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ABSTRACT

Submarine landslides is a broad term for indicating the phenomena, of failure of
near seabed marine sediments under the effect of gravity. This ogCurs for the
concomitance of external stresses applied to the sediments (triggering factors)

and environmental conditions that weaken sediments (preeconditioning factors).

Submarine landslides are typically classified on the basisof the type of failure
movement that produced them. Recent classification schemes, however, divide
those on the basis of the morphology of the resultant deposits (i.e. confined vs.
frontally emergent failures) and on of the basis of the submarine physiographic

region from which they initiate (i.€."attached vs. detached failures).

Despite the morphology of the-deposits closely varies with the dominant

collapse process, submarine l[andslides show a typical tripartite morphology
with an updip headwall domain, a translational domain and a downslope toe
domain. Each of these domains are typified by distinct structures which their

interpretation eould provide kinematic indicators for their evolution.

Several specific factors contribute to slope failure according to the
environments where landslides occur. These factors can be categorized as
triggering factors, if they act over a short period of time ultimately causing
slope failure (e.g. earthquakes), or preconditioning factors if they arise during
deposition and solely favour failure (e.g. stiff vs weak lithologies). Statistical
studies of slope failure clearly show that most landslides occur on deep gentle
slopes, with the largest ones found in seismically quiet areas. This implies that
steepness of the slope and seismic activity are not the main factors that control
size and distribution of landslides, but instead the combination of multiple

preconditioning factors seems to be critical for failure initiation.
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1 Introduction

Gravity-driven processes at continental margin occur at different scales
producing a wide spectrum of products and styles (Butler and Turner, 2010).
These vary from margin-scale megaslides can involve thicknesses of
stratigraphy of several kilometres (see Rowan in this volume), to shallow
submarine landslides that produce mostly incoherent deposits. The latter are

the focus of this contribution.

When a pile of near-seabed marine sediment is subjected to external stresses
or looses its internal strength, it fails under the effect of gravity producing a
range of deposits that are collectively referred with various,ierms such as
submarine landslides, mass transport complexes, mass-transport deposits or
slump complexes (Frey-Martinez et al., 2005;,Gee et'al., 2006; Hampton et al.,
1996; Moscardelli et al., 2006; Posamentier and'Martinsen, 2011). Submarine
landslides remobilise and displace meters,to hundreds of meters of sediments
producing deposits that exhibit a basal shear surface above which material is
translated down dip from a proximal headwall domain to a distal toe domain
(Fig. 1 & 2).

The study of submarineylandslides has been carried out using primarily outcrop
and geophysical/studies. Outcrop studies have offered significant insights into
the emplacement, processes, lithologic and kinematic details at the micro and
meso scale (Alsop et al., 2017; Alsop and Marco, 2014; Alves and Lourenco,
20103 Bradley and Hanson, 1998; Butler and McCaffrey, 2010; Callot et al.,
2008; Farrell and Eaton, 1987; Garcia-Tortosa et al., 2011; Lucente and Pini,
2008, 2003; Martinsen, 1989; Martinsen and Bakken, 1990; Ogata et al., 2012;
Strachan, 2002; Strachan and Alsop, 2006; Webb and Cooper, 1988;
Woodcock, 1979). Geophysical techniques, such as 2D seismic and multibeam
bathymetry, have allowed an understanding of the overall geometry and
architecture of submarine landslides and have provided important statistical
data (Booth et al., 1993; Canals et al., 2004; Dingle, 1980; Masson et al., 2002;
McAdoo et al., 2000; Moore et al., 1994; Piper et al., 1985; Prior et al., 1979,



1982, 1984; D. B. Prior et al., 1986; Prior and Coleman, 1984; Twichell et al.,
2009).

In the last 15 years, high-resolution 3D seismic surveys have been acquired
along vast stretches of many unstable continental margins for exploration
purposes. This has allowed the use of 3D seismic data to provide deep
understanding of the internal variability of structures of submarine landslides at
the macro scale (Bull et al., 2009; Frey-Martinez et al., 2006; Frey-Martinez,
2010; Frey-Martinez et al., 2005; Gafeira et al., 2010; Gee et al., 2006, 2007;
Ireland et al., 2011; Jackson, 2011; Moscardelli et al., 2006; Moscardelli'and
Wood, 2008; O’Brien et al., 2018; Ortiz-Karpf et al., 2018a, 2018b; Richardson
et al., 2011; Sawyer et al., 2009; Nicola Scarselli et al., 2013; Scarselli et al.,
2016).

With a comprehensive set of geophysical examples of'submarine landslides,
this chapter is aimed at geoscientists that usethe 'seismic methods to
investigate sedimentary basins and wish to/gain knowledge on the
classification and architecture of'submarine landslides and on the factors that

control their emplacement.

2 Classifications

The classical classification'scheme for submarine landslides is the one based
on types of movementithat can evolve from slope failure (e.g. Varnes 1958;
Stow 1985; Nemec 1990). Recent studies have proposed that landslides can
also be specifically classified on the basis of other criteria, such as their form of
frontal emplacement (confined VS frontally emergent) (Frey-Martinez et al.,
2006) and their sourcing regions (attached VS detached) (Moscardelli and

Wood, 2008). This variety of classification schemes is here summarised.

Types of Movement

Many varieties of the classification of submarine landslides based on type of
movement has been proposed in the literature in the last decades (Embley and
Jacobi, 1977; Lee et al., 2007; Locat and Lee, 2002; McHugh et al., 2002;
Mulder and Cochonat, 1996; Norem et al., 1990; Posamentier and Martinsen,
2011; Prior and Coleman, 1984; Stow, 1985; Varnes, 1958). This classification
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identifies a set of end members of slope failure; these are creep, slide and

slump (Fig. 3).

Creep is a slow strain failure due to constant load-induced stress (Stow, 1985).
Creep can accelerate and eventually evolve into different types of failures such
as slides and slumps (Fig. 3) (e.g. Stow 1986; Mulder and Cochonat 1996).

A slide does not involve important internal deformation of the failing mass
during collapse. In contrast, a slump undergoes internal deformation during
failure producing an internally contorted deposit (Fig.3). Sustained down slope
movement of a slide can lead to brittle disintegration of the failing mass into

smaller blocks hence generating a debris slide (Fig. 3) (McHugh'et al., 2002).

Continued down slope movement of a debris slide or slump can result in mass
disaggregation and sediment-water mixing that can,transform the original
failing mass in a debris flow (Fig. 3) (McHugh et«al.;»2002; Talling et al., 2007).
Debris flows are surges of water and poorlyssorted sediments present in equal

volumes (e.g. lverson 1997).

As fluid content increases due to continued downslope movement, a debris
flow can evolve into a turbulent flow such as a turbidity current (Fig. 3) (e.g.
Normark and Piper 1991; McHugh et al. 2002; Felix and Peakall 2006). In a
turbidity current, sediment concentration is very low (0.1-7% by volume) and
sediment particlessare\largely carried by fluid turbulence (e.g. Kneller and
Buckee 2000; Meiburg and Kneller 2010). Turbidity currents can also be
generated at a river mouth when the concentration of suspended sediment is
large enough so that the density of the river water is greater than the density of
sea water (e.g. Mulder and Syvitski 1995). For this reason, the inclusion of
turbidity currents and their deposits as an end-member of submarine
landslides has recently been questioned (Posamentier and Martinsen, 2011).
Commonly, multiple failure events with similar or different type of movement
can coexist within the same submarine landslide forming composite products
(Mulder and Cochonat, 1996; Nicola Scarselli et al., 2013; Scarselli et al., 2020)

(Fig. 4).



Frontally Confined VS Frontally Emergent Landslides

This classification is based on the morphology of the toe area of submarine
landslides and has been proposed by Frey-Martinez et al. (2006) following
extensive 3D seismic studies of submarine landslides on the continental margin

of Israel (Eastern Mediterranean).

Frontally confined submarine landslides are totally entrenched within the
surrounding undisturbed strata and exhibit a frontal thrust ramp with minimal
displacement (Fig. 5a). For this reason, frontally confined submarine landslides
are characterised by a low bathymetric relief and are thought to attain‘limited
downslope transport of the failing mass. Downslope movement,oceurs by
means of forward bulldozing of the foreland and formatiomofinew frontal ramps

basinward (Fig. 5a).

In contrast, frontally emergent landslides show preminent accumulation of the
failing mass above the undisturbed strata at the toe region, caused by the
ability of the basal shear surface to ‘ramp up’ stratigraphy and reach the
seafloor (Fig. 5b). Frontally emergentilandslides are hence characterised by
high relief and significant downslope movement. The leading edge of these

landslides can evolve into debris flows and turbidity currents.

Frontal emplacement and formation of a frontally emergent landslide seems to
be controlled by the‘thickness of the landslide itself. This is because thin
landslides have a‘shallow centre of gravity relative to seabed and therefore less
energy is required for them to emerge. This seems to be supported by the fact
that'many ofithe frontally emergent landslides on the Israeli margin are
relatively thin (<100-150m). Also, steep slopes can provide enough driving

force for landslides to emerge (Moernaut and De Batist, 2011).

Attached VS Detached Landslides

This classification was developed by Moscardelli and Wood (2008) folowing
detailed 3D seismic analysis of Plio-Pleistocene submarine landslides from the
continental margin of Trinidad and Tobago West Indies (Moscardelli et al., 2006;
Moscardelli and Wood, 2008). The classification identifies two main categories

of landslides, these are attached landslides and detached landslides (Fig. 6).



Attached landslides have their source areas located on (attached to) the margin
of the basin that hosts them. This category is further divided into two
subcategories, slope-attached landslides and shelf-attached landslides (Fig. 6a
& b). Slope-attached landslides are derived from the catastrophic collapse of
the upper slope that creates large headscarps in that portion of the margin (Fig.
6a). In contrast shelf-attached systems originates and are fed by large
collapses of shelf edge deltas or by canyons that cut into the shelf edge (Fig.
6b).

Detached systems originate from any localized bathymetric highs*within the
hosting basin (Fig. 6¢ & d). For example detached landslides,can oecur from
the flanks of mud volcanos, from oversteepened strata atthe flanks of salt
diapirs (Fig. 6¢) or from oversteepened levees in channel-levee complexes (Fig.
6d).

Attached landslides are likely to be regional units covering thousand of square
kilometres in area and reaching thicknesses.in the order of hundreds of meters,
whereas detached landslides are’usually sub-regional units that occupy tens of
square kilometres (Moscardelliand Wood, 2008). Scarselli et al. (2016) have
documented the occurrence of large detached landslides offshore Namibia that
have originated from structural highs tens of kilometres wide related to basin-
scale megaslides. This indicates that contingent to the size of the associated
relief, detached landslides can attain extremely large volumes, sometime in

excess of several hundreds cubic meters.

3 Structural Architecture of Submarine Landslides

Submarine landslides usually exhibit a tripartite anatomy that consist of an
updip headwall domain, a translational domain and a downslope toe domain
(Fig. 1). Outcrop and geophysical studies have indicated that these domains
are typified by a variety of structures, some of which can be used as kinematic
indicators for the dynamic evolution of landslides (Bull et al., 2009). The key
structures that define the architecture of landslides are presented in the
following paragraphs and are grouped according to the domain in which are

likely to occur (Fig. 7). For a full review of internal structures of submarine



landslides the reader should consult Bull et al. (2009) and references within,

from which most of this section is derived.

Headwall Domain

Two are the main structures that characterise the headwall domain, these are

“headwall scarps” and “extensional ridges and blocks” (Figs. 1 & 7a & b).

Headwall scarps are the boundaries between landslides and undeformed,
upslope strata (Fig. 7a). Headwall scarps are extensional failure surfaces that
vertically cut stratigraphy and link at depth to the basal shear surface'(Fig.7a).
In plan-view, they may exhibit scoop-shaped or complex sinuous geometries
(Figs. 2a & 7a). As the collapsing material is evacuated awayfrom the headwall
scarps, the identification of these structures reveals the gross transport
direction of the associated landslides; this is generally perpendicular to the

strike of the headwall scarps (Fig. 7a).

Extensional features, such as blocks or.elongated ridges separated by normal
faults, are usually observed closeto . headwall scarps (Figs. 7b & 8). These
features represent coherent poertions ‘of stratigraphy that have been evacuated
from headscarps. Elongated ridges are usually parallel to the associated
headscarps, therefore the'transport direction is usually perpendicular to the
long axis of the ridges (Figs. 7b & 8). Spacing, disaggregation and reorientation
of blocks and ridges usually increases with increasing distance away from the
associated héadscarp, limiting the use of these structures as reliable kinematic

indictors.

Translational Domain

The downslope translation of the collapsed material can lead to intense
deformation promoting the formation of several structural features, these
include lateral margins, ramps & flats of the basal shear surface, basal grooves,

internal longitudinal shear zones, folds and translated blocks (Figs. 1 & 7c-h).

Lateral margins are the lateral boundaries that divide landslides from
undeformed, adjacent strata (Fig. 7c). They usually appear as dip parallel,

continuous features that link with the headwall and toe domain (Figs. 1 & 7c).



Lateral margins are slip surfaces with a major component of oblique slip that
laterally link extension and contraction within landslides. Since lateral margins
laterally constrain landslides, their identification gives a fairly precise indication
of the transport direction; that is down dip and parallel to these features (Fig.
7cC).

Ramps & flats and grooves are features that are associated with the
morphology of the basal shear surface (Figs. 7d & e). Ramps are defined as
steep segments of the basal shear surface that cut up or down through
stratigraphy, flats instead are segments of the basal shear surface thatiare
parallel to the bedding, interposed between ramps (Fig. 7d). Flats occur along
two or more preferred stratigraphic levels indicating the presence in the
stratigraphy of multiple low friction surfaces that can e exploited as a basal
shear plane. Ramps & flat can develop either perpendicular or parallel to the
transport direction (Fig. 7d). The latter form elongate features that are usually
referred as ‘slots’. Even if ramps & flats are recurrent features, especially in
large landslides, the mechanism behind their formation is yet not fully
understood. It has been suggested that local lateral variations in friction of
potential shear planes can control.the stratigraphic location of the basal shear

surface and therefore the fermation of ramps & flats.

Basal grooves or striations are linear to sinuous depressions of the basal basal
shear surface (Fig: 7¢). These features can extend laterally for several
kilometres and are usually oriented downslope. It is believed that such
structures'form as result of basal scouring by means of tools or coherent
blocks’embedded in the failing mass of the landslide. The depth and the cross-
sectional shape of the grooves is controlled by the shape and size of the tools
that generated the scours. Grooves can reach up to tens of meters in depth
and vary in shape from cuspate to rounded. Grooves are very useful kinematic
indicators as their length provides a rough estimation of the landslide runout
and a precise indication of the transport direction (Fig. 7e). Occurrence of
multiple sets of striations at the base of slumps are indicative of shifts in their
internal transport direction (Fig. 9). These may be related to late collapse of the

flanks of the failure or, alternatively, inward collapse of the whole system during



the waning phase of failure. This highlights the potential of striations to help

reconstruct the strain history of complex events.

Longitudinal shear zones are continuous lineaments that occur in pairs and
extended along the length of a landslide (Fig. 7f). The nature of these
lineaments can be complex. They can consist of subtle elongate ridges or
depressions at the top surface of landslides. Alternatively they be manifest as
subtle boundaries that laterally divide portions of the failing mass characterised
by different internal facies (Fig. 7f). Longitudinal shear zone are thought to
represent boundaries of distinct segments of failure within a landslides:that
collapse at different time or at different strain rate. Similarly to’lateral margins,
longitudinal shear surfaces provide information about thewtransport direction of

the failing mass, which will be down dip and parallel to the'these structures
(Fig. 71).

Folds in landslides have been extensively reported’by numerous field based
studies (e.g. Alsop et al., 2019, 2017; Bradley,and Hanson, 1998; Strachan and
Alsop, 2006). Fold style in landslidessean show considerable variation from
upright symmetric folds to asymmetrie; isoclinal and sheath folds.This variety in
structural style of slump folds'has been related to the degree of translation of
the failing masses. Uprightifolds typify landslides that experienced little
translation, complex/folds such as isoclinal, sheath and refolded folds are
common in more translated and hence more deformed landslides.

The downslope movement of a failing mass initiates trends of folds that are
perpendicular to the transport direction and therefore perpendicular to the
paleoslope direction (Fig. 7g). For this reason, slump folds are excellent
kinematic indicators especially if the folds shown some degree of asymmetry.
In this case, the vergence of the folds will provide the sense of the transport

direction (Fig. 7g).

Translated blocks are coherent portions of stratigraphy that have been

transported within the failing mass of a landslide (Fig. 7h). Translated blocks
can undergo increasing deformation with increasing translation. Deformation
can occur by means of disruption of internal stratigraphy, block rotation and

reorientation. Translated blocks that have travelled for sufficiently long



distances tend to be aligned with their long axis parallel to the transport
direction providing useful information on the kinematics of the hosting landslide
(Fig. 7h).

Toe Domain

Pressure ridges and fold and thrust systems are the main structures that may
occur at the toe domain of landslides (Fig. 7i & |). Both features form as a result
of the contractional stress that develops at the toe of landslides. The difference

between the two reside in the scale at which they occur.

Pressure ridges are linear to arcuate ridges that form at the top,surface of a
landslide due to the emplacement of metre- to tens of metre=scale thrust fault
systems (Fig. 7i). They are usually seen associated with frontally emergent
landslides and their identification gives an indicatiomof-transport direction that

usually is orthogonal to these features (Fig. 7i)/

Fold and thrust systems up to hundreds of metre in scale are commonly seen
at the toe domain of thick frontallyremergent submarine landslides (Fig. 71). As
pressure ridges, fold and thrust systems are very good kinematic indicators.
Transport direction can be inferredfrom the vergence of the thrusts and the

associated folds (Fig. 7l).

4 Mechanics of'Slope Failures, Pre-conditioning and Triggering factors

A submarine landslide initiates when the driving stresses applied to a sediment
column exceeds its shearing resistance (e.g. Hampton et al. 1996; Locat and
Lee 2002; Lee et al. 2007). Slope failure is therefore favoured by (1) an increase
in the driving stresses, (2) a decrease in shearing resistance or (3) a
combination of the two (Lee et al., 2007). There are several natural factors that
can increase the driving stresses and reduce the shear strength of sediments
and they will be reviewed in the following paragraphs and summarised in Table
1).

These factors can be either seen as triggering factors, if they act in a relatively
short period, ultimately triggering failure, or pre-conditioning factors, if they are

acquired during the depositional process, favouring slope instability (Tab. 1)
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(Canals et al., 2004; Leynaud et al., 2009; Masson et al., 2010).

Slope Steepening

Gravity exerts a downslope driving stress (gravitational shear stress) as long as
the seafloor is not flat (Hampton et al., 1996; Lee et al., 2007; Locat and Lee,
2002). A steep slope is considered a preconditioning factor, whereas the
increase of slope steepness is a plausible triggering factor (Huhnerbach et al.,
2004; Masson et al., 2010; van Weering et al., 1998).

Slope steepening can result from tectonic deformation, sediment accumulation
and erosion (e.g. Lee et al. 2007). Faulting, folding and diapirism (Fig. 10)
causes local steepening of the seafloor that can lead to slope.instability (Gee et
al., 2006; Katz et al., 2015; McAdoo et al., 2000; Morley, 2009; Moscardelli and
Wood, 2008; Scarselli et al., 2016; Welbon et al., 2007)<Gravitational shear
stress can increase also because more sedimentiacCumulates at the head of a
sloping surface than at the toe (Lee et.al.,2007)."Erosion at the toe of a sloping
surface, for example by means of along-slope currents, increases the overall
steepness of the slope therefore faveuring collapse (e.g. Sayago-Gil et al.,
2010; Tournadour et al., 2015).

Pore Fluid Pressure

Pore fluid pressure reduces the shear strength of sediment (Egns. 1 & 2). High
sedimentation-rate, biogenic decay of organic matter, dissociation of gas
hydrate and fluid’'seepage can all lead to an increase in pore fluid pressure in
shallow. sediments. The shear strength of sediments is in fact function of the
effective vertical stress ' , the coefficient of friction W and cohesion ¢
(Terzaghi, 1962):

t=0 u+c (Eqn.1)

The effective vertical stress is the total stress applied to the rock ¢ minus the

effect of the pore fluid pressure u,, (Terzaghi, 1962):

o=0—u (Egn. 2)

w

Therefore, high pore fluid pressure reduces the effective stress (Eqn. 2), and
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hence the shear strength reduces too (Eqn. 1). In case of development of
extreme overpressure the pore fluid pressure can approach the lithostatic

pressure (i.e. u, =~ O, )making sediments extremely weak (Egns. 1 & 2).

Mud volcanos, pipes and associated pockmarks are indirect evidences of
widespread overpressures in sedimentary basins (Fig. 11) (Huuse et al., 2010;
Morley et al., 2011; Rowan et al., 2004). Overpressured fluids tend to migrate
vertically along faults; lateral and vertical pathways are also provided by
permeable stratigraphic levels that in turn may feed shallow pipes. Upward
migration of methane-bearing fluid from deeper sources can cause shallow
accumulations of gas hydrates that in seismic sections are marked'by bottom

simulating reflectors (Fig. 11) (e.g. Davie and Buffett, 2003).

Carbon dioxide, hydrogen sulphide, ethane and methane)are gases that can
derive from organic rich sediments by bacterial processes (e.g. Floodgate and
Judd 1992; Fleischer et al. 2001). Although.thesbiogenic production of gas is
relatively slow, over a long period of time the amount of gas produced can be
significant and can lead to excess pore pressures (Floodgate and Judd, 1992;
Osborne and Swarbrick, 1997):

Dissociation of gas hydrate'eansbuild up excess of pore fluid pressure within
the hosting sediments (Mienert et al., 2005, 1998; Xu and Germanovich, 2006).
Gas hydrates are found along the slope of many continental margins where low
temperatures, and,high pressures at the seabed provide the right physical
conditions for their accumulation (e.g. Kvenvolden 1993). Modelling studies
have'shownthat while deep-water gas hydrate deposits are stable under rapid
variation of pressure and temperature at the seafloor (water depth > 500 m),
shallower deposits can undergo rapid dissociation leading to high
overpressures within the sediments hosting the gas hydrate (Kvenvolden, 1993;
Milkov et al., 2000; Reagan and Moridis, 2007; Xu and Germanovich, 2006).

Excess pore pressures can result from lateral and vertical seepage of
overpressured fluids and gas. Along near shore areas lateral groundwater
seepage from coastal aquifers can be a likely trigger for landslides (Hampton et
al., 1996; Lee et al., 2007; Locat and Lee, 2002; Masson et al., 2010). In

particular, low tides and heavy rainfalls are able to induce accelerated seepage
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of groundwater to the coast and cause anomalous high pore pressures within

coastal shallow water sediments (e.g. Kopf et al. 2010).

On passive margins, lateral advection of fluids and gas can be established from
the base of thick, overpressured sediment piles on the upper slope towards the
lower slope, favouring the collapse of deep-water landslides (Dugan and
Flemings, 2002, 2000; Flemings et al., 2008; Masson et al., 2010).

Amongst all the mechanisms that can cause excess fluid pressures,
dissociation of gas hydrate and fluid seepage (especially if linked toitides) are
considered effective triggering mechanisms for slope failure {Canals‘et al.,
2004; Horozal et al., 2017; Masson et al., 2010). However, despite the
abundant literature linking fluid overpressure to sediment failure, recent studies
indicate that focused fluid flow features, such as pockmarks and pipes, can
effectively drain sediments, recovering their strength, hence inhibiting their
potential to fail (Riboulot et al., 2019).

Earthquakes

Earthquake shaking generates,accelerations of the sediment column inducing
shear stresses that canadd.to gravitational shear stresses, triggering the
collapse of a stablesslope (Hampton et al., 1996; Lee et al., 2007; Locat and
Lee, 2002). Earthguake related stresses can also cause excess pore pressure
leading to a,degradation of shear strength of the sediment column (Biscontin et
al., 2004; kee‘et al., 2007). Enhanced shear stress and degraded shear
strength due to seismic shaking make earthquakes a very effective trigger of

submarine landslides.

Despite that, it has been shown that repeated, non-failure, seismic events can
enhance shear strength through the development of excess pore pressures
and subsequent drainage during successive earthquakes, resulting in a
densification of the sediment column (Boulanger, 2000; Boulanger et al., 1998).
This process is usually referred in the literature as “seismic strengthening”
(Locat and Lee, 2002; Sawyer and DeVore, 2015).
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Waves

The propagation of a wave train produces a non-uniform pressure field
between crest and trough that induces shear stresses at the seabed (Henkel,
1970; Jeng, 2003, 2001; Seed and Rahman, 1978). Large waves generated
during storms and hurricane are able to cause shear failure in soft sediments in
water depths up to about 100 m (Bea et al., 1983; Henkel, 1970). Large waves
generated during tsunamis or storms are considered to be a very effective
triggering factor for submarine landslides (Canals et al., 2004; Lee et al., 2007;
Masson et al., 2010). Internal waves that form in stratified oceanic.water
masses can be responsible for deep water landslides (Gavey et ak, 2017;
Huhnerbach et al., 2004; Reeder et al., 2011).

Sediment types
Sediment types and strength of sediment is thought to be a crucial factor for

the development of submarine landslides. For example, weak shaly sediments,
especially if saturated or overpressured;.areprone to collapse and form large
failures (e.g. Huhnerbach et al., 2004;"Rodriguez-Ochoa et al., 2015).

Deposition from steady currentsiconfer good sorting to contourite deposits,
which implies higher water content in the sediments and hence their weakness
(Laberg and Camerlenghiy, 2008). Therefore, the widespread occurrence of
contourites may represent an important preconditioning factor for landslides
that have affectedislopes where substantial deposition has been from bottom

currents.

Recentresearch also indicates that altered volcanic deposits might form weak
units which are candidate for localising the formation of basal shear surface of
submarine landslides (Miramontes et al., 2018). Geotechnical investigation has
in fact revealed that zeolitic layers, commonly formed by the alteration of
volcanic rocks, tent to be anomalously highly porous. This allows for these
units reaching water content similar to that of surface sediments, making them

extremely weak and subject to failure.

5 Environments

The extensive research that has been carried out on submarine landslides

14



worldwide indicates that slope failure commonly occurs in five environments or
landslides territories: fjords, deltas, submarine canyons, continental slopes and
oceanic volcanic islands (e.g. Hampton et al. 1996; McAdoo et al. 2000;
Mienert et al. 2002; Lee et al. 2007). These environments are intrinsically
controlled by specific geological factors, which may provide triggering and

preconditioning mechanisms for the submarine landslides there found.

Fjords

Fjord are narrow and elongate inlets with cliffs, created in a valley carved by
glacial activity. Fjords are commonly characterised by energétic’tides and show
a steep fjord-head delta that is fed by sediment-laden riversiand streams that
drain the diminished glacier that eroded the valley (e.g. Farmer and Freeland
19883; Syvitski et al. 1987; Syvitski and Farrow 1989).

The likely factors that favour failure in fjords are mainly related with the
generation of excess pore pressure, theselineclude high sedimentation rates at
the fjord-head delta, accelerated groundwater seepage during low tides and
biogenic decay of organic matters centained in the deltaic sediments (Bornhold
and Prior, 1989; Hampton et al.,"1996; Lee et al., 2007; D. B Prior et al., 1986;
Stoker et al., 2010). Earthquakes can also play a major role in initiating
submarine and subaerial failures along the steep slopes of fjords (Fig. 12)
(Lastras et al., 2013).

Deltas on Continental Margins

Riversawith high sediment load entering a low energy marine environments can
create thick wedges of shallow submarine deltaic sediments (e.g. Wright et al.
1973; Coleman 1976; Prior et al. 1986; Alexander et al. 1991; Kuehl et al.
1997). These deposits are commonly affected by slope failures as result of a
combination factors (Hampton et al., 1996; Lee et al., 2007). High
sedimentation rate and decaying of organic matter can lead to excess of pore
pressure and a state of extreme underconsolidation. These thick and weak
piles of sediments are therefore easily subject to gravitational collapse when

loaded by external forces such as earthquakes and storm waves.
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Submarine Canyons

Submarine canyons are the primary conduits for the transport of large amounts
of sediment into the deep sea (e.g. Shepard 1972; Shepard 1981; Normark and
Carlson 2003). Most submarine canyons are V-shaped, deeply incised with tall
and steep walls and extend from the shelf to the deep-water where they are
linked to large submarine fans (e.g. Stow and Mayall 2000; Normark and
Carlson 2003).

Landslides often occur on the steep sidewalls of canyons, with the headscarps
sub-parallel to the canyon axis (Antobreh and Krastel, 2006; Cunningham et al.,
2005; Lastras et al., 2009; McAdoo et al., 2000) (Fig. 13). Failure is'ascribed to
oversteepening due to canyon floor incision and possibly-favoured by
earthquakes and storm waves (e.g. Hampton et al. 1996; McAdoo et al. 2000;
Lee et al. 2007).

It is thought that “slope-confined canyons” or“headless canyons”, i.e.
submarine canyons that are not linked with the shelf (Bertoni and Cartwright,
2005; Orange and Breen, 1992; Twichell and Roberts, 1982), can evolve from
the seafloor scouring created by the collapse of submarine landslides (Bertoni
and Cartwright, 2005; He et al., 2014; Lee et al., 2007; Locat and Lee, 2002;
Orange et al., 1997). This highlight the importance of submarine landslides in

shaping the architecture,of offshore margins.

Open Continéntal Slopes

Continental slopes form a large portion of continental margins that lie at water
depths.ranging from ~ 100 m to ~ 3000 m with an average slope of ~ 4° (e.g.
Nittrouer 2007). Landslides occur on almost every continental slope, from
active to passive margins, from glaciated to non glaciated margins
(Camerlenghi et al., 2010; Canals et al., 2004; Lee, 2009; Lee et al., 2007;
Leynaud et al., 2009; McAdoo et al., 2000; Mienert et al., 2002; Twichell et al.,
2009).

Submarine landslides that occur on the slopes of active margins are favoured
by several factors, including excess pore pressure induced either by tectonic

compression and dissociation of gas hydrates, slope steepening related to the
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emplacement of large thrusts and seismic activity (Ellis et al., 2010; McAdoo et
al., 2000; Orange et al., 1997). Studies of high quality bathymetric data in the
frontal part of accretionary wedges suggest that subduction of seamounts
produce uplift of the bulging of the sedimentary cover of the overriding plate,

causing extensive landslides (Pedley et al., 2010; Ruh, 2016).

Slope failure on passive margins is driven by several factors that induce
overpressure generation and slope steepening. On passive margins, excess
pore pressure is linked mainly with high sedimentation rates, seepage and gas
hydrate dissociation (Masson et al., 2010, 2006; Mienert et al., 2002), while
slope steepening is created by sediment accumulation and diapirism (McAdoo
et al., 2000; Twichell et al., 2009) (Fig. 10).

Although passive margins are characterised by limitedsseismic activity,
glaciated passive margins can be intensely affected by seismic shaking due to
post-glacial isostatic rebound (Canals et al,, 2004;Lee, 2009; Leynaud et al.,
2009). Along continental slopes wave loading is seldom a major triggering
factor (Bea et al., 1983; Henkel, 1970;,Lee’et al., 2007); in ultra deep-water gas
hydrate are stable, therefore inithis environment these can be discharged as
the main factor leading to overpressure generation and slope failure (e.g. Xu
and Germanovich 2006):

Oceanic Volcanic Islands

Oceanic volcanicjislands are the tops of gigantic volcanic mountains formed by
eruptions’over several million years of basaltic lava generated in the upper
mantley some tower more than 9 km above the sea floor and have steep flanks
that extend underwater for thousands of meters (e.g. Tilling et al. 1987; Tilling
and Dvorak 1993) (Fig. 14).

Slope failure is very common on the flanks of many volcanic oceanic islands
(Chadwick et al., 2012; Counts et al., 2018; Hampton et al., 1996; Lee et al.,
2007; Locat and Lee, 2002; Masson et al., 2006) and is a fundamental process
that profoundly controls the geomorphology and evolution of these oceanic

volcanic mountains (Karstens et al., 2019; Mitchell et al., 2002) (Fig. 14).

Although landslides on the flanks of oceanic volcanic islands have been
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intensely studied because of their tsunamigenic potential the causes of flank
failure are relatively poorly understood (Masson et al., 2006). Many factors may
combine and produce a trigger for landslides during the development of
oceanic volcanos; these include catastrophic eruptions, eruption-related
seismicity, slope steepening due to accumulation of eruptive products and
magma chamber inflation and pore pressure build up due to dyke injection

(Hurlimann et al. 2000; Masson et al. 2002 and references therein).

6 Statistics of Submarine Landslides

A fairly large amount of statistical information has been produced\for
submarine landslides from different environments and geological'settings
(Booth et al., 1993; Camerlenghi et al., 2010; Chaytor et 'al., 2009; Huhnerbach
et al., 2004; Masson et al., 2002; McAdoo et al., 2000; Twichell et al., 2009).

The largest landslides occur mainly on open continental slopes and on oceanic
island flanks where failures can attain volumes inthe order of 1000 km?;
whereas landslides in canyons and fjordsican be smaller by several orders of
magnitude (Fig. 15a) (Huhnerbach et.al., 2004; Lee et al., 2007; Masson et al.,
2006, 2002; Twichell et al., 2009)., For example, in fjords, landslides commonly
have volumes less than 1 km?® (Fig. 15a). The size of landslides in fjords and
canyons may be limited by the morphology of these geomorphic features (e.g.
Syvitski et al. 1987%; Huhnerbach et al. 2004). Continental slopes and the flanks
of oceanic volcaniesislands form very extensive submarine expanses with very
little geomorphic variability, therefore, in the event that driving stresses prevalil,
they wilklikely act on large areas, producing large-scale failures (Masson et al.,
2006).

Unexpectedly, along continental margins, most of the landslides occur in the
outer slope, far from the shelf break, at water depths of ~1000 m or deeper
(Fig. 15b) (Booth et al., 1993; Huhnerbach et al., 2004; McAdoo et al., 2000;
Twichell et al., 2009) and along gentle slopes ranging between 3° and 4° (Fig.
15¢) (Booth et al., 1993; Huhnerbach et al., 2004; Twichell et al., 2009). It has
been reported that large landslides seem to preferentially occur on the lowest

slopes, often as low as 1° (Fig. 15d) (Huhnerbach et al., 2004; McAdoo et al.,
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2000). Statistical studies on the occurrence of landslides in different geological
settings also suggest that there are fewer large landslides along active margins
than along passive ones (Fig. 15€) (e.g. McAdoo et al. 2000; Camerlenghi et al.
2010).

Overall, the results of these statistical studies clearly indicate that slope and
seismic loading alone are not important determining the location, occurrence
and size of submarine landslides. Whereas a concurrence of multiple factors
seems to be critical in controlling the origin and development of submarine
slope failures (Camerlenghi et al., 2010; Lee et al., 2007; McAdoo‘et,al:y2000;
Twichell et al., 2009).

7 Concluding remarks

This chapter provides a summary of the classification sehemes used to identify
submarine landslides as well as the architecturalelements that form them and
the key factors that might control theiriemplacement in different geological
environments. The contribution has shown that submarine landslides can occur
in virtually every subaqueous settings, from fjords to canyon floors and to
deepwater open slopes. A multitude of submarine slope processes can
produce a highly variable occurrence of landslide deposits that exhibit a
complex arrangementsof internal structural styles characterising the headwall,
translational and dewnslope domains. Future research will be critical to better
understand how the’interrelation of preconditioning and triggering factors
control the initiation and emplacement of submarine landslides and how these

might affect the resultant geomorphology of associated landslide deposits.
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Figure 10: a) Three-dimensional view of seismic data and bathymetry of the eastern
part of the Sigsbee Escarpment, Gulf of Mexico. The image shows the bathymetric
relief of the Sigsbee Escarpment controlled by salt structures. The relief is affected by
prominent erosion, in part related to the collapse of submarine landslides that are
observed at the base of the escarpment. Image from Maselli & Kneller (2018). b)
Three-dimensional view of bathymetric data depicting the Orca salt basin in the Gulf
of Mexico. The image shows a number of landslide headscarps affecting the
shoulders of the salt basins. Slump deposits are observed down dip from headscarps,
in the deep part of the basin.Image from Sawyer at al. (2019).
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Factors Causing Slope Environments and Geological
Instability Settings
Faulting, Folding and Diapirism | P#sV® and Active Margins, Salt
Slope Steepening Sediment Accumulation Continental Slopes, Deltas, Fjords
Erosion Continental Stopes and Canyons
Increasin i i iated Margins
Strass g Seismic Shaking Earthquakes “‘"""":_f““’?’;* GTEHFIMI ins)
Hurricanes
: Deltas and Continentals Shefves
Wave Loading Tsunamis L fwater depth < 100m)
Storms
Dissociation of Gas Hydrate (water = 500m)
Decay of Organic Matter Deliis, Fords
Reducing | r..cce Pore Fluid Fluid Seepage and Migration Fiords, Cantinental Slopes
Strength Pressure : g i g
Earthquakes Al M Ghmm m
Fionds, (Passive Margins)
High Sedimentation Rate Fards, Deitas and Continental Slopes

Triggering Factor F'recnndil:icnhs Fector

Table 1: Causes of submarine slope failure and“environments where they are
likely to have relevance in causing landslides. Compiled from Hampton et al.
(1996); McAdoo et al. (2000); Locat and Lee (2002); Judd and Hovland (2007);

Lee et al. (2007).
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Figure 15: a) Range of volumes for landslides in different environments. Largest
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from Masson et al. (2002); Twichell et al. (2009); Stoker et al. (2010); b) Occurrence of
landslides at different water depth. Most of the landslides originate at water depth of
~1000m. Modified from Huhnerbach et al. (2004). c) Occurrence of landslide at
different slope gradients. Landslide occurs mostly on gentle slopes ~ 3°. Modified from
Huhnerbach et al. (2004). d) Slope gradient plotted against landslide area. The largest
landslides occur on gentle slope < 5°. Modified from McAdoo et al. (2000). e)
Occurrence of landslides plotted against the total landslides area for the active margin
of Oregon and the passive margin of the Gulf of Mexico. Large landslides do not
necessarily occur in seismically active regions. Modified from McAdoo et al. (2000).
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