 500, https://doi.org/10.1144/SP500-2019-187.

In Chapter 4, I present the results of the analysis of high resolution, 3D seismic data from
the Tampen Slide, offshore Norway, which indicate that not all submarine megaslides form
through the process of retrogression. In fact, they may fail as a single mass along a single

glide plane — a variation in the failure mechanism that may have significant implications for
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the resulting hazard potential (particularly the generation of tsunami waves). Furthermore,
the high resolution of the data enables us to characterize the Tampen Slide headwall region
at a high level of detail. We identify extensional and compressional (cross-slope) ridges, as
well as longitudinal (downslope, movement-parallel) chutes and ridges that are up-to-40 m
high. This is the first time longitudinal ridges of this size have been imaged in a deep marine
setting. This chapter was submitted to the Journal of Geophysical Research: Solid Earth on
23.07.2020, and we received positive reviews for it on 25.09.2020. The revised manuscript

will be resubmitted soon.

In Chapter 5, [ compare the geomorphological signature of extensional and compressional
ridges in subaqueous landslides, using data from the Tampen and Storegga Slides offshore
Norway; the Malta Escarpment in the central Mediterranean Sea; and Lakes Lucerne and
Zurich in Switzerland. Extensional and compressional ridges are common in subaqueous
landslide deposits, but are geomorphically similar. This means that they can be difficult to
distinguish where the data resolution is low or the full extent of the slide is not covered.
This is particularly a problem for megaslides and landslide complexes, where failure often
involves multiple phases that can be difficult to distinguish from one another due to the
scale of sliding. Here, I compare the geomorphic signature of extensional and compressional
ridges using spectral and principal component analysis, with the aim of finding whether
they can be distinguished based solely on their geomorphology. At the time of submission
of this thesis, this chapter is in preparation for submission to the Journal of Geophysical
Research: Farth Surface.

In Chapter 6, the results of the previous chapters are brought together. I also discuss

ongoing and future steps for this work.
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Chapter 2
Introduction

Subaqueous landslides® are ubiquitous features of both active and passive continental mar-
gins, as well as volcanic islands, fjords and lake environments (e.g. Hampton et al., 1996,
Hithnerbach and Masson, 2004, Harbitz et al., 2014b, Blahut et al., 2018, Bellwald et al.,
2019a, Sammartini et al., 2019). One of the largest known submarine landslides, the Agul-
has Slide offshore South Africa, ran out across 750 km and involved a volume of ~20,000
km? (Dingle, 1977), but such a large and extensive landslide is by no means unique in the
submarine realm (Table 2.1). The 2,500-3,500 km? Storegga Slide offshore Norway (Hafli-
dason et al., 2004), perhaps one of the best studied and understood subaqueous landslides
worldwide, resulted in a tsunami that ran up to heights of up to 15-25 metres in the Shetland
Islands and Norway, and its deposits are found as far away as the southern North Sea (Bon-
devik et al., 2005, Weninger et al., 2008). Landslides around volcanic islands can also involve
prodigious volumes — for example, the Nuuanu landslide offshore Oahu in Hawaii involved
5,000 km? of volcanic material (Moore et al., 1989). Moreover, even comparatively small
subaqueous landslides can generate catastrophic tsunami waves. The September 2018 flank
collapse of Anak Krakatau in Indonesia, which involved a volume of 0.22-0.3 km? (Grilli
et al., 2019, Zengaffinen et al., 2020), triggered a tsunami that ran up to 13 m above sea
level, and claimed the lives of more than 400 people (Muhari et al., 2019). Several months
later, in December 2018, a pair of small submarine landslides (0.02 and 0.07 km?) triggered
by a large earthquake (M, 7.5) in Palu Bay (Sulawesi, Indonesia) led to a tsunami that
ran up to heights of 10 m, resulting in the deaths of 2,000 people and causing significant
damage to coastal infrastructure (Omira et al., 2019, Nakata et al., 2020).

The volume, geometry, and failure mechanism of subaqueous landslides are key parameters

that determine the magnitude of associated hazards, including the generation of tsunami

Tn this thesis, the term subaqueous includes both oceanic and lake environments, while submarine refers
to the oceanic (marine) realm.
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waves (Harbitz et al., 2014b). However, it should be noted that not all subaqueous land-
slides generate tsunami waves. For example, the Traenadjupet Slide offshore Norway, which
involved a total volume of 500-1,000 km?3, is thought to have failed too slowly, and too far
from the coast, to generate a tsunami (Laberg and Vorren, 2000, Lgvholt et al., 2017).

Submarine landslides also pose a risk to critical offshore infrastructure, such as telecommu-
nications cables that now carry >95% of global data traffic (e.g. Carter et al., 2014, Clare
et al., 2017). This is most famously documented by the 1929 Grand Banks (Newfoundland)
earthquake-triggered slump and the resulting turbidity current, which systematically broke
all the seafloor cables within 500 km downslope of the slump (Heezen and Ewing, 1952). A
repetition of this event today — where there are many more seafloor cables linking North
America and Europe, and the global economy and connectivity between people and nations
depends so heavily on the Internet — would wreck havoc. The downslope termination of
submarine landslide deposits on the continental shelf also influences the location of inter-
national economic boundaries as defined by the United Nations Convention on the Law of
the Sea (Mosher et al., 2016, Clare et al., 2018a).

Submarine landslides can also transport pollutants, such as microplastics, as well as organic
matter to the deep sea (Korup et al., 2007, Azpiroz-Zabala et al., 2017, Kane and Clare,
2019). While the failure itself can destroy seafloor habitats, both the upper surface of the
deposits and the evacuation zone have been shown to subsequently become rich habitats for
seafloor biological communities (e.g. Okey, 1997, Panieri et al., 2012, Savini et al., 2016).
Furthermore, submarine landslides play an important role in hydrocarbon systems: when
buried, they can act as seals or barriers to fluid migration; create and modify fluid migration
pathways; control the distribution of reservoirs on the continental slope; and even act as

reservoirs (Weimer et al., 2007, Clare et al., 2018a, and references therein).

However, in spite of their obvious and multi-fold hazard potential, subaqueous landslides
remain poorly understood, and questions relating to their distribution in space and time,
preconditioning and triggering factors, and process of failure remain unanswered. In the
following sections, I outline the different types of subaqueous landslide (Section 2.1), before
discussing how their morphology helps us to understand how they failed (Section 2.2),
and their preconditioning and triggering factors (Section 2.3). I conclude by outlining the
objectives of this thesis (Section 2.4).



Table 2.1: Examples of some large volume submarine landslides in a variety of settings

Area Volume Reference
(km?) (km?)
Agulhas Slide, offshore SE 79,500 20,000 Dingle (1977)
Africa
Ayabacas Formation, >80,000 >10,000 Callot et al. (2008)
southern Peru
Nuuanu Landslide, offshore 23,000 5,000 Moore et al. (1989)
NE Oahu, Hawaii
Ruatoria Debris Avalanche, 3,400 3,150 Collot et al. (2001)
offshore New Zealand
. 2,500- .
Storegga Slide, offshore 95.000 Haflidason et al. (2004)
N ’ 3,500
orway
Cape Fear Slide Complex, US >25,000 1,700 Hornbach et al. (2007), Hill
Atlantic margin et al. (2019)
Hinlopen/Yermak Slide, 10,000 1,350 Vanneste et al. (2006),
northern Svalbard margin Winkelmann et al. (2008)
Tampen Slide, offshore >25,500 >1,000 Nygard et al. (2005), Barrett
Norway et al. (in review)
Combined Orotava, Icod and 5,500 1,000 Watts and Masson (1995),
Roques de Garcia debris Teide Group (1997)
avalanches, Tenerife, Canary
Islands
Israel Slump Complex, 4,800 1,000 Frey-Martinez et al. (2005)
Levant Basin, offshore Israel
Mauritania Slide, offshore 34,000 700 Antobreh and Krastel (2007)
NW Africa
Sahara Slide, offshore NW 70,000 600 Embley (1982),

Africa

Georgiopoulou et al. (2010)
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2.1 Types of subaqueous landslide

Subaqueous landslides are gravitationally-driven mass wasting deposits that have previously
been classified in several different ways in attempts to capture variations in their transport
and relation to the source area, morphology, and sedimentary properties (e.g. Dott, 1963,
Nardin et al.; 1979, Hampton et al., 1996, Shanmugam, 2000, Mulder and Alexander, 2001,
Moscardelli and Wood, 2008, Clare et al., 2018a). Their classification is somewhat com-
plicated by the fact that a single event can occur in multiple phases that are separated in
time, and the deposits of those phases can both fail in different manners, and have different
properties (Nardin et al., 1979, Moscardelli and Wood, 2008). In this thesis, the following
terminology is used to describe the different types of subaqueous landslides (Figure 2.1):

e Slide refers to the purely translational failure of material or blocks along a single glide
plane, and involves little or no internal deformation or rotation (Locat and Lee, 2000,
Moscardelli and Wood, 2008). The blocks can also disintegrate into smaller blocks as

they translate downslope.

e A slump describes a mass transport deposit (MTD) whose translation along a shear
surface is accompanied by rotation along discrete shear surfaces and some internal de-
formation (Moscardelli and Wood, 2008). The failure surface beneath such a rotational

slide is typically upwardly-concave (Hampton et al., 1996).

e When shear is distributed throughout the deformed mass, and the mass remains cohe-
sive, the MTD is referred to as a debris flow (Mulder and Alexander, 2001, Moscardelli
and Wood, 2008). Such mass transport deposits are highly mobile, and the failed mass

usually completely evacuates from the headwall area (Locat and Lee, 2000).

e Turbidity currents occur when the flow has a very low concentration by volume and the
particles are transported by fluid turbulence (Bagnold, 1962, Mulder and Alexander,
2001). When associated with subaqueous landslides, turbidity currents develop at the
leading edge of the landslide (the toe), and can run out over hundreds of kilometers
even when the slope gradient is minimal (<1°) (e.g. Heezen and Ewing, 1952, Nisbet
and Piper, 1998, Talling et al., 2012). Turbidity currents can also occur independently
of subaqueous landslides; for example, as a result of earthquakes, river flooding, and

storms, or even without an external trigger (Talling et al., 2013, Paull et al., 2018).

Note the progressive sense of this classification system — it should be clear that subaqueous
landslides can also develop into other types during the course of failure. Understanding how
failure occurs and develops is critical for constraining the associated hazards (Locat and
Lee, 2000, Harbitz et al., 2014b).
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Slide

..

Slump

=

Debris flow

from headwall scarp

Increasing internal deformation ———
Increasing displacement

Turbidity current

Figure 2.1: Schematic showing the different types of subaqueous landslides (modified after
Moscardelli and Wood, 2008).

Furthermore, subaqueous landslides can either be frontally emergent or frontally confined
(Figure 2.2). Following the classification of Frey-Martinez et al. (2006), a frontally emergent
landslide ramps up from the failed basal surface and can then translate freely across the
undeformed sediments. In contrast, the deposits of a frontally confined landslide are confined

by a frontal ramp, and do not progress beyond the original failed basal surface.

Large cracks in the unfailed sediment upslope of, or adjacent to, the headwall (referred to
as crown cracks) have been documented in numerous settings (e.g. Micallef et al., 2007b,
Li et al., 2017, Normandeau et al., 2019). Crown cracks are indicative of instability and
can develop further into headwalls, resulting in the upslope migration of failure in a process
known as retrogression (Hampton et al., 1996). Retrogression is commonly associated with
large submarine landslide complexes (where there are many smaller failures within the same
headwall area) and megaslides (submarine landslides of prodigious volume; defined here
as landslides with a volume larger than 1,000 km?, following Hjelstuen et al., 2007), and
is widely thought to account for the large volume of megaslides on passive continental
margins (Laberg and Vorren, 2000, Kvalstad et al., 2005, Vanneste et al., 2006, Antobreh
and Krastel, 2007, Georgiopoulou et al., 2010, Masson et al., 2010, Hill et al., 2019). Crown
cracks can also develop into spreading — a region of extension that is characterized by a
series of repetitive ridges and troughs parallel to the headwall scarp (Figure 2.3, Micallef
et al., 2007b). Spreading is thought to result from seismic loading and loss of basal support,
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Headscarp

Free
translation

Figure 2.2: Schematic highlighting the difference between (a) frontally emergent and (b) frontally
confined landslides (from Frey-Martinez et al., 2006).

Original ground Dislocation
surface \_ of the debris

a

Figure 2.3: Spreading in subaqueous landslides. (a) Schematic representation of spreading ridges
and the original ground surface (from Locat et al., 2013). (b) Example of spreading ridges in
the headwall region of the Storegga Slide, offshore Norway, using a fusion of TOBI side-scan and
bathymetry data (modified after Micallef et al., 2007b). Note the relation between crown cracks
and spreading.

so that it typically occurs following the formation of a headwall and the excavation of the

failed mass (Lastras et al., 2003, Micallef et al., 2007b).

The landsliding processes and types described so far have been discussed only insofar as
they relate to subaqueous landsliding processes; however, it is also pertinent to mention
landslides which begin out of water and continue beneath it, such as landslides in fjords,
lakes, and at volcanic islands (Blahut et al., 2018, Bellwald et al., 2019a, Sammartini et al.,
2019). Such multi-medium failures (involving both air and water) can create strong impulse
waves that can travel rapidly across the water surface (e.g. Harbitz et al., 2014a, Ramalho
et al., 2015, Zengaffinen et al., 2020).
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2.2 Morphology as an indicator of failure mechanics

The morphology of a landslide provides critical information about the process of failure,
which can then be used to understand the associated hazard. In their review of kinematic
indicators for submarine landslides, Bull et al. (2009) built on the previous work of Prior
et al. (1984) and identified indicators that dominate the headwall, translational, and toe
regions of submarine landslides (Figure 2.4). The headwall domain is dominated by ex-
tension, and includes the headwall scarp and extensional ridges and blocks, such as those
generated through the process of spreading described in the previous section. In contrast,
the toe domain at the downslope end of the slide is dominated by compressional features,
including folds and thrust systems (for frontally confined landslides), and pressure ridges —
defined as the surface expression of thrusts that cannot be resolved by the data (for frontally
emergent /unconfined landslides; Schnellmann et al., 2005, Frey-Martinez et al., 2006, Bull
et al., 2009). Compressional ridges are aligned perpendicular to the flow direction, and have
similar geomorphology to spreading ridges found within the headwall domain. Outrunner
blocks — relatively undeformed blocks that detach and move independently of the landslide

mass — can also often be found downslope of the landslide toe (e.g. De Blasio et al., 2006).

Several kinematic indicators — including translated blocks (e.g. Alves, 2015); folds (e.g. Webb
and Cooper, 1988); striated grooves on the basal plane (e.g. Gee et al., 2005); second-order
flow fabric (i.e. lineations that are not laterally continuous or cross-cutting; Masson et al.,

1993, Gafeira et al., 2010); and basal ramps and flats (steps in the basal plane; e.g. Gamboa

B— Source area———# B—— Depositional area ——— &
head _
scarp < ; lateral
TN Jscap boundary between successive adjacent or overlap-
crown % : < gln? landslide deposits represented at the seafloor
crack : : y longitudinal shears and contrasting deformation
\ _ mostly evacuated scar fabric
24 with minor debris 1\
: K-\ T unconfined toe
¥ .0 /-' Secondary failure ‘,‘ > _(Overndlng)
¥0 ¥ (overprints main failure) | . i -
‘ N\ ; < utrunner
| &> X P N > \blocks
extensional A o 5 - L \
I'ridges and blocks > - ; %\ confined
s — toe
bedding-controlled . r O -
translational basal L] 5 4 - \ §

) [ | oY

;}onlal fold and
ARY- o~ ault zone

. L S —reflects toe

- compression
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concave scarps |
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Figure 2.4: Kinematic indicators within a subaqueous landslide (modified after Prior et al., 1984,
Bull et al., 2009, Mountjoy and Micallef, 2018).
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and Alves, 2016) — can also be found within the translational domain that links the upslope-
and downslope-limits of the landslide. The orientation of these features enables the flow

direction and landslide mechanics to be constrained.

There has recently been a push within the subaqueous landslide community towards a more
quantitative and uniform analysis, so that landslides in different settings can be compared
more easily (e.g. Hithnerbach and Masson, 2004, Moscardelli and Wood, 2016, Clare et al.,
2018a). Moscardelli and Wood (2016) compiled a morphometric database documenting the
length, area, volume and thickness of subaqueous landslides from different settings around
the world. Their analysis suggests that morphometric parameters are linked to the geometry,
geological setting, and causal mechanisms, such that one can estimate the dimensions of
landslides in areas of low data coverage. While such a result is clearly a step forward,
these quantitative studies still rely heavily on user input, which means that there is a large
amount of subjectivity involved in their analysis. Clare et al. (2018a) — the authors of which
include twenty-three experts in submarine landslides — separately analysed a bathymetric
dataset covering the Valdes Slide, offshore Chile (Figure 2.5), and then compared their
results. While simple locational parameters (latitude, longitude and water depth) varied
within <5% of the mean, morphological parameters that required a higher level of user
input (such as the scar perimeter length, maximum deposit width, and maximum deposit
thickness) varied much more significantly (by 57%, 45%, and 41%, respectively, for those
three parameters). Such variation means that it is difficult to compare landslides in different
tectonic settings, and/or that have been analysed by different scientists — a comparison
that is critical to building up our understanding of submarine landsliding processes, their

frequency, and their distribution, amongst other factors.

The use of morphological parameters such as slope curvature and gradient to study and
understand subaqueous landslides has become more commonplace in the last decade (e.g.
Micallef et al., 2007a, Lecours et al., 2016, 2017), helping to reduce subjectivity in the
identification of morphological features. While there are a multitude of terrain attributes
that can be calculated, they tend to correlate heavily with each other, and Lecours et al.
(2017) found that the majority of topographic and morphologic variations can be identified
using just 6-7 specific terrain attributes: topographic mean (average elevation within a
neighbourhood of adjacent cells); topographic position index (the elevation of a particular
cell relative to the mean elevation of cells around that cell); rugosity (a measure of the
roughness of the surface); slope gradient; and northward /eastward orientation (slope aspect)
(Figure 2.5).

Furthermore, where repeat bathymetric surveys are available, one can also use the variations

between datasets to investigate changing morphology, sediment flux, and slope stability over
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Figure 2.5: A few of the terrain attributes for the Valdes Slide, offshore Chile: (A) Hillshaded
bathymetry data, (B) Slope gradient, (C) Bathymetric Position Index, (D) Slope aspect. The
black lines highlight the slope gradient boundaries as demarcated in (B).

time. This is particularly useful in regions that are prone to sub-decadal instabilities, such
as river deltas (e.g. the Mississippi River Delta, Louisiana, USA; Obelcz et al., 2017, 2020),
or submarine canyons/channels (e.g. Bute Inet, Canada; Heijnen et al., 2020). However,

such datasets are very uncommon.

2.3 Preconditioning and triggering factors

Landslides are ubiquitous features of continental slopes, active river deltas, submarine
canyon-fan systems, fjords, lakes, and volcanic islands and, in all of these settings, failure
is ultimately triggered when the gravitational forces exceed the resisting forces (Hampton
et al., 1996, Locat and Lee, 2000). There are a number of factors that can both precondi-
tion slopes for failure and ultimately trigger that failure; some of which increase the stress,
while others decrease the stress (Figure 2.6, Locat and Lee, 2000). While these factors are
generally known, the relative importance of, and interplay between, individual factors is
often discussed in the literature (e.g. Hampton et al., 1996, Hornbach et al., 2007, Leynaud
et al., 2009, Masson et al., 2010, Urlaub et al., 2015, Bellwald et al., 2019a).

The Storegga Slide, which occurred 8,200 years ago offshore Norway and is arguably the

best-studied submarine landslide globally, is thought to have been preconditioned for failure
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Figure 2.6: Triggering and preconditioning factors for subaqueous landslides (from Locat and Lee,
2000).

by high excess pore pressure, and then triggered by an earthquake on the lower continental
slope (Haflidason et al., 2004, Bryn et al., 2005, Kvalstad et al., 2005, Bellwald et al., 2019a).
The timing of the Storegga Slide, shortly after the transition to an interglacial period, led
to the development of a model where slope stability in the region is closely tied to glacial
and interglacial cycles (Bryn et al., 2005). In that model, the rapid deposition of sediment
following the retreat of ice results in the development of overpressure, and a landslide is
then triggered by seismic activity related to isostatic rebound (Figure 2.7). This process is

thought to repeat every glacial cycle (Bryn et al., 2005).

The presence of gas beneath and within submarine landslides — e.g. the Storegga Slide
(Solheim et al., 2005); Tuaheni Slide, offshore New Zealand (Gross et al., 2018); the Hum-
boldt Slide offshore California (Field and Barber, 2002); and the Ana and pre-Ana slides in
the Mediterranean (Berndt et al., 2012) — has also led to discussion about the role of fluid
migration in landslide development. This preconditioning factor is unique to the marine
environment (Locat and Lee, 2000). Its role in landslide development, however, is difficult
to constrain due to the destruction of the basal plane (and displacement and deformation

of the sediments) during failure.

The timing of debris flows and megaturbidites on non-glaciated, European continental mar-
gins (with steeper slope angles) is also thought to be linked to glacial-interglacial cycles,
with landslides occurring during glacial maximums when rivers transport sediment all the
way to the shelf edge (Leynaud et al., 2009, Badhani et al., 2020). Here again, the rate of
sediment accumulation is an important parameter for the generation of landslides. However,
large submarine landslides also occur in areas such as offshore northwest Africa, where the

rate of sediment accumulation is too low (<0.15 m/kyr) to generate enough overpressure or
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Figure 2.7: A model for the development of the Storegga Slide, offshore Norway. (1) Soft marine
clays are deposited during the interglacial period; (2) Ice extends to the shelf edge and glacial
sediments are deposited at the Last Glacial Maximum (LGM); (3) The Storegga Slide. Green:
glacial sediments; Red: slide deposits; Blue: marine sediments. From Bryn et al. (2005).

lateral fluid flow (Urlaub et al., 2015). In such cases, the presence of a layer that is either
extremely rich in organic matter (such as diatom oozes), or undergoes a rapid decrease in
porosity, may be enough to generate failure in the absence of other factors (Urlaub et al.,
2015, 2018a). Such layers, capped by low-permeability clay, prevent the upward migration

of fluids and may lead to the generation of overpressure (Urlaub et al., 2018a).

Tephra has also been suggested to act as a weak layer — a layer of inherently lower strength
than adjacent layers, which is thereby prone to failure (Harders et al., 2010, Locat et al.,
2014, Moernaut et al., 2019). This is especially relevant for slopes proximal to volcanoes,
such as offshore Chile (Moernaut et al., 2019), or volcanic islands. The slopes of volcanic
islands are particularly prone to failure, which can be triggered by variety of both inter-
nal and external factors including dyke and sill intrusions; volcanic eruptions and tremor;
earthquakes; flank over-steepening; the weight of new volcanic material on the island flanks;
weakening of the volcanic edifice by weathering and hydrothermal activity; and, for smaller
landslides, by the effects of wave, wind and storm activity (e.g. Siebert, 1984, Begét and
Kienle, 1992, Murray and Voigt, 1996, McGuire, 1996, 2003, Cervelli et al., 2002, Tibaldi
et al., 2008, Casalbore et al., 2011, 2015, Gross et al., 2014, Clare et al., 2018b). Such factors
occur over timescales ranging from seconds to thousands of years (McGuire, 1996, Urlaub

et al., 2018b) and are globally widespread (Blahut et al., 2019). Furthermore, anthropogenic
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activities such as land clearance and embankment filling may contribute to the instability
of volcanic flanks and fjord slopes (L’Heureux et al., 2010, Clare et al., 2018b).

Erosional processes and high sedimentation rates also create problems for studying subma-
rine landslides. FErosion of the headwall often begins soon after a landslide occurs, either
through current-related processes, or ongoing instability (Mountjoy and Micallef, 2018).
This can make reconstruction of the landslide’s geometry and failure mechanism challeng-
ing. In addition, many submarine landslides occur in regions of high sedimentation, such
as in trough mouth fans (e.g. Nygard et al., 2005, Normandeau et al., 2019). These high
sedimentation rates can help to precondition the slides for failure through the generation of
over-pressure (Leynaud et al., 2009, Bellwald et al., 2019b), but also result in the rapid burial
of the slides. Such burial means that the full lateral extent, volume, failure mechanism, and
even existence of many subaqueous slides remains unknown (e.g. the giant Tampen Slide
offshore Norway; Nygard et al., 2005). These parameters are critical for understanding the
causes and frequency of landslides, their related hazards, and which areas more (or less)
likely to fail (Harbitz et al., 2014b).

2.4 Objectives of this thesis

This chapter has highlighted that constraining the geometry of a landslide is critical for
understanding both the process of failure and the corresponding hazards. Such an analysis,
however, is heavily dependent on the resolution and coverage of the data. The overarching
aim of this thesis is to investigate what the morphology of subaqueous landslides tells us
about the process of failure. To this end, I make use of a variety of high resolution geophysical
data from a number of different settings to both qualitatively and quantitatively investigate
the morphology of mass transport deposits and the surrounding area at a high level of
detail. I investigate two end-members — the flank collapse of a volcanic island and mass
transport deposits on the adjacent submarine slopes (Fogo Island in the Cape Verdes); and
a submarine megaslide on a passive margin (the Tampen Slide, offshore Norway) — in more

detail. Specifically, I answer the following questions:
For the two end-member subaqueous landslides:

e How does the geometry and morphology of these landslides compare to other landslides

in similar settings?

e Were the landslides emplaced in a single phase, or were there multiple phases? Can
giant landslides fail in a single phase, or does retrogression always account for their

prodigious volumes?



2.4. OBJECTIVES OF THIS THESIS 19
e What are the implications of these findings for the development and hazard potential
of similar landslides?
And more generally:

e What do morphological features (kinematic indicators) within the landslide deposits
tell us about the process of failure? Moreover, can we quantitatively distinguish

between kinematic indicators that have similar geomorphology?

e What quantitative morphometric approaches could help to improve analysis of sub-

aqueous landslide morphology and make it less subjective?
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Abstract

Volcanic archipelagos are a source of numerous on- and offshore geohazards, including ex-
plosive eruptions and potentially tsunamigenic large-scale flank-collapses. Fogo Island in
the southern Cape Verdes is one of the most active volcanoes in the world, making it both
prone to collapse (as evidenced by the ca. 73 ka Monte Amarelo volcanic flank-collapse),
and a source of widely-distributed tephra and volcanic material. The offshore distribution of
the Monte Amarelo debris avalanche deposits and the surrounding volcaniclastic apron were
previously mapped using only medium-resolution bathymetric data. Here, using recently
acquired, higher resolution acoustic data, we revisit Fogo’s flank-collapse, and find evidence
suggesting that the deposition of hummocky volcanic debris originating from the failed
eastern flank most likely triggered the contemporaneous, multi-phase failure of pre-existing
seafloor sediments. Additionally, we identify, for the first time, multiple mass-transport
deposits in the southern part of the volcaniclastic apron of Fogo and Santiago based on the
presence of acoustically chaotic deposits in parametric echo sounder data and volcaniclastic
turbiditic sands in recovered cores. These preliminary findings indicate a long and com-
plex history of instability on the southern slopes of Fogo and suggest that Fogo may have

experienced multiple flank- collapses.

3.1 Introduction

Volcanic archipelagos are home to numerous on- and offshore hazards such as changes in
sea level, storms, volcanic eruptions, slope instabilities, large flank-collapses, and tsunamis
(Casalbore, 2018). These events can have devastating consequences for people, nature, and
infrastructure, both onshore and offshore. A variety of internal and external factors can
precondition and trigger flank instabilities. These include dyke and sill intrusions; vol-
canic eruptions and tremor; earthquakes; flank over-steepening; the weight of new volcanic
material on the island flanks; weakening of the volcanic edifice by weathering and hydrother-
mal activity; and, for smaller landslides, by the effects of wave, wind and storm activity
(e.g. Siebert, 1984, Begét and Kienle, 1992, Murray and Voigt, 1996, McGuire, 1996, 2003,
Tibaldi, 2001, Cervelli et al., 2002, Casalbore et al., 2011, 2015, Gross et al., 2014, Clare
et al., 2018). Such factors occur over timescales ranging from seconds to thousands of years,
and are globally widespread (McGuire, 1996, Blahut et al., 2019).

The volume of volcanic flank-collapses varies significantly, but can be as large as thousands
of cubic kilometres, e.g. in the Hawaiian archipelago (Moore et al., 1989). Many such events

have volumes in the order of tens to hundreds of cubic kilometres, e.g. at Nisyros Volcano in
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the Aegean Sea (Tibaldi et al., 2008, Livanos et al., 2013); in the Lesser Antilles Arc (Lebas
et al., 2011, Le Friant et al., 2015, Brunet et al., 2016); in the Canary Islands (Krastel et al.,
2001, Masson et al., 2002, Leén et al., 2017); and in the Cape Verde Islands (Masson et al.,
2008). However, even comparatively small-volume volcanic flank-collapses, such as the 0.22-
0.3 km® Anak Krakatau flank-collapse in December 2018 (Grilli et al., 2019), may result in
catastrophic tsunamis. The hazard potential of such flank-collapses is widely recognized,
but the magnitude, and therefore hazard potential, of the tsunamis that can be triggered by
flank-collapses is heavily debated (e.g. Moore and Moore, 1984, Goff et al., 2014, McMurtry
et al., 2004, Watt et al., 2012b, Ramalho et al., 2015, Paris et al., 2018).

Other factors that can contribute to the instability of slopes offshore are the deposition
of centi- to decimetre-thick discrete layers of volcanic ash across a wide region and the
presence of buried turbidites in the volcanic apron. Studies in lacustrine settings (e.g.
Wiemer et al., 2015, Moernaut et al., 2019) and on active offshore margins (e.g. Harders
et al., 2010, Lafuerza et al., 2014, Hornbach et al., 2015, Kuhlmann et al., 2016, Sammartini
et al., 2018) have indicated a relationship between tephra layers or turbidites and slide
failure planes. Although the exact nature of this relationship is disputed (Wiemer and
Kopf, 2016), it is thought that tephra could behave as weak layers - layers of inherently
lower strength than adjacent layers, which are thereby prone to failure (Locat et al., 2014).
Using core logging, sedimentological, and geotechnical data from the IODP Expedition 340,
Lafuerza et al. (2014) showed that low hydraulic conductivity of hemipelagic sediments
offshore Martinique (Lesser Antilles) could cause low rates of dewatering in turbidites and
tephra layers, allowing excess pore fluid pressures to persist at depth. Moreover, Hornbach
et al. (2015) suggested that even small changes in the stress regime of these layers, such
as that resulting from regional strain and grain reorganization during the compaction of
sediments, might trigger motion. Effectively, results from IODP 340 showed that sand
layers (i.e. tephra ash and turbidites), as well as boundaries between sand and mud layers,
may act as multiple decollement surfaces that promote and enhance the mobility of landslide
deposits (Le Friant et al., 2015).

3.1.1 Geological Setting

The Cape Verdes archipelago, offshore West Africa (Figure 3.1), is the surface expression
of a mantle hotspot (Crough, 1978, Holm et al., 2008, Ramalho et al., 2010). The island of
Fogo, in the southern part of the archipelago, is one of the most active oceanic intraplate
volcanoes in the world, having erupted 28 times in the last 520 years (Ribeiro, 1960, Torres
et al., 1997, Gonzélez et al., 2015). Such volcanically active areas are well known to be

associated with seismicity and the southern Cape Verdes are no different, recording frequent
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Figure 3.1: (a) Location of the Cape Verdes offshore West Africa. Box outlines the region presented
in b. (b) Multibeam bathymetric data collected during R/V Meteor cruises M155 and M80/3
overlain on GEBCO2019 (British Oceanographic Data Centre, www.gebco.net) bathymetry of the
southern Cape Verdean archipelago. Black lines show the locations of Parasound profiles collected
during cruise M155 of R/V Meteor. (c) Location of the newly acquired Parasound data and of the
gravity cores collected during cruise M155.

volcano-tectonic earthquakes (Grevemeyer et al., 2010, Faria and Fonseca, 2014, Vales et al.,
2014). Sediment cores collected in the region provide evidence of at least 43 large, explosive
eruptions in the area in the last 150 kyr (Eisele et al., 2015), attesting to Fogo’s vigorous
volcanic activity. Such frequent volcanic activity, along with the accumulation of volcanic
deposits on the submarine flanks, means that Fogo’s flanks are potentially unstable and

prone to collapsing.

An up-to-1 km high, semi-circular depression (Bordeira), open to the east on central Fogo,
was interpreted by Day et al. (1999) as the scar of a large flank-collapse, referred to as
“Monte Amarelo” (Figure 3.2). Other authors, however, interpret the same morphology
as two partially overlapping volcanic calderas that were later cut by a flank-collapse that

affected the eastern portion of the edifice (Torres et al., 1997, Brum da Silveira et al.,
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Figure 3.2: High-resolution, multibeam bathymetry data highlighting the hummocky nature of
the Monte Amarelo debris avalanche deposits (MTD-A) proximal to Fogo. (a) Compilation of the
M155 and M80/3 multibeam bathymetry data overlain on GEBCO2019 bathymetry and DEM
topography of Fogo Island. (1) Espigo escarpment; (2) Bordeira escarpment (dotted black line)
is regarded as either the Monte Amarelo headwall scarp (Day et al., 1999), or the edge of a
caldera (Madeira et al., 2008, Martinez-Moreno et al., 2018); (3) Monte Amarelo headwall scarp
(dotted pink line, Madeira et al., 2008, Martinez-Moreno et al., 2018); dashed black line: previously
estimated extent of the Monte Amarelo debris avalanche deposits (Masson et al., 2008); solid white
line: revised extent of the Monte Amarelo debris avalanche deposits (MTD-A); dashed white line:
transitional zone where the size of the hummocks decreases with distance from the source. (b)
Enlarged view of the hummocky topography of the Monte Amarelo debris avalanche deposits. Note
the angular shape and variable size of the hummocks.

1997, Madeira et al., 2008, Martinez-Moreno et al., 2018). Fogo’s Monte Amarelo flank-
collapse, however, is strongly supported by the presence of a preserved lateral ramp at
Espigao (Brum da Silveira et al., 1997), and a debris avalanche deposit located between the
islands of Fogo and Santiago (Le Bas et al., 2007, Masson et al., 2008) (Figures 3.2, 3.3).
Using a combined magnetotelluric- and multibeam-based approach, Martinez-Moreno et al.
(2018) estimated a volume of 110 km?® for the Monte Amarelo debris avalanche deposit.
This estimate corresponds well with previous bathymetric-based estimates, which ranged
between 80 and 160 km? (Le Bas et al., 2007, Madeira et al., 2008, Masson et al., 2008).
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Tsunami deposits found on the nearby islands of Santiago and Maio indicate that the Monte
Amarelo flank-collapse was tsunamigenic, with the resulting tsunami achieving a run-up in
excess of 270 m above coeval sea level on Santiago (Ramalho et al., 2015, Madeira et al.,
2019). The exact age of the collapse, however, is the topic of ongoing debate. On the basis of
3He geochronology of lava flows from Fogo, Foeken et al. (2009) first estimated the collapse
to have occurred between 62 and 123 ka. Paris et al. (2011) suggested a narrower window
of 86 to 124 ka, based, respectively, on Ar/Ar ages of lava flows from Fogo thought to be
post-collapse, and U-Th dating of corals from tsunami deposits on Santiago. More recently,
based on the results of cosmogenic 3He dating of tsunami megaclasts from Santiago Island,
Ramalho et al. (2015) proposed that the collapse and ensuing tsunami took place between
65 and 84 ka, with a most probable age of 73 + 7 ka. This agrees, within uncertainty, with
the age recently reported by Madeira et al. (2019, 78 + 0.9 ka) for a set of tsunami deposits
found on the coast of Maio Island. Dating of turbidite material attributed to tsunami-
triggered sediment transport along the flanks of Fogo and Brava islands, however, led Eisele
et al. (2015) to favour an older age of 86-117 ka. Finally, and most recently, Marques et al.
(2019) suggested a much younger age of 43-59 ka, based on K/Ar dating of Fogo lava flows
that they considered to be pre- and post-collapse.

Whether Fogo has collapsed only once or multiple times is also the subject of discussion
(Day et al., 1999, Ramalho et al., 2015, Martinez-Moreno et al., 2018, Marques et al., 2019).
Subsequent eruptions on Fogo have largely been constrained to the central and eastern parts
of the island, and a prominent stratovolcano - Pico do Fogo - presently rises to 2829 m above
sea level within the landslide scar (Figure 3.2, Torres et al., 1997).

3.1.2 Objectives

A detailed analysis of the distribution of the landslide deposits and failure mechanism are
critical for constraining the hazard linked to the collapse of a volcanic flank. Moreover,
this characterization is crucial for tsunami hazard modelling, given that the mode, volume
and run-out of a collapse will have a profound effect on the resulting tsunami waves (Grilli
et al., 1997, Abadie et al., 2012, Watt et al., 2012b). The offshore distribution of the
Monte Amarelo flank-collapse debris (i.e. debris avalanche deposits) and the surrounding
volcaniclastic apron were previously mapped using only medium-resolution (100 m grid cell
size) multibeam bathymetric data (Masson et al., 2008). Consequently, the distribution of
the debris avalanche deposits, and of any additional slope instabilities in the area, are still
poorly constrained. As Fogo’s volcanic flank-collapse likely triggered a megatsunami with
a recognizable impact on the adjacent islands’ coastlines (Paris et al., 2011, 2018, Ramalho
et al., 2015, Madeira et al., 2019), a full characterization of this landslide and its related
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Figure 3.3: Map showing the distribution of the debris avalanche deposits (MTD-A), the acous-
tically transparent/seismically chaotic MTD-B associated with the Monte Amarelo flank-collapse,
and a transitional zone where the size of the hummocks decreases with distance from the source.
The lateral extent of MTD-B may extend further south and west of the surveyed area. Dashed
black line: previous mapped extent of the Monte Amarelo deposits (Masson et al., 2008); Grey
line: eastern margin of the upper part of MTD-B. Solid black lines: location of the Parasound lines
shown in (b) to (e). (b-e) Parasound profiles highlighting the acoustic character of (b) MTD-A,
(c) the transitional zone, and (d-e) MTD-B. See the text for discussion on the nature of these
deposits.
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volume is crucial for improving numerical models of tsunami generation, propagation and
inundation, and for constraining the hazard potential associated with large, tsunamigenic

volcanic flank-collapses.

Here, using recently acquired multibeam bathymetric data (50 m grid cell size) in conjunc-
tion with parametric sediment echo-sounder data and sediment gravity cores, we revisit the
Monte Amarelo volcanic flank-collapse and consider general slope stability in the southern
distal region of the volcanic apron. We aim to (i) map out the lateral extent and char-
acterise the acoustic nature of the Monte Amarelo debris avalanche deposits; (ii) identify
possible additional landslides on the slopes south of the islands of Fogo and Santiago; and

(iii) consider the related preconditioning and triggering processes.

3.2 Data and methodology

The data presented in this paper were collected during R/V Meteor cruise M155 (May - June
2019; Krastel et al., 2019) and are supplemented by multibeam bathymetric data collected
during R/V Meteor cruise M80/3 (Hansteen et al., 2014). The bathymetric data from both
cruises were acquired using hull-mounted Kongsberg EM120 (M80/3), EM122 (M155) and
EM710 (M155) multibeam echo-sounders. The EM120/EM122 system has a swath coverage
of up to 150° and a nominal sonar frequency of 12 kHz, and is designed to perform seabed
mapping to full ocean depth. During cruise M155, the swath width was reduced to 120° in
order to increase the quality and resolution of the data. The EM710 system has a swath
coverage of up to 140°, and a nominal sonar frequency of 70 to 100 kHz. As such, the EM710
was only used in water depths less than 700 m close to the islands of Fogo and Santiago. All
bathymetric data were filtered for outliers and manually edited. The data from all cruises

and multibeam systems are combined and gridded at 50 m.

Parametric sediment echo-sounder data were collected using a parametric ATLAS DS-3/P70
system (Parasound). This system has an opening angle of 4° and operates at primary high
frequencies of 18.5 kHz and 22.5 kHz, resulting in a parametric low frequency of 4 kHz. The
vertical resolution of this system is in the decimeter range. All depth scales on Parasound

images presented in this study were calculated using a constant velocity of 1500 m/s.

Sediment cores were collected during cruise M155 using a gravity corer with tube lengths of
3 to 15 m. These cores were visually described onboard, and smear slides were analyzed to
obtain further microscopic information about the core mineralogy, texture and composition.
Dating and further geochemical and sedimentological analysis of these cores is ongoing and

will form the basis of future work on the subject.
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3.3 Results

3.3.1 The Monte Amarelo debris avalanche deposits (MTD-A)

The Monte Amarelo deposits proximal to Fogo (MTD-A; distribution shown in Figure 3.3a)
are characterized by overlapping diffraction hyperbolae (Figure 3.3b). This hummocky
character is typical of debris avalanche deposits from volcanic flank-collapses (Siebert, 1984).
The sedimentary drape covering MTD-A is relatively thin (<1.5 m thick) or not imaged,
and is often characterized by two strong, positive reflections. Irregularly shaped blocks that
are up to 100 m higher than the surrounding seafloor are present within the landslide debris
(Figure 3.2). Further away from Fogo, the hummocky topography is less prevalent in the
bathymetric data, despite the presence of diffraction hyperbolae in the Parasound data. This
highlights a decrease in the size of the hummocks with distance from the island. We note a
progressive transition in the acoustic signature of the deposits from a hyperbolic facies with
metre-scale acoustic penetration (Figure 3.3b), to a mounded facies draped by ~1.5 m of
sediment characterized by the aforementioned prominent double reflections (Figure 3.3d).
In a few places, these double reflections are replaced by a succession of finely stratified layers

(inset of Figure 3.3c).

3.3.2 Distal deposits related to the Monte Amarelo volcanic flank-
collapse (MTD-B)

Southwards, with increasing distance from Fogo, the acoustic character of the Monte Amarelo
deposits changes from being hyperbolae-dominated to being characterised by an acoustically
transparent /semi-transparent facies (Figure 3.3d; hereafter referred to as MTD-B; distribu-
tion shown in Figure 3.3a). In the northern reaches of MTD-B, the upper surface of the
deposits is undulating, with metre-scale variations in depth over wavelengths of tens to hun-
dreds of metres (Figure 3.3d). The overlying sedimentary drape mantles the surface of the
deposits and a strong internal reflector is imaged in places within the deposits (Figure 3.3d).
This internal reflector clearly contrasts with the overlying transparent facies, separating it
from the lower semi-transparent facies. In the northern and western reaches of MTD-B, this
internal reflector is either clearly imaged or not present at all, and the base of the lower
part of MTD-B is not resolved (Figure 3.3d).

In the eastern and southern reaches of MTD-B, the aforementioned internal reflector is con-
tinuous over a relatively long distance (Figure 3.3e). In these areas, a thicker sedimentary

drape (up to ~4 m thick), containing multiple strong reflections alternating with relatively
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thin, transparent layers, overlies MTD-B. The upper surface of MTD-B is diffuse and undu-
lating in parts. The base of MTD-B is marked by a prominent reflection that has a similar
acoustic signature, although of lower amplitude, as the double reflector that overlies the
deposits. A series of well-stratified sediments is imaged below the base of MTD-B (Figure
3.3e). At the eastern lateral margin of MTD-B, the internal reflector within the slide de-
posits is more diffuse (Figure 3.3e). The lowermost part of MTD-B remains transparent in
nature, but remnant stratifications are imaged in some areas of the uppermost part. The
eastern boundary is gradational over two to three km, and is marked by a progressive thin-

ning of the transparent facies, and an increase in stratification within the deposits (Figure
3.3e).

Constraining the thickness and lateral extent of MTD-B is challenging. In the northern
reaches, where the strong internal reflector is imaged, the base of the deposits is not resolved
by the acoustic system (Figure 3.3c). This means that only the thickness of the upper
transparent facies related to MTD-B (up to ~7 m thick, but variable) can be estimated. In
its eastern and southern extents, however, the bases of the upper and lower units of MTD-B
are imaged, leading to thickness estimates of 4-6 m and 5-15 m for the upper and lower
units, respectively (Figure 3.3e). The large spacings between the Parasound profiles in the
central and southern parts of the working area, south of Fogo and Santiago, mean that we
cannot constrain the thickness of the deposits in these areas with certainty. In addition,
MTD-B deposits might extend beyond the limits of the surveyed area, especially to the west
and south (Figure 3.3a).

3.3.3 Additional mass wasting events on the shallow slopes south

of Fogo and Santiago

Visual analysis of gravity cores taken in the southern part of the volcaniclastic apron of
Fogo and Santiago reveals mud- and nanofossil-rich facies interbedded with multiple sand
units that are defined by parallel and cross-laminated, seldom normally-graded beds (Figure
3.4). These sandy intervals generally range from fine to coarse sand deposits, and are
typically of centi- to decimetre scale (Figure 3.4b). Microscopic analyses show that these
shallow sandy turbidites are predominantly of volcaniclastic (volcanic lithics that are mostly
lava fragments, tachylitic to brown glass, crystal fragments), and/or mixed volcaniclastic-

bioclastic composition, rather than solely bioclastic.

Multibeam-bathymetry and sediment echo-sounder data on the shallow slopes south of
Fogo and Santiago reveal multiple morphological steps and several mass transport deposits

(MTDs; Figure 3.5). These additional MTDs are characterized by acoustically transparent
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Figure 3.4: (a) Compilation of sediment gravity cores retrieved south of Fogo and Santiago during

M155 showing preliminary stratigraphic correlations based on visual analysis. Dashed red lines:

correlations between different volcaniclastic sand layers (V1-V7); Dashed blue lines: correlation of
background sediment layers (reddish-brown horizons) that helped to correlate the volcaniclastic

sand layers. The location of these cores is shown in Figure 3.1c. (b) Zoom of gravity core M155-38

(62-168 cm) showing the visually identified volcaniclastic layers V1-3.
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and/or hyperbolic facies and occur both above and below MTD-B. Several of these MTDs
are exposed at the surface and have remobilized previously failed sediments, including those
of MTD-B (e.g. Figure 3.5, 3.6). However, as for MTD-B, their full lateral extent is gener-
ally poorly constrained due to large profile spacings and their possible continuation outside
the surveyed area. The morphological steps vary in length, height, strike, and orientation
(Figure 3.5a), but are typically near-vertical (Figure 3.5¢, d). In the following section, we

describe the character of, and relation between, several of these features in more detail.
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Figure 3.5: (a) Multibeam data overlain on GEBCO2019 bathymetry highlighting the presence of
multiple fault-related escarpments and volcanic features on the shallow slopes south of Fogo. Addi-
tional mass-transport deposits are also identified in the Parasound data and coloured according to
their burial depth (see legend). Solid red lines: location of the Parasound profiles shown in (c) and
(d). (b) Multibeam data showing the nature of the fault-related escarpments on the slopes south
of Fogo and Santiago in more detail. (c¢) Parasound profile crossing one of the most striking escarp-
ments visible on the western side (see 5b), highlights the relation between tectonic processes and
landsliding in the area. Monte Amarelo MTD-B deposits (eastern side) are remobilised across the
escarpment. (d) Parasound profile crossing an escarpment in the southern reaches of the working
area highlights acoustically transparent MTDs at varying depths.
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3.3.3.1 Tectonic escarpments along the western and eastern margins

A series of escarpments is imaged to the west, along the western margin of MTD-B, and
stretching between 40 and 110 km south of Fogo (Figure 3.5a,b). The most prominent
escarpment is orientated roughly north-south and extends across ~55 km. It is ~50 m
high and near vertical (Figure 3.5¢). Monte Amarelo MTD-B deposits are imaged on the
eastern side (footwall) of this step. On the western (hanging wall) side, the sediments
are characterized by a semi-transparent facies with a hummocky upper surface (hereafter
referred to as MTD-X; Figure 3.5¢). In places, a pair of strong reflectors is identified
within the sedimentary drape that overlies MTD-X. Proximal to the escarpment, the base
of MTD-X cannot be resolved. Further west of the scarp, however, stratified sediment is
imaged below the base of MTD-X (inset 1 of Figure 3.5¢). The lateral extent of MTD-X is
constrained to both the north and east by the morphological steps (Figure 3.5b,c), resulting

in a minimum area of 900 km? for MTD-X.

3.3.3.2 Southern Scour Complex

A prominent, elongated scour-shaped feature is evident in the central part of the southern
distal region (hereafter referred to as the Southern Scour Complex (SSC), Figure 3.6a). This
feature is ~60 km long and covers an area of ~340 km?. The western and eastern sides
of the SSC are constrained by up-to-40 and 55 m high escarpments, respectively (Figure
3.6). In Parasound data crossing the complex, acoustically transparent facies with a strong
internal reflector characterizing the Monte Amarelo MTD-B is evident on both the eastern
and western sides of the SSC (Figure 3.6b,c). In the central part of the SSC (Figure 3.6¢),
acoustically transparent M'TDs with some internal structure are covered by ~3 m of stratified
sediment. In the northern part, the material within the SSC is characterized by a semi-
transparent facies with a hummocky upper surface, and the deposits are largely exposed at
the surface (Figure 3.6b). An additional instability is visible on the eastern side of the SSC
(hereafter referred to as the Eastern Scour (ES); Figure 3.6d). The ES reaches a thickness
of up to 35 m thick in its centre, and covers an area of ~120 km?. Parasound data across the
ES show that this failure primarily remobilized the Monte Amarelo MTD-B deposits in this
region along the same basal glide plane as MTD-B (Figure 3.6d). To the south, the SCC is
fan-shaped, with fingers of unfailed stratified sediments standing up to ~20 m above failed
sediment (Figure 3.6d). Semi-transparent deposits characteristic of MTD-B are imaged on

the tops of these stratified fingers.
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Figure 3.6: The Southern Scour Complex (SSC). (a) Multibeam data highlighting the surface
morphology of the Southern Scour Complex and the extension of the Eastern Scour (dashed white
line). The location of Figure 3.6a with respect to the other features discussed in this article is
shown in Figure 3.5. (b-d) Parasound profiles crossing the SSC showing a complex relationship
between former and more recent landsliding processes, along with the variable acoustic character
of the deposits and of the adjacent unfailed material. (e) Conceptual model showing the proposed

retrogressive development of the SSC towards the north and east.

sequence of events.

Numbers 1-3 highlight the
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3.4 Discussion

3.4.1 The two-fold nature of Fogo’s Monte Amarelo flank-collapse

Based on the difference in their acoustic character, we distinguish between two main types of
deposits related to the Monte Amarelo volcanic flank-collapse: hummocky, debris avalanche
deposits proximal to Fogo (MTD-A), and finer-grained, acoustically transparent landslide
deposits (MTD-B) at greater distances from Fogo that were previously not recognized (Fig-
ure 3.3). The blocky debris avalanche deposits of MTD-A cover a surface area of 3,180 km?.
If we also include the region in which the size of the hummocks decreases with distance from
the source (marked by the yellow shaded region in Figure 3.3a), this increases the total area
of MTD-A to 6,820 km?; more than four times the previous estimate (~1,470 km?; Masson
et al., 2008). As the base of the volcanic debris avalanche deposits is not resolved by the

Parasound data, we cannot, at this stage, revisit estimates of the volume involved.

Monte Amarelo MTD-B is characterised by an acoustically transparent to semi-transparent
facies that is overlain by a series of two to four strong reflectors (Figure 3.3, 3.5¢, 3.6b-d).
A prominent, internal reflection is clearly observed in places within the deposits; separating
MTD-B into two main parts (Figure 3.3d, €). The uppermost section is of relatively constant
thickness (4-6 m). Contrastingly the thickness of the lower part of MTD-B is highly variable
(up to 15 m thick). Interestingly, the upper and lower parts of MTD-B have a similar areal
distribution within the volcaniclastic apron; covering a minimum of 18,400 km? (upper) and
19,500 km? (lower) (Figure 3.3a). This implies minimum volumes of 92 km?® (upper) and
195 km? (lower), assuming average thicknesses of 5 m (upper) and 10 m (lower). Their
similar distribution implies that the upper and lower parts of MTD-B might share the same
source or, at least, be genetically linked. We therefore infer that the upper and lower part
of MTD-B might have been emplaced (almost) contemporaneously. The absolute timing
of these two phases, however, remains unclear. Of particular interest is whether these two
failures occurred as two phases of the same event, or as two distinct events separated by some
time. Further analytical work on the sediment cores will help to reveal more information
about the nature of the prominent internal reflection, along with the relative timing of these

two depositional episodes.

A similar two-fold nature of volcanic flank-collapse deposits hummocky debris avalanche
deposits accompanied by acoustically transparent to seismically chaotic deposits with a
comparatively smooth upper surface has also been reported for flank-collapses at other
locations, including in the Lesser Antilles (Watt et al., 2012b,a, Le Friant et al., 2015,
Brunet et al., 2016); at La Réunion (Indian Ocean; Lebas et al., 2018); and at Ritter
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Island (Papua New Guinea; Karstens et al., 2019, Watt et al., 2019). Drilled cores retrieved
during IODP Expedition 340 in the Lesser Antilles indicated that widespread, seismically
chaotic deposits (interpreted as equivalent to our MTD-B) primarily consist of hemipelagic
mud interbedded with a combination of tephra, volcaniclastic layers, or bioclastic turbiditic
deposits, which have undergone varying degrees of deformation (Le Friant et al., 2015,
Brunet et al., 2016). To explain these findings, Le Friant et al. (2015) proposed a failure
model where the loading of seafloor sediment by volcanic debris avalanche deposits triggered
sediment destabilization and progressive downslope-propagating failure along a decollement.
In this way, the deformation can propagate great distances away from the flank-collapse,
affecting seafloor sediments that were otherwise stable (Le Friant et al., 2015). The acoustic
character of our MTD-B bears a strong resemblance to the seismically chaotic deposits in
the Lesser Antilles. We, therefore, interpret MTD-B to be the result of the failure of pre-
existing seafloor sediments following the loading of the Monte Amarelo debris avalanche
deposits (MTD-A).

3.4.2 A history of mass wasting and remobilization in the south-

ern Cape Verdes
3.4.2.1 Repeated mass-wasting events at Fogo?

Preliminary stratigraphic correlations based on visual similarities of cores in the southern
distal part of the working area indicate at least seven volcaniclastic or mixed volcaniclastic-
bioclastic sandy turbidite layers above and below the Monte Amarelo flank-collapse deposits
(Figure 3.4). These turbidite layers are dominated by mafic glass, crystals and lava frag-
ments, which, based on their petrography, suggests that they originated from Fogo volcano.
This indicates that smaller mass-wasting events may have occurred at Fogo in addition to
the Monte Amarelo volcanic flank-collapse, as also recently suggested by Marques et al.
(2019). Correlation and origin of these volcaniclastic deposits will, however, be verified by

future analytical work on the sediment cores.

3.4.2.2 Regional tectonic and volcanic influences south of Fogo?

The multiple fault-related escarpments and MTDs identified in the acoustic data south of
Fogo further highlight a long and complex history of instability and slope failure in the
region (Figure 3.5). Ramalho et al. (2010) found that the island of Santiago has uplifted
at a rate of ~100 m/Myr over the past 4 Myr, and attributed this uplift to a combination

of magmatic intrusions under or within the island edifice, together with episodic swell-wide



3.4. DISCUSSION 45

uplift that affected the whole archipelago. Although geologically recent uplift has not been
reported at Fogo, the neighbouring island of Brava has experienced one of the most dramatic
intrusion-related uplift trends of any ocean island in the world, with up to 400 m of uplift
in the last 1.8 Ma (Madeira et al., 2010). The presence of such widespread uplift across
the archipelago - and particularly around the southern Cape Verdes - thus suggests that
the series of escarpments and landslides observed on the slopes south of Fogo may be the
surface expression of a combination of regional tectonics, associated with the growth of the
Cape Verdes hotspot swell, and crustal intrusions in the vicinity of the islands. As several
of the exposed faults have landslide deposits on their hanging wall side, we interpret that
these MTDs are most likely the results of movement along the faults and, as such, the result

of neo-tectonic activity.

The Southern Scour Complex (SSC), which is exposed at the seafloor, post-dates the Monte
Amarelo flank-collapse (Figure 3.6). Monte Amarelo MTD-B deposits are imaged on the
footwall east of the SSC (Figure 3.6b-d), and on the tops of the unfailed, stratified fingers
at the southern extent of the SSC (Figure 3.6d). This indicates that the SSC formed after
the Monte Amarelo flank-collapse, remobilizing MTD-B. In the northern and eastern parts
of the SSC, acoustically transparent mass-wasting deposits are exposed at the seafloor,
highlighting more recent mass wasting and remobilization of MTD-B (Figure 3.6b). We
interpret the more recent mass-wasting deposits in the northern and eastern parts of the

SSC as evidence of retrogressive development of the SSC in these directions (Figure 3.6¢).

The presence of fault-related escarpments on the slopes south of Fogo, frequent volcanic
episodes at Fogo (Ribeiro, 1960, Torres et al., 1997), and ongoing uplift at the neighbour-
ing islands of Santiago and Brava (Madeira et al., 2010, Ramalho et al., 2010), together
imply the occurrence of frequent earthquakes in the past. The volcanic activity at Fogo
has resulted in the widespread deposition of numerous tephra layers (Eisele et al., 2015).
Subsequent earthquake shaking may have resulted in liquefaction of overlying layers, which,
together with sedimentary over-pressure following further sediment deposition, can help to
precondition the shallow slopes for failure (Moernaut et al., 2019). Even small changes in
the stress regime of tephra layers have been found to be able to trigger failure (Hornbach
et al., 2015). Consequently, it is possible that some of the MTDs observed on the shallowly
dipping slopes south of Fogo, and unrelated to escarpments, may result from such a process.
Future work, particularly on the sediment cores collected during cruise M155, will help to
shed light on the sources and processes responsible for the MTDs mapped on the shallow

slopes south of Fogo and Santiago.
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3.5 Implications and conclusions

In this study, we revisited the Monte Amarelo volcanic flank-collapse of Fogo Island and
found that the deposition of the debris avalanche material may have triggered subsequent
failures of pre-existing seafloor sediments in (at least) two phases. This is similar to what
has been observed in the Lesser Antilles (Le Friant et al., 2015, Brunet et al., 2016), at La
Réunion (Lebas et al., 2018), and at Ritter Island (Karstens et al., 2019, Watt et al., 2019).
It is not yet clear whether these two phases of seafloor sediment failure were synchronous as
a result of a single flank-collapse, or if they reflect multiple, distinct events. The question
of whether the main flank-collapse occurred as a single or as multiple events is of utmost
importance for tsunami modelling because the volume and timing of individual failures
are the main factors controlling the tsunamigenic potential (Lgvholt et al., 2015). Water
depth and landslide kinematics play a key role in controlling the tsunamigenic potential of
a subaqueous landslide (Watts et al., 2000, Ward, 2001, Watt et al., 2012b, Harbitz et al.,
2014). As MTD-B occurred in depths exceeding 3,000 m, we consider that its influence
on the resulting tsunami magnitude was negligible, and that only the hummocky debris

avalanche deposits (MTD-A) contributed to the megatsunami that inundated nearby islands.

Multibeam bathymetric, sediment echo-sounder, and sediment gravity core data acquired
during cruise M155 of R/V Meteor provide seafloor evidence that show, for the first time,
the presence of multiple additional mass-wasting events on the shallow slopes south of Fogo.
Turbidite sands recovered in the cores have a volcaniclastic or mixed volcaniclastic-bioclastic
composition, which suggests that prevailing mass-transport processes in the region may be
dominated by volcanic eruptions or volcanic mass-wasting events. However, it is also possible
that some of the additional mass-wasting events are unrelated to flank-collapse events or
submarine failures, and could instead have been generated by sedimentary overpressure
and/or by the presence of a mechanically weak layer such as tephra or turbidites. Further
analytical work is required to verify the sources of these events on the shallow slopes south
of the Cape Verdean archipelago. As these layers are thin, have limited lateral extent, and
occurred on low-gradient slopes in deep water, we consider their associated tsunamigenic

potential to be low.
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o4 CHAPTER 4. EMPLACEMENT OF THE TAMPEN SLIDE

Key points

e We use high resolution data to characterise the headwall of the buried submarine

Tampen Slide, one of the largest landslides on Earth.

e The first phase of the Tampen Slide involved the simultaneous translation of over 720

km? of sediments along a single failure plane.

e This study highlights that retrogression (bottom-up development) may not always

account for the large volumes of submarine landslides.

Abstract

Submarine landslides can be several orders of magnitude larger than their terrestrial coun-
terparts, and can pose significant hazards across entire ocean basins. The landslide failure
mechanism strongly controls the associated tsunami hazard. The Tampen Slide offshore
Norway is one of the largest landslides on Earth, but remains poorly understood due to
its subsequent burial beneath up to 450 m of sediments. Here, we use laterally extensive
(16,000 km?), high resolution, processed 3D seismic reflection data to characterise the upper
Tampen Slide. We identify longitudinal (downslope, movement-parallel) chutes and ridges
that are up-to-40 m high, as well as extensional and compressional (cross-slope) ridges.
This is the first time longitudinal ridges of this size have been imaged in a deep marine
setting. The first phase of the Tampen Slide involved the simultaneous translation of over
720 km?® of sediments along a single failure plane. This was followed by spreading along
headwalls and sidewalls, and the formation of a retrogressive debris flow and slump, the
volumes of which are all insignificant compared to the first failure. The process responsible
for movement of such a large volume along a single glide plane differs significantly from that
of other passive margin megaslides, which typically comprise numerous smaller landslides
that fail retrogressively along multiple planes. The trigger mechanism (e.g. earthquake),
the presence of mechanically strong obstructions (e.g. igneous topographical high), and the
number and location of weak layers may be key factors that determine whether megaslides

develop along a single plane or retrogressively.
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Plain Language Summary

Submarine landslides can be significantly larger than those that occur on land, and can
cause damaging and widespread tsunami. Furthermore, submarine landslides can also dam-
age critical offshore infrastructure, including telecommunication cables that now carry >95%
of global data traffic. However, we still lack fundamental understanding about how such
landslides fail. This is critical to understand because it determines the magnitude of asso-
ciated tsunami. Here we use exceptionally detailed seismic data to understand how one of
the largest landslides on Earth (the Tampen Slide offshore Norway) failed. We find that the
Tampen Slide failed mainly as a single volume along a single failure surface. This differs
significantly from how other giant submarine landslides seem to have failed: in multiple
phases, and involving multiple failure surfaces that migrated upslope. This was thought to
be the only way that giant submarine landslides developed, with multiple smaller landslides
accounting for the large total volume. Here we show for the first time that large submarine
landslides can also fail along a single surface across an extensive area, possibly favouring
generation of particularly large tsunami. Other large submarine landslides may also fail

similarly, and this new model may need to be included in future hazard assessments.

4.1 Introduction

Submarine landslides can be several orders of magnitude larger than their terrestrial coun-
terparts (Korup et al., 2007), and can have devastating and widespread consequences. The
submarine landslide itself could destroy critical seabed infrastructure, whilst an associ-
ated tsunami could inundate coastlines across ocean basins, impacting communities, global
economies and seabed ecosystems (Lintern et al., 2018, and references therein). The way in
which a landslide fails strongly determines the scale of an associated tsunami (e.g. Harbitz
et al., 2014), and direct hazards to seabed infrastructure. Retrogression, a process whereby
failure initiates at the base of the slope and migrates upslope, is widely thought to be
the main mechanism by which the largest volume landslides (megaslides) develop on pas-
sive margins (Masson et al., 2010). The large total volume of these megaslides is typically
the result of numerous smaller retrogressive failures, involving multiple headwalls that cut
down to different failure (glide) planes (e.g. Laberg and Vorren, 2000, Kvalstad et al., 2005,
Vanneste et al., 2006, Antobreh and Krastel, 2007, Georgiopoulou et al., 2010, Hill et al.,
2019). The Storegga Slide that occurred ca. 8,100 years ago offshore Norway (Figure 4.1)
is perhaps the best studied submarine megaslide. It is one of the largest landslides on the

planet, and involved a total volume of 2,400 to 3,200 km?. It failed retrogressively in tens of
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Figure 4.1: Map showing the location of the buried Tampen Slide headwall within the North Sea
Fan offshore Norway. Regional volcanic escarpments after Zastrozhnov et al. (2020). MMH: Mgre
Marginal High.

phases, along multiple glide planes (Haflidason et al., 2004, Kvalstad et al., 2005, Micallef
et al., 2009), and the resulting tsunami inundated coastlines across the North Sea, with a
run-up of up to 25 m at the Shetland Islands (Bondevik et al., 2005).

The Tampen Slide, an older and perhaps even larger submarine megaslide, is located in
a similar position to the Storegga Slide (Figure 4.1). However, the emplacement of the
Tampen Slide remains poorly understood. This is largely due to its subsequent burial under
up to 450 m of sediment, and partial remobilisation by the Storegga Slide. Several previous
studies have analysed the character of the Tampen Slide (Evans et al., 1996, Nygard et al.,
2005, Gafeira et al., 2010, Hjelstuen and Grinde, 2016). These studies, however, are based
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on rather widely-spaced 2D seismic profiles, and local 3D seismic surveys, and the character
of the Tampen Slide deposits and glide plane within the headwall region remain poorly

constrained.

Here we make use of extensive (~16,000 km?), high resolution, processed 3D seismic reflec-
tion data that cover the headwall area of the Tampen Slide. We characterise the megaslide’s
morphology, and thereby understand its emplacement mechanism. We then compare the
Tampen Slide with other megaslides on passive margins, and determine if there are signif-
icant differences in their emplacement mechanisms. We discuss possible reasons for these

differences, and their implications for tsunami generation and geohazards.

4.2 Geological Setting

The Tampen Slide occurred within the deposits of the North Sea Fan offshore Norway
(Figure 4.1). The North Sea Fan is a trough mouth fan that comprises glacigenic sediments
(flow deposits that accumulated very rapidly at the termination of an ice stream) and
contourites that accumulated between ice sheet advances (Nygard et al., 2005). In addition,
multiple submarine landslides are found within the North Sea Fan, several of which have
total volumes exceeding 1,000 km? (King et al., 1996, Nygard et al., 2005, Hjelstuen and
Grinde, 2016). The most recent of these megaslides, the Storegga Slide, is exposed at the
seafloor and is dated at 8.1 ka (Haflidason et al., 2005). The timing of megaslides offshore
Norway has been suggested to correspond with the transition from a glacial to an interglacial
period (Bryn et al., 2005). In this model, the occurrence of megaslides correlates strongly
with glacial cycles: the slides are preconditioned by sedimentary loading during glacial
periods, and then triggered by a large earthquake during the process of glacial rebound
(Bryn et al., 2005, Kvalstad et al., 2005, Bellwald et al., 2019b).

The giant Tampen Slide is buried beneath up to 450 m of glacigenic sediments and con-
tourites within the North Sea Fan (Figure 4.2). In keeping with the previous model (Bryn
et al., 2005) and based on the results of numerical modelling, Bellwald et al. (2019a) sug-
gest that the Tampen Slide was preconditioned by the rapid deposition of glacial sediments
and then triggered by an earthquake. Its headwall is bound by the Norwegian continental
shelf on its eastern and southern sides, and by the volcanic Mgre Marginal High on the
west (Figure 5.1). The Mgre Marginal High is one of a series of volcanic structural highs
offshore Norway, and its eastern boundary is known as the Faroe-Shetland Escarpment
(Kigrboe, 1999). The subsequent Storegga Slide remobilized Tampen Slide deposits west of
the headwall area. Burial and remobilization of the Tampen Slide deposits have hindered

its investigation. Previous studies have suggested that the Tampen Slide mobilized a total
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Figure 4.2: Seismic section crossing the headwall of the Tampen Slide, showing (a) migrated data,
and (b) interpretation. Note that the Tampen Slide is overlain by up to 450 m of glacigenic
sediments and contouritic deposits. The location of this profile is shown by the black line in the
inset panel. See Figure 4.1 for the location of the Tampen headwall. VE: Vertical Exaggeration.
Profile from the AMS17 Vol. A dataset and courtesy of TGS.

of 1,400 km? of sediment (Nygard et al., 2005), but this estimate is based on widely spaced
2D seismic reflection profiles, and is thus associated with significant uncertainty. The es-
timated age of the Tampen Slide (130 ka; Nygard et al., 2005) is also based on regional

seismic correlation and is also poorly constrained (Watts et al., 2016, Pope et al., 2018).



4.3. DATA AND METHODOLOGY 29

4.3 Data and Methodology

We make use of 3D migrated seismic reflection data (AMS17; Figure 4.1) that were acquired
by TGS in 2017. These data cover an area of ~16,000 km?, and were collected using a triple-
sourced airgun array with a total volume of 3,000 in® and a shot point interval of 12.5 m.
The acquisition system consisted of 12 streamers separated by 112.5 m. The streamers were

8,100 m long and were towed in water depths of 7 to 12 m.

The two seismic volumes used in this study are i) Volume A, which has 4 ms sampling and
12.5 m x 18.75 m bin size; and ii) Volume B: a shallow, high resolution volume with a 2
ms sample rate and 6.25 m x 18.75 m binning. Volume B was processed with the aim of
increasing the resolution of shallow targets and hazards. However, this volume only extends

to the first multiple, which cuts through the Tampen Slide near its eastern headwall.

The upper and lower surfaces of the Tampen Slide were picked at increments of 150 m
(every 8th inline with an inline spacing of 18.75 m) using the software IHS Kingdom. The
bounding surfaces were defined as the highest amplitude peak that corresponds with the
horizons immediately overlying and underlying the slide deposits (Figure 4.2). In regions
with a higher amount of morphologic variation, picking was conducted at higher density, and
included the interpretation of crosslines. The interpreted lines were gridded using continuous
curvature splines with adjustable tension (GMT 5.4.5 surface routine; Smith and Wessel,
1990), and the grid was snapped to the maximum amplitude within a vertical window of
10 ms centered on the picked horizon. The structure and amplitude maps, as well as the
seismic profiles, were then used for geomorphological analysis of the slide. Two-way travel
time (TWT) was converted to depth using a uniform velocity of 1700 m/s (after Nygard

et al., 2005), in order to calculate the thickness of units.

4.4 Results: Morphology of the Tampen Slide

The horseshoe-shaped main headwall of the Tampen Slide extends for >350 km, and en-
compasses an area >25,500 km? (Figure 4.1). The main headwall is 150 m high, and is
encircled by a secondary headwall step that was first identified by Nygard et al. (2005)
and is up to 200 m high (Figures 4.2 and 4.3). A large amount of failed material (~845
km?) remains within the surveyed region of the Tampen Slide’s headwall. In the following
sections, we describe the morphology of the Tampen Slide’s failure surface (glide plane) and

the deposits that remain within the surveyed region of the headwall.
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Figure 4.3 (previous page): Upper surface of the Tampen Slide: (a) two-way travel time (TWT);
and (b) maximum amplitude within a 10 ms vertical window of the picked TWT horizon. Note that
the band of high amplitudes through the northern-central region of the slide deposits corresponds
with where the deposits are thinner (see Figure 4.9). Locations of subsequent figures in this
chapter are indicated by the boxes. Small white arrows: slope direction of the glide plane; white
dashed line: Faroe-Shetland Escarpment (FSE); VE: Vertical Exaggeration. (¢) Geomorphologic
map highlighting the main types of debris within the Tampen Slide headwall region. A regional
pseudo-3D cube (J-Cube MN; Whiteside et al., 2013) was used to extend the headwall of the
Tampen Slide beyond the limits of AMS17. Data from AMS17 Vol. B and courtesy of TGS.

4.4.1 The glide plane

The Tampen Slide’s glide plane follows underlying stratigraphy, and dips gently (<1° on
average) north-northwest, except at the southwest corner of the headwall where it dips
towards the northeast (Figure 4.4). The maximum amplitude map of the basal plane (Figure
4.4b) is dominated by high amplitudes along the western sidewall. The central region of the
Tampen Slide’s basal plane is characterised by medium to low amplitude stripes (>20 km
wide) that are aligned downslope. The glide plane is largely smooth, although we identify
parallel linear scours along the western side of the headwall and within the western-central
region of the headwall, and parallel steps in the northern reaches of the surveyed region
(Figures 4.4 and 4.5).

The parallel linear scours along the western side of the headwall (Figure 4.4a) correspond
to overlying patterns of deformation (linear ridges) within the slide debris (Figure 4.6). The
erosional scour marks within the western-central region of the headwall correspond with a
change in the maximum amplitude of the glide plane (Figure 4.4b), as well as a variation in
the nature of the overlying slide deposits. The slide deposits to the west of this divide are
characterised by linear ridges, orientated parallel to the headwall, and with visible internal
horizons (discussed in Section 4.4.2). East of this divide, the internal structure of the
slide debris is chaotic, with no mappable internal horizons. In the northern reaches of the
headwall region, the glide plane steps down to a lower stratigraphic level and then back up

again across two parallel steps (Figure 4.5).
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maximum amplitude within a 10 ms vertical window of the picked TWT horizon. Small black

arrows: slope direction of the glide plane; white/black dashed line: Faroe-Shetland Escarpment
(FSE); VE: Vertical Exaggeration. Data from AMS17 Vol. A and courtesy of TGS.
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Figure 4.5: FEroded ramps, flats and channels in the northern reaches of the study area. (a)
Maximum amplitude surface within a 10 ms vertical window of the picked basal plane. See Figure
4.4 for location. (b, ¢) Seismic profiles crossing the eroded ramps, flats and channels. Black line:
profile crossing point; C1/C2: eroded channels; F: eroded flat section; R1/R2/R3/R4: ramps; VE:
Vertical Exaggeration. Data from AMS17 Vol. A, and courtesy of TGS.

4.4.2 Extensional ridges along the western sidewall and on the

upper headwall step

Along the western sidewall, elongated ridges are observed parallel to the headwall scarp
(Figures 4.3 and 4.6). The interior of these ridges is increasingly chaotic with distance from
the scarp (eastwards) (Figure 4.6), and associated deformation extends through the full
thickness of the deposits, imprinting onto the glide plane below (Figure 4.4a). These ridges
are spaced at ~2 km intervals, and cover ~850 km?. They stand up to 290 m above the

glide plane, and decrease in height with distance from the scarp (Figure 4.6).

Similar headwall-parallel ridges are also present along the upper headwall step (Figure 4.6).
These ridges are spaced 700-1,000 m apart, and are up to 120 m high. With distance from

the scarp, the ridges both decrease in height and have a more chaotic interior.
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Figure 4.6: Extensional ridges (spreading) along the upper headwall step and along the western
sidewall of the Tampen Slide. (a) Maximum amplitude of the Tampen Slide’s upper surface, and
(b) seismic profile highlighting the character of the spreading ridges. Location of this figure is
shown in Figure 4.3. VE: Vertical Exaggeration. Data from AMS17 Vol. B, and courtesy of TGS.

4.4.3 Longitudinal chutes and ridges within the slide deposits

Elongated chutes, up to 10 km wide and more than 120 km long, are imaged within the
slide deposits (Figure 4.3). These chutes are characterized by a comparatively smooth,
high amplitude upper surface (Figures 4.3b and 4.7). The chute boundaries are marked by
lateral-offset faults that extend through the whole interior of the slide debris, and commonly
coincide with a topographical variation on the upper surface of the slide (Figure 4.7). There
is no consistent variation on the glide plane to explain why chutes preferentially form in
specific locations, although the edges of the centremost chute coincide with the erosional

feature noted on the basal plane in the northern region of the study area (Figure 4.5; Section
4.4.1).

Prominent downslope-elongated (longitudinal) ridges are also present within the Tampen
Slide deposits (Figures 4.3 and 4.7). These ridges are irregularly spaced and up to 40 m
higher than the surrounding debris. Their height distinguishes them from flowlines, which
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Figure 4.7: Longitudinal ridges and chutes within the Tampen Slide deposits. (a) Maximum
amplitude of the Tampen Slide’s upper surface, and (b) seismic profile highlighting the character of
the longitudinal ridges and chutes. Note the high level of internal deformation of the slide deposits
here, within the central region of the headwall, in comparison with those along the western side of
the headwall (Figure 4.5; from the same data volume). Location of this figure is shown in Figure
4.3. VE: Vertical Exaggeration. Data from AMS17 Vol. B, and courtesy of TGS.

typically have relief <1 m (Masson et al., 1993, Bull et al., 2009), and their downslope
orientation also distinguishes them from slump folds, which have similar geomorphology
but are perpendicular to the direction of motion (Bull et al., 2009). Unlike for the ridges
along the western sidewall, the glide plane beneath these ridges is devoid of topographical

variations.
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4.4.4 Secondary failures of the Tampen Slide headwall

We also image two smaller volume failures along the Tampen Slide headwall. The first
failure, on the western side of the headwall (Figure 4.8), consists of a series of irregularly-
shaped blocks and wavy fabric on the upper surface. The deformation extends through the
full interior of these blocky deposits, imprinting onto the partially eroded basal plane below.
This slump has a volume of ~12 km?® and its limit is delineated by an upward step in the

basal glide plane (Figure 4.8).

The second subsequent failure, on the eastern side of the Tampen Slide’s main headwall,
has a cauliflower-shaped headwall (Figure 4.9). Along-slope-orientated elongated ridges
are present both at the headwall and within the toe region of this failure. The ridges
within the headwall region are similar to those described in Section 4.4.2, along the upper
step of the headwall and along the western sidewall. The ridges within the toe region of
this comparatively small volume (~36 km?) failure have a chaotic interior and minimal

topographic signature (Figure 4.9b).
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Figure 4.8: Seismic profile crossing a small volume (~12 km?), retrogressive slump on the western
sidewall of the Tampen Slide. Note the blocky character of the slump deposits. Location of this
figure is shown in Figure 4.3. VE: Vertical Exaggeration. Data from AMS17 Vol. B, and courtesy
of TGS.

Figure 4.9 (next page): The ~36 km? retrogressive debris flow on the eastern headwall of the
Tampen Slide. (a) Maximum amplitude of the Tampen Slide’s upper surface, and (b) seismic
profile highlighting the character of the compressional ridges at the toe of this failure. Location of
this figure is shown in Figure 4.3. VE: Vertical Exaggeration. Amplitude data from AMS17 Vol.
B, and seismic profile from AMS17 Vol. A. Data courtesy of TGS.
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Figure 4.10: The deposits of the Tampen Slide thin over the Faroe-Shetland Escarpment (FSE).
(a) Seismic profile crossing the FSE; and (b) Thickness map highlighting the distribution of the
Tampen Slide deposits within the Tampen Slide headwall region. The deposits are at their thickest
along the western sidewall, where they are characterised by ridges and troughs characteristic of
spreading (Figure 4.5), and thinnest west of the FSE. Black line shows the location of the seismic
profile in (a); VE: Vertical Exaggeration. Seismic profile from AMS17 Vol. A. Data courtesy of
TGS.

4.4.5 Thinning of the Tampen Slide over the Faroe-Shetland Es-

carpment

The deposits of the Tampen Slide thin towards the north-western corner of the data coverage,
and most notably over the Faroe-Shetland Escarpment, the eastern boundary of the volcanic
Mgre Marginal High (Figure 4.10). On the eastern side of this divide, the deposits are
generally 40-50 m thick, but thin to <20 m thick on the western side.

4.5 Discussion

The high resolution and extensive coverage of these 3D seismic data constrain the character
of the Tampen Slide. In this section, we discuss how the Tampen Slide morphology provides
new insights into how it was emplaced. We then compare the morphology and emplacement
mechanism of the Tampen Slide to other megaslides on passive margins, and conclude by

outlining a new megaslide failure model and its implications for tsunami generation.
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4.5.1 Emplacement of the Tampen Slide
4.5.1.1 The main failure

The smoothness of the basal plane (Figure 4.4a), the broad (>20 km wide), downslope-
orientated stripes of varying maximum amplitude of the basal plane (Figure 4.4b), and
the continuity of internal deformation across the slide deposits (e.g. Figures 4.2, 4.7, and
4.10) indicate that the material largely failed as one along a single stratigraphic horizon.
Consequently, we suggest that the initial failure began at the southern edge of the headwall,
and propagated ~290 km northwards along the eastern side of the headwall, remobilizing in
excess of 720 km? of sediments (the volume that remains within the extent of the surveyed
area) (Figure 4.11D).

Longitudinal chutes and ridges within the slide deposits

Within the deposits of the Tampen Slide, we identify downslope-elongated (longitudinal)
chutes (Figure 4.7; Section 4.4.3). These are similar to longitudinal chutes that have been
documented in landslides at fjord-head deltas (e.g. Kitimat Arm in British Columbia; Prior
et al., 1981) and in deposits of the Storegga Slide (Bugge et al., 1988), where they have
been interpreted as regions of faster motion within the debris. Consequently, we suggest
that varying flow speeds within the failed material resulted in the development of these

longitudinal chutes within the Tampen Slide deposits.

We also observe up to 40 m high, longitudinal ridges within the slide deposits (Figure
4.7, Section 4.4.3). While such large-scale longitudinal ridges are frequently present in
terrestrial and volcanic landslide deposits (e.g. Dufresne and Davies, 2009, and references
therein), this is the first time, to our knowledge, that they have been observed in a deep
marine environment. Simple laboratory studies indicate that the formation of longitudinal
ridges depends upon lateral segregation of grains at the front of the debris flow (Pouliquen
et al., 1997, Dufresne and Davies, 2009). The grains are segregated according to size and
shape, where the ridges are made up of coarser, more angular particles, while finer-grained
material fills the central channels (Valderrama et al., 2017). While these studies are certainly
simplified compared to the natural case, the authors (Pouliquen et al., 1997, Dufresne and
Davies, 2009, Valderrama et al., 2017) found that their results were consistent with the
character of debris avalanche deposits in several locations. The development of longitudinal
ridges also seems to require high basal shear, which arises as a result of mechanical differences
between the glide plane and the overlying material (Dufresne and Davies, 2009). In glacial
environments, this is often attributed to the presence of an icy basal layer; however, based on

wavelength analyses of ridges within a Martian landslide, Magnarini et al. (2019) suggested
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Figure 4.11: Conceptual models showing (a-d) development of a megaslide along a single glide
plane (as for the Tampen Slide); and (e-h) upslope-migrating failure across multiple glide planes
(responsible for the large total volume of other passive margin megaslides, such as the Storegga,
Traenadjupet, Hinlopen/Yermak, Sahara, and Cape Fear Slides).
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that longitudinal ridges are inevitable once a kinematic threshold within the rapidly failing
mass is exceeded. Furthermore, longitudinal ridges seem more likely to develop in flows
where the longitudinal velocity is much greater than the lateral velocity, such as in cases

where the flow is laterally constrained (Dufresne and Davies, 2009).
Diversion around the Faroe-Shetland Escarpment

The deposits of the Tampen Slide thin across the Faroe-Shetland Escarpment (Figure 4.10).
This near-linear variation in thickness across this eastern margin of the Mgre Marginal High
leads us to suggest that the Mgre Marginal High acted as a topographic constraint, which
prevented the Tampen Slide deposits from continuing their downslope run-out away from
the continental margin. This resulted in a large volume of sediments remaining proximal
to the headwall (Figure 4.11b), rather than being evacuated out of the headwall region,
as is typical for megaslides on passive margins (Figure 4.11f; e.g. Kvalstad et al., 2005,
Vanneste et al., 2006, Li et al., 2017, Hill et al., 2019). Additionally, the lateral constraints
and corresponding shift in the direction of transport of the failed mass may also have aided
the development of the <40 m high longitudinal ridges identified within the slide deposits
(Figure 4.7).

The erosional feature in the northern part of the headwall region (Figure 4.5), including the
two steps and the interlinking portion of the glide plane, is orientated roughly parallel to
the failure direction (downslope), and bears striking similarity to features that have been
described as ramps and flats (e.g. Trincardi and Argnani, 1990, Frey-Martinez et al., 2005,
Bull et al., 2009, Omosanya and Alves, 2013). Ramps and flats have been observed in many
major slides, including the Mgre Slide that is buried beneath the Tampen Slide (Evans
et al., 1996, Bull et al., 2009), and have been suggested to occur where there are multiple,
low shear strength layers or localised erosion during translation of the failed mass (Strachan,
2002, Bull et al., 2009). We suggest that the slowing and/or redirection of the failed deposits
around the Faroe-Shetland Escarpment could account for the location of these ramps and

flats on the basal plane of the Tampen Slide.

4.5.1.2 Spreading along the western sidewall and the upper step

The ridges observed along the upper step of the headwall and along the western side of the
headwall decrease in height and have a more chaotic interior with distance from the head-
and sidewall (Figure 4.6). These characteristics are typical of ridges that have elsewhere
been associated with spreading - a process thought to result from seismic loading and loss
of basal support (Lastras et al., 2003, Micallef et al., 2007). Hjelstuen and Grinde (2016)

identified spreading ridges in a small area on the upper step of the Tampen Slide’s headwall
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(~270 km?; Figure 4.3a). The lateral extent of our data enables us to map spreading across
~860 km? of the upper headwall step (Figure 4.3c).

We suggest that this spreading, both along the upper step of the headwall and along the
western side of the headwall, occurred in response to loss of support following the first
phase of failure. The spreading along the base of the western sidewall, (incorporating ~125
km? of sediment), began in the south where the basal plane dips towards the north (Figure
4.4), and extended northwards along the sidewall (Figure 4.11c). This corresponds with the
region that is characterised by very high basal plane amplitudes along the western sidewall
(Figure 4.4b). This was followed by spreading along the top step of the head- and sidewall
(Figures 4.3, 4.6, and 4.11d).

4.5.1.3 Retrogressive failures of the Tampen Slide headwall

The blocky nature of the ~12 km? slump on the western sidewall (Figure 4.8), as well as its
clearly defined limit, which is demarcated by an upward step on the basal glide plane, lead us
to interpret it as a retrogressive slump that was emplaced following the main Tampen Slide
(Figure 4.11d). The cauliflower shape of the headwall of the debris flow on the eastern side
of the Tampen Slide’s headwall (Figures 4.9 and 4.11d), similarly, has previously been linked
to retrogressive landslide development (Micallef et al., 2008). The ridges at the headwall
and toe of this debris flow are consistent with ridges that result from extensional spreading
and compression, respectively (Bull et al., 2009). The timing of this slump and debris flow,
as well as that of the spreading along the upper step of the headwall, is poorly constrained,
and could have occurred minutes, hours, or even many years after the main Tampen Slide

event.

4.5.2 Comparison to other passive margin megaslides
4.5.2.1 Retrogressive development

Most megaslides worldwide are thought to have developed retrogressively, with numerous
failures across multiple headwalls and glide planes typically accounting for their total volume
(e.g. Laberg and Vorren, 2000, Kvalstad et al., 2005, Vanneste et al., 2006, Antobreh and
Krastel, 2007, Georgiopoulou et al., 2010, Hill et al., 2019). It is clear that some relatively
small retrogressive failures occurred at the Tampen Slide headwall following the first phase
of failure (Figures 4.8, 4.9, and 4.11a-d). However, the Tampen Slide deviates from other
megaslides on passive margins (Figure 4.11e-h) in that initial failure of the Tampen Slide

seems to have involved a prodigious volume of sediments (>720 km?) that were translated
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as one mass along a single glide plane, accounting for the majority of the total failed volume.
In comparison, the neighbouring Storegga Slide has been suggested to have failed in tens of
(more than seventy) phases (Haflidason et al., 2004, Micallef et al., 2009). This difference
is significant because these slides both occurred on the same margin, within the same type
of sediments (glacial), along the same type of glide plane (a glacimarine layer), and were
supposedly both triggered by a large earthquake (Kvalstad et al., 2005, Bellwald et al.,
2019b). Consequently, we could reasonably have expected them to fail in a similar way. In

the next section, we consider possible causes for the difference in failure mechanism.

4.5.2.2 Pre-conditioning and triggering factors

Bellwald et al. (2019b) used 2D Finite Element modelling and geotechnical data from the
nearby Ormen Lange gas field to evaluate the effects of various pre-conditioning factors
for the Tampen Slide. Their results indicated that a basal glacimarine sediment layer was
critical for the generation of sediment over-pressure. However, over-pressure alone was not
enough to trigger the Tampen Slide, and an earthquake of >M6.9, and proximal to the
headwall, was required for failure to occur (Figure 4.11a). No evidence of gas hydrate
dissociation has been found within the sediments related to the Tampen Slide (both failed
and unfailed, and within the seismic data presented in this study, as well as in the work of
Nygard et al., 2005, Bellwald et al., 2019b). The Storegga Slide, in comparison, is thought
to have also been preconditioned by high excess pore pressure combined with earthquake
loading, but its triggering earthquake seems to have occurred on the lower continental slope
(Figure 4.11e; Haflidason et al., 2004, Kvalstad et al., 2005). Failure of the Storegga Slide,
then, initiated on the lower continental slope and migrated upslope, incorporating multiple
glide planes and escarpments (Haflidason et al., 2004). Thus, when a landslide is triggered by
an earthquake, the location of that earthquake may be a key factor that influences whether

a landslide develops retrogressively or along a single glide plane.

Furthermore, the location and number of glacimarine weak layers may also play an important
role in controlling whether a landslide fails retrogressively or mainly during a single phase.
The Tampen Slide is located within the proximal deposits of the North Sea Fan, a region
with highly variable sedimentation rates. In glacial periods, the presence of ice on the shelf
can result in as much as a ten-fold increase in hemipelagic sedimentation (Lekens et al.,
2009), with extreme sedimentation rates exceeding 20 m/kyr on the upper slope directly
affected by ice-stream sediment delivery (Hjelstuen et al., 2004). Nygard et al. (2007)
found that the Norwegian Channel ice stream loaded the North Sea Fan with as much as
1.1 Gt of sediment per year during the last glacial stage. In contrast, sedimentation at

the neighbouring Storegga Slide is locally controlled by contouritic currents and meltwater



74 CHAPTER 4. EMPLACEMENT OF THE TAMPEN SLIDE

plumes, and occurs at a much slower rate, averaging 1 m/kyr over the last 250 kyr (Hjelstuen
et al., 2004). Weak layers, which may be prone to failure, are then more condensed within
the Storegga Slide region. This may favour the development of retrogressive sliding in the
Storegga region. In contrast, within the North Sea Fan, weak layers are typically separated
by a thicker sedimentary unit, which would favour the development of a megaslide along a

single plane as observed at the Tampen Slide.

4.5.3 Wider implications for hazards and tsunami generation

The failure mechanism and landslide geometry have major implications for the potential
consequences (especially tsunami generation potential) resulting from a submarine landslide.
To date, no tsunami deposits have been linked to the Tampen Slide. Although this may be
due to post-depositional glacial erosion (e.g. Montelli et al., 2018) and lower sea level at that
time, rather than an indication that the Tampen Slide did not result in a major tsunami.
It should be noted that, whilst landslide volume is an important parameter for generating a
tsunami, not all large submarine landslides result in tsunamis. For example, the retrogressive
Trnadjupet Slide, also located offshore Norway, occurred ca. 4,500 years ago and involved a
total volume of 500-1,000 km3, but does not seem to have resulted in a tsunami (Laberg and
Vorren, 2000, Lgvholt et al., 2017). Using a coupled landslide-tsunami model, Lgvholt et al.
(2017) found that this was likely a result of low failure velocity (supported by observations of
blocky deposits near the headwall and limited turbidity current deposits), with lesser volume
and a greater distance to the coastline (compared to the Storegga Slide) also playing a role.
Contrastingly, at the Tampen Slide, although a large volume of sediment remains proximal
to the headwall, the interior of the slide deposits is heavily deformed (e.g. Figures 4.5
and 4.7). This, together with the large volume of the Tampen Slide’s translational first
phase, and the height of the main headwall (~150 m), suggests the rapid displacement
of a prodigious (>720 km?®) sediment volume. The initial acceleration of the failed mass,
however, cannot be reconstructed using the seismic data. This, together with the absence
of tsunami deposits linked to the Tampen Slide, makes it impossible to construct a well-
constrained tsunami model for the Tampen Slide. However, such a failure may generate a

far larger tsunami than a multi-phase, retrogressive megaslide with the same total volume.
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4.6 Conclusions

In this study, we present laterally extensive, high resolution, processed 3D seismic data from
the headwall of the buried Tampen Slide offshore Norway. These data reveal the character
of the slide deposits at a high level of detail, and allow us to revisit their emplacement

process.

Unlike other megaslides on passive continental margins, the deposits of which are typically
evacuated away from the headwall, a large volume of the Tampen Slide deposits remain
close to the headwall. We suggest that this is because the Tampen deposits were laterally
constrained by the Faroe-Shetland Escarpment, over which the slide deposits thin markedly.
This lateral constraint significantly impacted the flow dynamics, resulting in erosion in the
northern part of the surveyed area as the flow redirected northwards around the topograph-

ical high.

Within the deposits of the Tampen Slide, we identify regions of spreading, compression and
translation. Within the translational deposits, there are longitudinal (downslope-elongated)
chutes similar to those identified at the neighbouring Storegga Slide, which have been in-
terpreted as regions of faster motion within the slide deposits. We also identify, for the first
time, longitudinal ridges within the translational body of deep water submarine landslide
deposits. Such ridges have, however, previously been suggested to be an intrinsic character-

istic of landslides once they exceed certain kinematic parameters.

Apart from a few erosional features, the Tampen Slide’s basal glide plane is relatively
smooth. This, combined with the continuity of internal deformation across the slide deposits,
indicates that the majority of the slide deposits failed as one mass, in a single phase. This
differs markedly from other megaslides on passive margins, whose tiered glide planes and
multiple headwalls are thought to show retrogressive failure behaviour. This variation,
where a single failure, rather than several tens of failures, accounts for most of the total
slide volume, may have a large impact on the tsunami generation potential of the megaslide.
While the Tampen Slide is the first submarine megaslide shown to have failed in this way,
other (potentially as yet undiscovered) megaslides may have failed (and may fail in the
future) in a similar way. Consequently, this failure mechanism should be considered when

considering the hazard potential of submarine megaslides.
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Abstract

Morphometric features within subaqueous landslide deposits provide critical information
about the process of failure — a factor that is directly linked to the hazard potential of a
landslide. However, some morphometric features, such as compressional and extensional
(spreading) ridges, have similar geomorphology even though they form through very differ-
ent processes. This can make it difficult to distinguish between these features, especially in
areas of low data coverage, or for very large landslides that may have formed in multiple
phases. Here, we use a combined spectral and principal component analysis (PCA) work-
flow to quantitatively distinguish between spreading, toe-compression, and lateral-margin
compressional ridges in subaqueous landslide deposits. Using bathmetric and 3D seismic
horizon data from the mid-Norwegian continental margin, the Malta Escarpment, and two
peri-alpine lakes in Switzerland, we find a clear separation between all three types of ridges
in principal component space. We also test this approach on down-sampled data, and find
that the quality of this analysis depends strongly upon the resolution of the data. Our re-
sults highlight a link between the morphological signature of the ridges and their formative
process that can be identified using a statistical approach with minimal interpreter input.
The application of quantitative, semi-automatic methodology such as this is critical in order

to move towards a less subjective interpretation of subaqueous landslide deposits.

5.1 Introduction

Subaqueous landslides are globally widespread — having been documented along both pas-
sive and active margins, at volcanic islands, and in lakes — and can have devastating conse-
quences, including the generation of tsunami waves; damage to subaqueous infrastructure
such as internet cables, oil rigs, and wind farms; damage to coastal infrastructure; and signif-
icant loss of life (e.g. Heezen and Ewing, 1952, Talling et al., 2014, Carter et al., 2014, Clare
et al., 2017). Furthermore, these subaqueous landslides can be orders of magnitude larger
than their terrestrial counterparts (Hampton et al., 1996, Masson et al., 2010). However,
their submerged nature and frequent burial beneath subsequently deposited sediment com-
plicates their analysis, and their geometry and lateral extent are often poorly constrained
(e.g. Mountjoy and Micallef, 2018). Furthermore, there are few direct observations of sub-
aqueous landslides in real time. Consequently, the best way to increase our understanding
of the process of failure, and the associated hazard(s), is by studying the deposits of past
subaqueous landslides, and using their morphology to constrain and reconstruct their failure

mechanism.
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Headwall
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Figure 5.1: Cartoon representing the geometry of a ‘typical’ (simplified) subaqueous landslide.
The headwall domain is dominated by extension while the toe domain is largely compressional
(after Bull et al., 2009).

Landslide deposits can typically be divided into three domains - the extensional headwall
region; the translational body; and the compressional toe (Figure 5.1) - each of which is
characterized by different morphological features, or kinematic indicators (Prior et al., 1984,
Bull et al., 2009, Mountjoy and Micallef, 2018). The orientation and distribution of these
features plays a critical role in reconstructing the failure mechanism of a subaqueous land-
slide, and an accurate impact assessment depends on correctly interpreting the morphology.
Within the headwall domain, the two key kinematic indicators are the headwall scarp, and
extensional ridges and blocks (Figure 5.1; Bull et al., 2009). These extensional ridges (also
referred to as spreading) are aligned perpendicular to the direction of failure (i.e. parallel
to the headwall scarp), and are characterized by a repetitive ‘ridge and trough’ morphology
(Micallef et al., 2007c). Spreading ridges are thought to result from seismic loading and
loss of basal support, so that they typically occur following the formation of a headwall and
the excavation of the failed mass (Lastras et al., 2003, Micallef et al., 2007c). A similarly
repetitive series of ridges and troughs is also often present within the compressional toe
domain of a frontally-confined subaqueous landslide (Figure 5.1; Schnellmann et al., 2005,
Frey-Martinez et al., 2006). While these compressional ridges are also aligned perpendicular
to the direction of motion, they are the surface expression of folding and thrusting within
the landslide toe (Schnellmann et al., 2005). Compressional ridges can also be found along
the lateral margins of the slide (with compression occurring along- rather than downslope),
such as at the Storegga Slide, offshore Norway — arguably the best studied subaqueous
landslide globally (e.g. Haflidason et al., 2004, Micallef et al., 2007a, Bull and Cartwright,
2020).

Although spreading and compressional ridges form through contrasting processes, their ge-



84 CHAPTER 5. MORPHOMETRIC ANALYSIS OF RIDGES

omorphological signatures are often similar in bathymetric data. This means that they
can be difficult to distinguish where the data resolution is low or the available data does
not cover the full extent of the landslide deposits. This is particularly a problem for large
volume landslides, which cover an extensive area, and whose failure often involves multiple
phases that can be difficult to distinguish from one another due to the scale of sliding (e.g.
Antobreh and Krastel, 2007, Micallef et al., 2009, Li et al., 2017), as well as for buried

subaqueous landslides (e.g. Barrett et al., in review).

The recurrent, repetitive nature of the ridges is a key feature of the ridge and trough
topography. Spreading ridges tend to both become more widely spaced and decrease in
height with distance from the headwall scarp (Micallef et al., 2007c). Contrastingly, the
height of compressional ridges seems to vary less (e.g. Schnellmann et al., 2005, Bull et al.,
2009, Barrett et al., in review). Hence, we hypothesize that height variation (and possibly
spacing) between ridges may be a distinguishing factor between spreading and compressional
ridges. Morphological characterization of subaqueous landslides is often performed in a more
qualitative manner (e.g. Bull et al., 2009, Gafeira et al., 2010, Clare et al., 2018) but, while
qualitative analysis is a powerful tool for constraining a landslide’s motion, the results often
depend heavily on the experience of the interpreter. However, quantitative approaches,
which are less prone to subjectivity, have become more commonplace over the last couple
of decades (e.g. Micallef et al., 2007a,b, Moscardelli and Wood, 2016).

Spectral analysis is a way of characterizing the wavelength and variation of the seafloor using
the frequency domain, and has previously been used to characterise seafloor roughness;
e.g. to study ripples (Lefebvre et al., 2011), and for habitat mapping (Schénke et al.,
2017). A rough, uneven surface without any clear bedforms is generally associated with a
diffuse frequency spectrum, with multiple low energy peaks. The frequency spectrum of a
surface that contains repetitive, elongated bedforms such as ridges, however, is typified by
a strong, high energy peak that corresponds with the wavelength of the ridges, as well as a

directionality that strikes perpendicular to the bedform orientation (Lefebvre et al., 2011).

The overarching aim of this study is to characterize the spectral signature of spreading and
compressional ridges in subaqueous landslide deposits in a variety of settings (both subma-
rine and lacustrine). Specifically, we want to answer the question of whether the spectral
characteristics of spreading and compressional ridges are distinct enough that they can be
quantitatively distinguished from one another in areas of low data coverage or where the in-
ternal seismic character of the ridges is unclear. We begin by characterizing the bathymetric
and spectral signature of spreading and compressional ridges in landslide deposits offshore
Norway, on the Malta Escarpment, and in two Swiss lakes (Figure 5.2). We then use Princi-

pal Component Analysis to reduce the number of parameters and attempt to quantitatively
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(and semi-automatically) distinguish between compressional and spreading ridges. We also
down-sample the data from two regions which contain both spreading and compressional

ridges, and consider the implications of data resolution before discussing our findings.

5.2 Geological Settings and Data

5.2.1 The Norwegian mid-continental margin

Sedimentation along the Norwegian mid-continental margin is dominated by glacial and
interglacial processes, and the stratigraphy correspondingly consists of glacigenic debris
flows, hemipelagic/glacimarine deposits, and megaslide deposits (King et al., 1996, Hjelstuen
et al., 2004, Nygard et al., 2005). Here, we make use of data from the headwall area of two of
those megaslides: the Holocene Storegga Slide, which involved a total volume of 2,400 - 3,200
km? and is exposed at the seafloor (Figure 5.2b, Haflidason et al., 2005, Kvalstad et al., 2005);
and the older Tampen Slide, which involved >1,000 km? and is buried within the deposits
of the North Sea Fan (Figure 5.2c, Nygard et al., 2005). Compressional and extensional
ridges have previously been documented in the deposits of both of these megaslides (Sejrup
et al., 2004, Micallef et al., 2007¢c, Hjelstuen and Grinde, 2016, Barrett et al., in review).

The giant Storegga Slide is one of the most well-known subaqueous landslides and has been
widely studied over the last thirty years (e.g. Bugge et al., 1988, Solheim et al., 2005, Micallef
et al., 2007a, Bull et al., 2009, Bull and Cartwright, 2020). Several regions of extensive
spreading have been previously documented within the headwall area of this megaslide
(Micallef et al., 2007c, 2016b), and compressional ridges are present along the western
lateral margin of the headwall (Sejrup et al., 2004, Haflidason et al., 2004). These ridges
are spaced between 600 - 2,000 m apart, and cover an extensive area (Table 5.1). Here, we
make use of high-quality (25x25m grid cell size) bathymetric data previously published by
Micallef et al. (2007a, Figure 5.2b).

The Tampen Slide is buried by up to 450 m of glacigenic debris flows, contourites, and
glacimarine sediments (Barrett et al., in review), so we use high-resolution 3D seismic data
(courtesy of TGS) to study extensional and compressional ridges within its deposits. Barrett
et al. (in review) used this dataset to analyse the upper and lower surfaces of the Tampen
Slide, as well as its interior, and constrain its morphology and emplacement mechanism.
Here, we consider just the upper surface of the slide deposits, and treat it as a DEM gridded
at 20 m resolution (Figure 5.2c). Similarly to those within the Storegga Slide, ridges within

the Tampen Slide deposits are widely spaced and cover a large area (Table 5.1).
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Figure 5.2 (previous page): (a) Overview of DEM data used in this study. Blue circle: case
study involving spreading; red circle: case study involving compression; yellow square: case study
involving both spreading and compressional regions. Sun-illuminated DEMs from (b) the Storegga
Slide headwall (Micallef et al., 2007a); (c) the Tampen Slide headwall (Barrett et al., in review;
data courtesy of TGS); (d) the Malta Escarpment (Micallef et al., 2016a); (e) Lake Lucerne (Hilbe
et al., 2011); (f) Lake Zurich (Strupler et al., 2017); and (g) Lake Lucerne (Hilbe et al., 2011).
White arrows: direction of landslide motion. F2: Secondary failure of the Tampen Slide headwall.

5.2.2 The Malta Escarpment

The Malta Escarpment is a carbonate escarpment that is marked by steep slopes (>70°) and
limestone and dolomite cliffs (Scandone et al., 1981, Micallef et al., 2019). The morphology
of its outer continental shelf is dominated by escarpment-forming processes including mass
movements, strike-slip faulting, and the flow of bottom currents both perpendicular and
parallel to the escarpment (Micallef et al., 2016a). Furthermore, sedimentation along the
escarpment is primarily dominated by pelagic and hemipelagic processes, but is locally influ-
enced by bottom current activity (Micallef et al., 2016a). Here, we make use of multibeam
data collected during the CUMECS (2012) and CUMECS-2 (2014) research cruises, which
reveal spreading ridges on the continental shelf upslope of the Malta Escarpment (Figure
5.2d; Micallef et al., 2016a). This data is gridded at 10x10 m grid cell spacing.

5.2.3 Swiss lakes

Lake Lucerne and Lake Zurich are glacially-formed, peri-alpine lakes in Switzerland. Alpine
lakes are dynamic environments, and a variety of mass transport deposits have been docu-
mented in these two lakes, including some linked to rockfall (Schnellmann et al., 2006, Hilbe
et al., 2011, Sammartini et al., 2019) and delta collapse (Hilbe and Anselmetti, 2014, Sam-
martini et al., 2019), as well as lateral slope landslides within hemipelagic sediment units
(Kelts and Hsii, 1980, Schnellmann et al., 2002, Strasser and Anselmetti, 2008, Strupler
et al., 2017). Here, we use multibeam bathymetric data published by Hilbe et al. (2011,
Lake Lucerne) and Strupler et al. (2017, Lake Zurich), which include clear compressional
ridges at the toes of several frontally-confined landslide deposits (Figure 5.2e-g). The Lake
Lucerne data is gridded at 2x2 m resolution, and the Lake Zurich data has a grid cell size

of 1x1m.
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Table 5.1: Parameters used for the manual selection of window size for spectral analysis for the
different regions of compression and extension within the regions presented in this study. The
location of the different zones within each landslide are shown in Figure 5.2.

Area Spectral
Lateral data Ridge analysis
. . covered . .
Region Zone resolution . spacing window
by ridges
(m) 9 (m) length
(km*) )
(pixels)
Full- Down- Full- Down-
resolution sampled resolution sampled
datset dataset datset dataset
Extensional ridges (spreading)
Tampen 1 20 100 148 400-800 100 20
Slide
2 20 100 390 600-800 150 24
3 20 100 155 1300 160 40
4 20 100 70 400-500 75 15
Storegga 1 25 200 350 2,000 250 35
Slide
2 25 200 4760 600-800 120 25
Malta " Es- 1 10 10 10.3 200-300 70 70
carpment
Compressional ridges
Tampen 1 20 100 148 800-1,000 34 120
Slide
Storegga 1 25 200 2012 600-1,000 15 150
Slide
Lake 1 2 2 0.034 12-18 22 22
Lucerne
2 2 2 0.053 12-20 25 25
Lake 1 1 1 0.095 11-19 50 50

Zurich
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5.3 Methodology

5.3.1 Fourier Analysis

The region of interest for each dataset was divided into a grid of square cells with a window
length large enough to include a series of three to four ridges (Table 5.1). Linear trends
were removed from each window by subtracting the mean of the elevation (in x and y
directions) from the bathymetric data, before the data were normalized by subtracting
the mean elevation within the window from each cell (Figure 5.3a). The 2D Fast Fourier
Transform (FFT) for each window was then calculated using the standard implementation
of the 2D FFT in the Python library numpy (Cooley and Tukey, 1965):

M-1N-1 mk i
Ay = Z Z amnexp{—Qm' <ﬁ + N) } (5.1)

where Ay, is the complex output frequency spectrum, a,,, is the input bathymetry signal,

and k and [ range between 0 and M-1/N-1, respectively.

Primary frequencies within the spectrum (long wavelengths) can have high amplitudes that
often dwarf the frequencies of interest. For this reason, we suppressed frequencies within the
bands f0, f1 and {2, and set them equal to the mean of the 2D FFT spectrum within that
window. The logarithmic form (power spectrum) of the 2D FFT spectrum (Figure 5.3b)

was calculated using the standard power law

PS = 10log,,(|[FFTJ?) (5.2)

Both the result of the FFT and its corresponding power spectrum are symmetrical about 0,
so only half the spectrum (0-180°) is used for further analysis. The 2D power spectrum was
converted to a 1D spectrum by taking the mean of radial 1° slices through the 2D spectrum
(Figure 5.3c).

5.3.2 Extraction of statistical parameters from the bathymetry

and spectral analysis results

We then computed widely-used statistical parameters (variance, skewness, and kurtosis)
of both the 1D power spectrum and the bathymetric data for each window in order to
quantitatively compare the spreading and compressional ridges from different regions. These

were calculated using standard Python numpy and scipy libraries.
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Figure 5.3: Example from spreading ridges along the western sidewall of the Tampen Slide, offshore
Norway, using the down-sampled dataset. (a) Hillshaded bathymetry within an analysis window.
(b) Smoothed 2D Power Spectrum. The peak of the spectrum is marked by the red cross. (c¢) 1D
Power Spectrum.

Variance (S5?), the spread of numbers from their mean, is defined by

o Sln—a)

n—1

(5.3)

where z; is the value of one observation, Z is the mean of all observations, and n is the

number of observations.

Skewness (a), a measure of the symmetry of the dataset (where a perfectly symmetrical

dataset has a skewness of 0) is defined by

o= Z (xznggx) (5.4)

where x;, T, and n are as defined above, and s is the standard deviation.

Kurtosis (k), a measure of the combined weight of the tails relative to the rest of the

distribution, is given by
(zi — 2)*
where the variables are all as defined previously.

An additional way to analyse the periodicity of the frequency spectrum is to compute its
cepstrum quefrencies. The cepstrum is calculated by taking the logarithm of the magnitude
of the Fourier spectrum, and then performing the inverse Fourier transform, with the re-
sulting values — the inverse of frequency — referred to as quefrencies (Bogert, 1963). This
is essentially deconvolution of the frequency spectrum. We extracted and plotted the first

four cepstrum quefrencies for each analysis window, again using standard numpy functions.
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Terrain Ruggedness Index — the mean elevation difference between a cell and its neighbouring

cells can be calculated using the equation

TRI = <Z (2 = x°°)2> v (5.6)

8

where z;; is the elevation of each of the cells neighbouring xoy (Riley et al., 1999). This
technique has been found to be a useful way of differentiating between morphological features
based on their surface roughness (e.g. Riley et al., 1999, Wilson et al., 2007, Lecours et al.,

2017). We compute the ruggedness of cells within each analysis window.

Finally, we smoothed the 2D power spectrum by applying a Gaussian filter to the spectrum,
and then extracted the peak of each 2D power spectrum and computed its strength by
dividing the value of the peak by the sum of half of the smoothed spectrum (because the
spectrum is symmetrical about 0). In total, we extracted twelve statistical parameters for
each analysis window (e.g. Figure 5.4). Plots of these parameters for all the regions of

spreading and compression analysed within the study areas are included in the Appendix.

However, when considered in isolation, the statistical parameters that we extract from the
bathymetric and frequency spectrum data are difficult to interpret visually. While significant
changes in morphology (such as the headwall scarp shown in Figure 5.4) are evident in
several of the parameter plots (e.g. Bathymetric and 1d PSD variance, as well as Cepstrum
q0 and Terrain Ruggedness Index, for the example case), the cells containing ridges cannot
be manually differentiated. The best way to analyse and compare the data in order to
differentiate between the different types of ridges is to reduce the number of parameters
that are involved and visualize them in a single plot. We do this using Principal Component
Analysis (PCA). PCA is a statistical technique that aims to reduce the number of dimensions
of a dataset while maintaining its variability (Jolliffe and Cadima, 2016). The resulting
variables (principal components) are eigenvectors and their eigenvalues are linearly related to
the original data. Here, using PCA enables us to reduce the number of variables from twelve
to three, which makes it easier to distinguish the morphology of different types of ridges from
one another. Before performing PCA, we manually classified grid cells according to whether
they contained spreading, lateral-margin or toe-compressional ridges, or background values
using the linearly detrended bathymetry and hillshaded bathymetry data, and then ignored
the background values for PCA (e.g. Figure 5.4).

In order to test the effect of data resolution on our analysis, we also performed PCA for
a second database that includes down-sampled DEM data from the Storegga and Tampen
Slides — the two landslides presented here that include both spreading and compressional

ridges (although the type of compressional ridge differs between the two slides). For that



Grid cell number Grid cell number

Grid cell number

92

CHAPTER 5. MORPHOMETRIC ANALYSIS OF RIDGES

database, we used grid-cell sizes of 200x200 m and 100x100 m for the Storegga and Tampen

Slides, respectively (Table 5.1).

We refer to that dataset hereafter as ‘low resolution’,

although the resolution of the data from the Malta Escarpment, Lake Lucerne, and Lake

Zurich are not altered.

5.4 Results

The first three principal components of the analysis of the high-resolution dataset (Figure
5.6) account for ~75% of the total variance (PC1: 42.7%; PC2: 19.9%; PC3: 12.5%).
Similarly, the first three principal components of the database that includes the down-
sampled data (Figure 5.5) also account for ~75% of the total variance (PC1: 40.4%; PC2:
22.2%; PC3: 12.2%). For both the high- and low-resolution datasets, spreading ridges
from the Storegga Slide, Tampen Slide, and the Malta Escarpment plot within the central

region of the principal component space, while lateral-margin compressional ridges from the

Storegga Slide, and toe-compressional ridges (from Lake Lucerne and Lake Zurich) plot on

opposite sides of the spreading ridge points. Furthermore, the toe-compressional ridges from

the mass transport deposits in Lake Lucerne and Lake Zurich plot in two separate clusters
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Figure 5.4: Statistical parameters extracted from the low-resolution version of the bathymetry and
fourier analysis power spectrum of spreading ridges at the headwall of the Tampen Slide (Zone 4).
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Figure 5.5: The results of Principal Component Analysis performed on the database that includes
down-sampled DEMs from the Tampen and Storegga Slides.

in both the low- and high-resolution dataset PCA plots. There are, however, two significant
variations in the PCA output for the two datasets. Firstly, the points related to toe-
compression within the Tampen Slide plot along the boundary between spreading and toe-
compressional ridges for the low-resolution PCA output, but plot fully within the principal
component space of the spreading ridges in the high-resolution PCA output. Secondly, the
lateral-margin compressional ridges, which also plot on the boundary of the spreading ridges
in the low-resolution PCA output, plot within a distinct cluster that is separate from the

spreading ridges in the high-resolution PCA plot.

5.5 Discussion

5.5.1 Varying data resolution

While lateral-margin and toe-compressional ridges can be separated from the spreading
ridges in PCA of the low-resolution version of the database (Figure 5.5), this distinction and
their clustering is much clearer in the PCA results of the high-resolution database (Figure

5.6). This indicates that the smoothing and simplification of morphological features through
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Figure 5.6: The results of Principal Component Analysis performed on the database that includes
high-resolution DEMs from the Tampen and Storegga Slides.

application of a coarse grid-spacing results in the loss of key morphological information, even

for features that have a much longer wavelength than the grid spacing (Table 5.1).

Furthermore, while clearly distinguished from spreading and lateral-margin compression,
it is evident that the toe-compressional ridges from the mass transport deposits in Lake
Lucerne and Lake Zurich plot in two distinct clusters (Figure 5.6). The type of mass
transport deposit, as well as resolution of these data (1x1 m compared to 2x2 m grid cell
spacing), are similar. Consequently, we suggest that the clustering of the toe-compressional
ridges from these two lakes is either reflective of the slightly different settings, or of differing
signal to noise ratios of the data. Nonetheless, these two clusters are clearly distinct from

both spreading and lateral-margin compression in principal component space.

5.5.2 Distinguishing ridges from one another

Spreading ridges from the Malta Escarpment, Tampen Slide, and Storegga Slide plot within a
central cluster in principal component space (Figure 5.6), and are clearly distinguished from
lateral-margin compressional ridges and the toe-compressional ridges of the mass transport
deposits within Lake Lucerne and Lake Zurich. The points related to toe-compressional

ridges within the Tampen Slide, however, plot within the principal component space of

Principal Component 3
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the spreading ridges. This indicates that their morphology is so similar that they cannot
be distinguished using spectral analysis and PCA. Barrett et al. (in review) analysed the
same high-resolution 3D dataset covering the Tampen Slide headwall area as we use, and
found that the toe-compressional ridges examined here are part of a subsequent retrogressive
debris flow from the main Tampen Slide headwall (Figure 5.2). Unlike other megaslides,
the failed mass of which normally evacuates out of the headwall region (e.g. Korup et al.,
2007, Masson et al., 2010), a large volume of the Tampen Slide deposits remain within the
confines of the headwall (Barrett et al., in review). This means that the toe-compressional
ridges within the Tampen Slide, which are orientated obliquely to the failure direction of
the main Tampen Slide, likely over-print pre-existing morphological fabric. Furthermore,
the Tampen Slide is buried beneath up to 450 m of sediment (Barrett et al., in review).
This may have resulted in the flattening of the slide morphology, so that the morphology of

the toe-compressional ridges no longer reflects their process of formation.

If we disregard the toe-compressional ridges of the Tampen Slide, which we consider rea-
sonable given the above arguments, our results show a clear distinction between spreading
ridges, toe-compression, and lateral-margin compression, highlighting a link between pro-
cess and morphology. This suggests that a semi-automated method such as this may be
able to be adapted to perform the inverse solution — and identify the process responsible
for the formation of ridges based on their morphology. This would be an important step in
reducing the subjectivity often inherent in the study of landslides. We are, however, aware
that our study only includes a small number of examples from very different settings, and
additional data are required in order to further validate this approach. This is complicated
by the role that data resolution plays in the output of this analysis, as such high-resolution

data are often not available.

5.6 Conclusions and Outlook

In this study, we sought to answer the question of whether compressional and spreading
ridges in mass transport deposits can be quantitatively, and (semi-)automatically distin-
guished using spectral analysis and bathymetric statistics. For this purpose, we made use
of previously published, gridded DEMs covering mass transport deposits in Lakes Zurich
and Lucerne in Switzerland, the Malta Escarpment offshore Sicily, and the Storegga and
Tampen megaslides on the mid-Norwegian continental margin. We analysed the spectral
and bathymetric statistics of the ridges within these datasets, and used Principal Compo-
nent Analysis to compare these regions. We find that the toe-compressional ridges from

Lake Lucerne and Lake Zurich are clearly distinguished from both spreading ridges and
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lateral-margin compressional ridges — both of which also plot distinctly from one another
in principal component space. Toe-compressional ridges of the Tampen Slide, however, plot
within the principal component space of the spreading ridges. We suggest that this is likely
due to the over-printing of pre-existing morphological features, and the landslide’s burial
beneath up to 450 m of sediments — both of which may result in the present-day morphology

of the Tampen Slide’s compressional ridges not being reflective of their formative process.

Neglecting the points from the Tampen Slide toe-compressional ridges, our results show a
strong link between process and morphology that can be recognized using a semi-automated
method with minimal interpreter input. This makes it a technique that can quickly and
easily be applied to other regions, which is a vital step for validating our results and im-
proving upon the methodology. A machine learning or random forest approach would be
an important step towards automatic characterization of ridges, i.e. identifying the process
responsible for their formation based on the ridge morphology. Such an approach, however,
requires large volumes of data. Moreover, our analysis highlights the importance of data
resolution — we note that a coarse grid spacing results in smoothing of the morphology and
the loss of important morphological information, even for long wavelength features. While
this method shows promise, bathymetric data of high-enough resolution to perform this

analysis are often not publicly available.
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Chapter 6

Conclusion and Outlook

6.1 Conclusion

Subaqueous landslides can be prodigious in size and can have devastating consequences
across the scale of ocean basins, but their inaccessibility and significant differences com-
pared to terrestrial landslides mean that there are still many open questions about how
they fail. Furthermore, there are few direct observations of subaqueous landslides and
so understanding how past subaqueous landslides were emplaced is a critical step in con-
straining the hazard associated with similar landslides. The geometry and morphology of
a landslide play a key role in putting together the puzzle of their failure mechanism; how-
ever, our understanding of these factors depends heavily on data coverage and resolution.
This poses a particular problem for subaqueous landslides that have a large lateral and
volumetric extent, and/or are buried, as it means that our understanding of the process of
the landslide’s emplacement is often based on widely-spaced data that do not cover the full

extent of the landslide deposit.

Such is the case for the Monte Amarelo flank-collapse of the island of Fogo in the Cape Verdes
(Chapter 3), whose offshore distribution had previously only been constrained by medium
resolution (100x100 m grid cell size) multibeam bathymetric data. Using new, higher res-
olution (50x50 m grid) bathymetric data, together with decimeter-resolution parametric
echo sounder data, we found that the lateral extent of the Monte Amarelo volcanic debris
avalanche deposits is more than double that of the previous estimate. Furthermore, we
found evidence (both in the parametric echo-sounder data and in sediment gravity cores)
that suggests that the emplacement of the debris avalanche deposits triggered the con-
temporaneous, multi-phase failure of pre-existing seafloor sediments, and identify, for the

first time, multiple tectonic-related mass-transport deposits on the submerged volcaniclastic
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apron south of Fogo. The triggering of the failure of pre-existing seafloor sediments by the
emplacement of volcanic debris avalanche deposits has previously been identified offshore of
the islands of Martinique and Monserrat in the Lesser Antilles. Our results highlight that
such secondarily-triggered failures may be even more widespread than previously thought,

and should be considered when analysing and modelling volcanic flank-collapse scenarios.

While these findings present a step forward in our understanding of the Monte Amarelo
flank-collapse, which, in turn, adds to our understanding of how other flank-collapses might
occur, this analysis is largely qualitative. As such, the effects of subjectivity (interpreter
bias) and data coverage cannot be ignored. While the lateral extent of the Monte Amarelo
debris avalanche deposits is now better constrained by densely spaced parametric echo
sounder profiles and high-resolution bathymetric data proximal to the island of Fogo, char-
acterization of those deposits is limited by the penetration of the data, which is reduced
due to the volcanic and hummocky nature of the deposits. Contrastingly, south of these
hummocky debris avalanche deposits, the transparent/chaotic nature of the deposits, as
well their base and intra-debris reflector(s), is clearly imaged. Here, however, the spacing
between profiles is large, and morphological features are qualitatively described based on
their appearance on, and variation between, single profiles. This means that features may
not be fully characterized, or may be missed altogether. Furthermore, the lateral extent of
the secondarily-triggered failure of the seafloor sediments, as well as that of the numerous
mass transport deposits imaged on the slopes south of Fogo, remains poorly constrained.
While qualitative studies such as this are a rich source of information that helps us to better

understand landslides and the process of failure, they also leave many questions unanswered.

High-resolution, 3D seismic datasets, such as that presented in Chapter 4, are a valuable
resource that enable the morphology of the landslide deposits to be studied at a high level of
detail, both qualitatively and quantitatively. Similarly to the Monte Amarelo flank-collapse
deposits, whose lateral extent and geometry were previously only constrained by sparse data,
previous analysis of the Tampen Slide was based on regional seismic profiles and smaller 3D
seismic cubes that do not encompass the full extent of the headwall. Such large submarine
landslides (also called megaslides) were previously thought to develop retrogressively, with
numerous small volume failures over multiple glide planes accounting for their prodigious
volumes. Our findings show, however, that submarine megaslides can also develop during
a single phase, and along a single glide plane. Furthermore, unlike other megaslides on
passive margins, a large volume of the Tampen Slide deposits (>720 km?) remains within
the confines of the headwall. We suggest that this is likely a result of the Mgre Marginal
High, a volcanic basement high that runs parallel to the western sidewall of the Tampen
Slide and prevented the landslide deposits from running out downslope. The high resolution

and extensive lateral coverage of the 3D data enables us to study the morphology of the
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Tampen Slide at a high level of detail, and we document regions of extension (spreading)
and compression, as well as longitudinal chutes, and large-scale (>40 m high) longitudinal
ridges within the slide deposits. These morphological features provide critical information

about the process of emplacement of the Tampen Slide.

However, high-resolution, 3D seismic datasets that encompass landslide deposits, such as
that in Chapter 4, are uncommon and often not widely accessible. Consequently, studies
that aim to compare and contrast the morphology and geometry of landslide deposits must
make use of data of varying resolution and extent and, therefore, tend to be more qualita-
tive rather than quantitative and are prone to interpreter bias. As landslide morphology is
often inferred to be indicative of the formative process (either for the whole landslide, or
for a region within the slide deposits), it is particularly important that the morphology is
correctly interpreted. In Chapter 5, I make use of a quantitative, semi-automatic approach
in order to distinguish between three types of elongated ridges that are found within sub-
aqueous landslide deposits — spreading ridges within the headwall domain; compressional
ridges within the landslide toe; and lateral margin compression. These ridges develop dur-
ing different processes, but have strikingly similar geomorphology in map-view. This means
that they can be difficult to interpret in areas of low bathymetric data coverage, or where
seismic profiles are not available, or do not enable a cross-sectional view of the ridges. This
is particularly a problem for landslide complexes, which have a large lateral extent and
total volume. Moreover, such landslides often involve many smaller failures that can be
difficult to distinguish from one other. The method presented in Chapter 5 — a combined
approach involving largely automated, spectral, bathymetric and principal component anal-
ysis of digital elevation models — successfully distinguishes between spreading, lateral-margin
compression and toe-compressional ridges in a variety of settings. While our results should
be validated using additional data, they demonstrate that morphometric statistics of ridges
can be quantitatively linked to their formational process. This suggests that we may be able
to use a machine learning approach to work backwards and identify the process responsible
for the formation of particular ridges based on their morphometric statistics. The applica-
tion of quantitative, semi-automatic methodology such as this is critical in order to move
towards a less subjective interpretation of subaqueous landslide deposits. While qualitative
analysis of landslides continues to be a powerful tool to investigate individual landslides and
learn about their dynamics, it remains subjective. Quantitative analysis should result in a
more systematic, consistent, and automatic classification of landslide morphology, and the
methodology presented in Chapter 5 acts as a starting point for this that can be adapted
and expanded upon in future work. Both quantitative and qualitative analyses, however,

are still limited by data availability and resolution.
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6.2 Ongoing and future work

Quantitative methods have been increasingly used in the analysis of the morphology and
geometry of subaqueous landslides over the last twenty years (e.g. Prior et al., 1984, Frey-
Martinez et al., 2006, Bull et al., 2009, Moscardelli and Wood, 2016). Furthermore, the
landslide community has also worked to adopt standardized approaches for characterizing
landslide morphology (e.g. Clare et al., 2018). These have both helped to reduce problems
of interpreter subjectivity. Subaqueous landslides, however, are complex and non-unique,
and a consistent characterization is made more challenging by their post-depositional burial,
erosion, or subsequent remobilization. Furthermore, landslide characterization depends on
data coverage and resolution, and many landslides remain undiscovered or are not well con-
strained. To constrain a landslide’s morphology and its emplacement thoroughly requires a
variety of data — both geophysical (high-resolution, closely spaced 2D or 3D seismic profiles),
petrological (sediment cores), and geotechnical (including measurements of in situ sediment
properties), and this variety of data is only rarely available for a particular landslide. The
complicated morphology of a landslide, together with the effect of post-depositional pro-
cesses, and data availability and resolution can make it difficult to reconstruct the land-
slide’s original morphology and geometry. This, in turn, can make it difficult to constrain
how a similar landslide might fail in the future — information that is critical for quantifying
the associated hazards, including the potential displacement of the water column and the

development of tsunami waves (e.g. Harbitz et al., 2014, Grilli et al., 2019).

Understanding parts of the landslide, and their relationship to each other, enables the whole
landslide to be better constrained. Consequently, quantitatively parameterizing landslide
morphology at a smaller scale, such as in Chapter 5 of this thesis, could prove to be an effec-
tive way to constrain the geometry and emplacement of the overall landslide. The minimal
user input that this method requires (just the selection of analysis window size and window
cells that contain ridges) means that it is highly adaptable to different settings and data
resolutions. However, large amounts of data are required in order to automate such a pro-
cess, i.e. to automatically classify ridges according to their geomorphology. Moreover, such
analysis is only possible when the data resolution is high and the ridges can be distinguished
from the surrounding slide morphology. Such data (where they exist) are often not publicly
available. The next step is to refine this methodology and to test the benefit of further pa-
rameters, such as planar shape (convex vs concave) and slope gradient, for the classification
of the different types of ridges. The aim is that this should help to better distinguish the
ridges from one another, so that an automatic clustering approach would correctly classify
the ridges into their different groups. If successful, this would enable ridges from regions

with low data coverage and within large slide complexes to be distinguished, while ensuring
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that the morphological features are correctly linked to their formative process. Furthermore,
a similar approach — comparing the spectral analysis and bathymetric statistics of one re-
gion to another — could also help to distinguish slide deposits from the adjacent unfailed
material, and semi-automatically delineate the landslide extent. Similar work is also under-
way to extract landslide deposits from 2D seismic data by using statistical and diffraction
analysis to exploit their chaotic character (Ford and Camerlenghi, 2020). Combining these
two approaches — to extract subaqueous landslides both from bathymetric and seismic data
— would be a powerful way to detect landslides non-subjectively. Nonetheless, qualitative
analysis still remains a powerful and necessary tool for investigating landslide morphology

and dynamics.

Work is also ongoing and planned for the two end-member landslides that were investigated
in Chapters 3 and 4 of this thesis (the Monte Amarelo flank-collapse of the island of Fogo
in the Cape Verdes, and the Tampen megaslide offshore Norway, respectively). While
the lateral extent and character of the Monte Amarelo flank-collapse and the secondarily-
triggered, multi-phase failure of seafloor sediments are now better constrained, the full
lateral extent, as well as the relative timing of the seafloor sediment failures that were
triggered by the emplacement of the debris avalanche deposits remains unknown. Analysis
of the seismic data and detailed petrological analysis of sediment gravity cores that were
collected during the research cruise M155 of RV Meteor (Figures 3.1 and 3.4) is still ongoing,
but will hopefully be able to answer questions regarding the number and relative timing of
flank-collapse events and turbidites. This information is critical for building a complete
picture of the processes responsible for failure, which will support tsunami modelling and
help us to understand how the risks posed by a future flank-collapse could be mitigated.
The Monte Amarelo flank-collapse triggered one of the largest mega-tsunamis preserved in
the geological record (Ramalho et al., 2015). Being able to characterize the deposits at a
high level of detail and understand the sequence of events that occurred during the flank
collapse will enable volcanogenic tsunami modelling to be integrated with physical evidence,

which will result in the development of a much-improved tsunami impact model.

Similarly, despite the step forward in our understanding of the morphology and emplacement
of the Tampen Slide (and the implication that other megaslides could also fail as a single
mass, rather than as multiple smaller failures within a short amount of time; Chapter 4),
there are still open questions about the Tampen Slide — its full lateral extent, volume and
age remain poorly constrained. The age of the Tampen Slide, previously suggested to be ca.
130 ka, is constrained by regional 2D seismic profiles (Nygard et al., 2005), and the upper
part of a single piston core (MD99-2283) proximal to the headwall (Lekens et al., 2009). The
radiocarbon dates of that core, however, only extend to 40.2 ka, and the Tampen Slide may,

in fact, be ca. 60 ka if sedimentation rates in the upper part of the core continue further
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down (Lekens et al., 2009). Furthermore, minor sidewall collapses and spreading along the
headwall also complicate identification of the youngest reflector cut by the Tampen Slide.
Cores collected in 2014 in the Aegir Ridge, north of the Tampen Slide headwall, penetrated
through two turbidites — a younger one that has an age of 8.2 ka, which correlates with
the Storegga Slide, and another, which occurs immediately below the Storegga turbidite
and is dated at 55-60 ka (Watts et al., 2016, Watts, 2019). That second turbidite is even
thicker than the Storegga turbidite on some sub-bottom profiles, implying either that it is
linked to an even larger slide, or that its headwall is closer to the Aegir Ridge. Such a
headwall, however, is not evident from the bathymetry, and Watts et al. (2016) suggested
that that second turbidite may be linked to the Tampen Slide. If this is the case, it implies
that the Tampen Slide is much younger than previously thought, which means that large
megaslides on the Norwegian continental margin (which can result in devastating tsunami as
demonstrated by the Storegga Slide; Bondevik et al., 2005) occur more frequently than once
per glacial cycle as suggested by the current model. This would have a significant impact
on hazard assessment across the North Sea and its abutting countries. In collaboration
with Pete Talling (Durham University, UK), and Haflidi Haflidason (University of Bergen,
Norway), we submitted a ship-time proposal to investigate the turbidites in the Aegir Ridge.
Our primary objectives are constrain (i) whether the turbidite within the Aegir Ridge is
linked to the Tampen Slide (thereby better constraining the full extent, volume, and age of
the Tampen Slide); (ii) confirming the age of that turbidite and constraining its regional
distribution; and (iii) constraining the distribution of large volume, seismically opaque units
beneath the two turbidites within the Aegir Ridge. The proposal has been accepted, and

the cruise is scheduled for late January 2021.
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Appendix

Chapter 5

Quantitative morphometric analysis of ridges in sub-
aqueous landslides

This section includes parameter plots for both the high- and low-resolution datasets analysed
in Chapter 5. In the low-resolution dataset, the data from the Tampen and Storegga Slides,
which contain both extensional and one type of compressional ridge, are down-sampled
while the data from the Malta Escarpment, Lake Lucerne, and Lake Zurich have the same
resolution in both datasets. Areas for which both resolutions are considered are plotted on

the same page in the following figures.

e Figures 1 and 2 show the parameters from the lateral-margin compression zone of the

Storegga Slide.

e Figures 3 - 7 show the parameters calculated for the toe-compressional ridges in mass

transport deposits within the Tampen Slide, Lake Lucerne, and Lake Zurich.

e Figures 8 - 20 show the parameters calculated for the spreading ridges on the Malta

Escarpment, and in the headwalls of the Storegga and Tampen Slides.
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Figure 1: Statistical parameters extracted from the low-resolution version of the bathymetry and
fourier analysis power spectrum of lateral-margin compression along the western headwall of the
Storegga Slide (widely referred to as ‘The Compression Zone’).
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Figure 2: Statistical parameters extracted from the high-resolution version of the bathymetry and
fourier analysis power spectrum of lateral-margin compression along the western headwall of the
Storegga Slide (widely referred to as ‘The Compression Zone’).
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Figure 3: Statistical parameters extracted from the low-resolution version of the bathymetry and
fourier analysis power spectrum of toe-compressional ridges at the toe of a subsequent retrogressive
debris flow within the Tampen Slide headwall. Data courtesy of TGS.
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Figure 4: Statistical parameters extracted from the high-resolution version of the bathymetry and
fourier analysis power spectrum of toe-compressional ridges at the toe of a subsequent retrogressive
debris flow within the Tampen Slide headwall. Data courtesy of TGS.
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Figure 5: Statistical parameters extracted from the bathymetry and fourier analysis power spec-
trum of toe-compressional ridges of mass transport deposits within Lake Lucerne (Zone 1).
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Figure 6: Statistical parameters extracted from the bathymetry and fourier analysis power spec-
trum of toe-compressional ridges of mass transport deposits within Lake Lucerne (Zone 2).
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Figure 7: Statistical parameters extracted from the bathymetry and fourier analysis power spec-
trum of toe-compressional ridges of mass transport deposits within Lake Zurich (Zone 1).
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Figure 8: Statistical parameters extracted from the bathymetry and fourier analysis power spec-
trum of spreading ridges on the Malta Escarpment.
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Figure 9: Statistical parameters extracted from the low-resolution version of the bathymetry and
fourier analysis power spectrum of spreading ridges within the Storegga Slide headwall (Spreading
Zone 1).
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Figure 10: Statistical parameters extracted from the high-resolution version of the bathymetry and
fourier analysis power spectrum of spreading ridges within the Storegga Slide headwall (Spreading

Zone 1).
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Figure 11: Statistical parameters extracted from the low-resolution version of the bathymetry and
fourier analysis power spectrum of spreading ridges within the Storegga Slide headwall (Spreading

Zone 2).
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Figure 12: Statistical parameters extracted from the high-resolution version of the bathymetry and
fourier analysis power spectrum of spreading ridges within the Storegga Slide headwall (Spreading

Zone 2).
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Figure 13: Statistical parameters extracted from the low-resolution version of the bathymetry and
fourier analysis power spectrum of spreading ridges within the Tampen Slide headwall (Spreading
Zone 1). Data courtesy of TGS.
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Figure 14: Statistical parameters extracted from the high-resolution version of the bathymetry and
fourier analysis power spectrum of spreading ridges within the Tampen Slide headwall (Spreading
Zone 1). Data courtesy of TGS.
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Figure 15: Statistical parameters extracted from the low-resolution version of the bathymetry and
fourier analysis power spectrum of spreading ridges within the Tampen Slide headwall (Spreading
Zone 2). Data courtesy of TGS.
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Figure 16: Statistical parameters extracted from the high-resolution version of the bathymetry and
fourier analysis power spectrum of spreading ridges within the Tampen Slide headwall (Spreading
Zone 2). Data courtesy of TGS.
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Figure 17: Statistical parameters extracted from the low-resolution version of the bathymetry and
fourier analysis power spectrum of spreading ridges within the Tampen Slide headwall (Spreading
Zone 3). Data courtesy of TGS.

0 Detrended bathymetry

Cells used for PCA

200

400

600

800

0

250 500
Grid cell number

750

—1675|
—1700
—1725|
—1750|
=1775|
—1800
—1825

Bathymetry variance

1D PSD kurtosis

=

Cepstrum q0

500 750

0 250
Grid cell number

2000

1000

Bathymetry kurtosis

Parameters used for PCA

Bathymetry skewness

Terrain Ruggedness Index

15 15
1.0
1.0
0.5
0.0 0.5
-0.5
0.0
n
15 -0.5
1D PSD skewness PSD peak strength 1D PSD variance
0.0014
0.0012
0.0010
0.0008
0.0006
0.0004
0.0002
0.0000
Cepstrum gl Cepstrum g2 Cepstrum g3
0.5
3.0
0.4
2.5
0.3
2.0
0.2
15
0.1
1.0
0.0
0
0.0 01
0 250 500 750 - 0 250 500 750 250 500 750

Grid cell number

Grid cell number

Grid cell number

Figure 18: Statistical parameters extracted from the high-resolution version of the bathymetry and
fourier analysis power spectrum of spreading ridges within the Tampen Slide headwall (Spreading
Zone 3). Data courtesy of TGS.
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Figure 19: Statistical parameters extracted from the low-resolution version of the bathymetry
and fourier analysis power spectrum of spreading ridges on the eastern side of the Tampen Slide
headwall (Spreading Zone 4). Data courtesy of TGS.
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bathymetry

and fourier analysis power spectrum of spreading ridges on the eastern side of the Tampen Slide
headwall (Spreading Zone 4). Data courtesy of TGS.
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