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Abstract

Submarine landslides can be several orders of matmiarger than their terrestrial counterparts
and can pose significant hazards across entirendzzsns. The landslide failure mechanism
strongly controls the associated tsunami hazard. TE@mpen Slide offshore Norway is one of the
largest landslides on Earth but remains poorly tstded due to its subsequent burial beneath up
to 450 m of sediments. Here, we use laterally estten(16,000 krf), high-resolution processed
3D seismic reflection data to characterize the ufpenpen Slide. We identify longitudinal
(downslope, movement-parallel) chutes and ridgasatre up-to-40 m high, as well as
extensional and compressional (cross-slope) ridhas.is the first time that longitudinal ridges
of such size have been imaged in a deep marinagerhe first phase of the Tampen Slide
involved the simultaneous translation of over 78¢ kf sediments along a single failure plane.
This was followed by spreading along the head-sadelwall, and the formation of a
retrogressive debris flow and slump, the volumewtath are insignificant compared to the first
failure. The process responsible for movement ohsularge sediment volume along a single
glide plane differs significantly from that of otheassive margin megaslides, which typically
comprise numerous smaller landslides that faibggessively along multiple glide planes. The
trigger mechanism (e.g. an earthquake), the presainmechanically strong obstructions (e.qg.
igneous topographical high), and the number anattimc of weak layers may be key factors that
determine whether megaslides develop along a spigiee or retrogressively.

Plain Language Summary

Submarine landslides can be significantly largantthose that occur on land and can cause
damaging and widespread tsunami. Furthermore, suenandslides can also damage critical
offshore infrastructure, including telecommunicat@ables that now carry >95% of global data
traffic. However, we still lack fundamental undarsding about how such landslides fail. This is
critical to understand because it determines thgnimade of associated tsunami. Here we use
exceptionally detailed three-dimensional seismia da understand how one of the largest
landslides on Earth, the Tampen Slide offshore Ngrailed. We find that the Tampen Slide
failed mainly as a single volume along a singl&ufai surface. This differs significantly from
how other giant submarine landslides seem to hailexlf in multiple phases and involving
multiple failure surfaces that migrated upslopeisimas thought to be the only way that giant
submarine landslides developed, with multiple senddndslides accounting for the large total
volume. Here we show for the first time that lasgdmarine landslides can also fail along a
single surface across an extensive area, possibbufing generation of particularly large
tsunami. Other large submarine landslides mayfalssimilarly, and this new model should be
included in future hazard assessments.
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1 Introduction

Submarine landslides can be several orders of matmiarger than their terrestrial
counterparts (Korup et al., 2007), and can havestating and widespread consequences. The
submarine landslide itself could destroy criticadised infrastructure, whilst an associated
tsunami could inundate coastlines across oceandyasipacting communities, global economies
and seabed ecosystems (Lintern et al., 2018, dacknees therein). The way in which a
landslide fails strongly determines the scale odssociated tsunami (e.g. Harbitz et al., 2014;
Leovholt et al., 2017), and direct hazards to seateastructure. Retrogression, a process
whereby failure initiates at the base of the slape migrates upslope, is widely thought to be the
main mechanism by which the largest volume landslidmegaslides”) develop on passive
margins (Masson et al., 2010he large total volume of these megaslides is glfyiche result
of numerous smaller retrogressive failures, invadvmultiple headwalls that cut down to
different failure (“glide”) planes (e.g. Laberg &vten, 2000; Kvalstad et al., 2005; Vanneste et
al., 2006; Antobreh & Krastel, 2007; Georgiopouédtal., 2010; Hill et al., 2019). The Storegga
Slide that occurred roughly 8,100 years ago offstidorway (Fig. 1) is perhaps the best studied
submarine megaslide. It is one of the largest lishels on the planet and involved a total volume
of 2,400 to 3,200 kfh It failed retrogressively in tens of phases, glanultiple glide planes
(Haflidason et al., 2004; Kvalstad et al., 2005¢alief et al., 2009), and the resulting tsunami
inundated coastlines across the North Sea, witimaip of up to 25 m at the Shetland Islands
(Bondevik et al., 2005).

The Tampen Slide, an older and perhaps even laugnarine megaslide, is located in a
similar position to the Storegga Slide on the Nagiag continental margin (Fig. 1). However, the
failure mechanism of the Tampen Slide remains yaoterstood. Consequently, the hazard
associated with the failure of a similar megasiglpoorly constrained. This is largely due to its
subsequent burial under up to 450 m of glacigesdtrsent (Fig. 2; Bellwald et al., 2020), and
partial remobilisation by the Storegga Slide. Salprevious studies have analyzed the character
of the Tampen Slide (Evans et al., 1996; Nygaml.e2005; Gafeira et al., 2010; Hjelstuen &
Grinde, 2016). These studies, however, are baseddaty spaced 2D seismic profiles, and local
3D seismic surveys, and the character of the Tar8fida deposits and glide plane within the
headwall region remain poorly constrained.

Here we make use of extensive (~16,006)kimigh-resolution processed 3D seismic
reflection data that cover the headwall area offda@mpen Slide. We characterize the megaslide’s
morphology, and thereby understand its emplacemechanism. We then compare the Tampen
Slide with other megaslides on passive margins determine if there are significant differences
in their emplacement mechanisms. We discuss pesshbkons for these differences, and their
implications for tsunami generation and geohazards.

2 Geological Setting

The Tampen Slide occurred within the deposits efNlbrth Sea Fan offshore Norway
(Fig. 1). The North Sea Fan is a trough mouth feth tomprises downslope-related sediments
(flow deposits that accumulated very rapidly attémenination of an ice stream), and along-
slope-related sediments (contourites) that accueulilaetween ice sheet advances (Nygard et al.,
2005; Bellwald et al., 2020). In addition, multidebmarine landslides are found within the
North Sea Fan, several of which have total volume&geding 1,000 k#(King et al., 1996;
Nygard et al., 2005; Hjelstuen & Grinde, 2016). Thest recent of these megaslides, the
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Storegga Slide, is exposed at the seafloor andri@mt8,100 years ago (Haflidason et al., 2005).
The timing of megaslides offshore Norway has begyyssted to correspond with the transition
from a glacial to an interglacial period (Bryn &t 2005). In this model, the occurrence of
megaslides correlates strongly with glacial cycthes:slides are preconditioned by sedimentary
loading during glacial periods, which leads to deeelopment of over-pressure, before failure is
triggered by a large earthquake following the itd the Fennoscandian ice sheet and as a
result of isostatic rebound (Bryn et al., 2005; ktad et al., 2005; Bellwald et al., 2019).

The giant Tampen Slide is buried beneath up tord%0 glacigenic sediments and contourites
within the North Sea Fan (Fig. 2), which is maidtyminated by channel-levee deposits formed
by meltwater turbidites (Bellwald et al., 2020).keeping with the previous model (Bryn et al.,
2005) and based on the results of numerical madggediiong a 2D profile within the headwall
region, Bellwald et al. (2019) suggest that the pamSlide was preconditioned by the rapid
deposition of glacial sediments and then triggénedn earthquake near its headwall. Its
headwall is bound by the Norwegian continental fshrelits eastern and southern sides, and by
the volcanic Mgre Marginal High on the west (Fiyy. The Mgre Marginal High is one of a series
of volcanic structural highs offshore Norway, ateldastern boundary is known as the Faroe-
Shetland Escarpment (Kigrboe, 1999). The subse@terggga Slide remobilized Tampen Slide
deposits west of the Tampen Slide’s headwall dfeg ). Burial and remobilization of the
Tampen Slide deposits have hindered its investigairevious studies have suggested that the
Tampen Slide mobilized a total of 1,400%aif sediment (Nygard et al., 2005), but this estéma
is based on widely spaced 2D seismic reflectiofiilpsy and is thus associated with significant
uncertainty. The estimated age of the Tampen &liti80 ka; Nygard et al., 2005) is also based
on regional seismic correlation and is thus poodgstrained (Watts et al., 2016; Pope et al.,
2018).

3 Data and M ethodology

We make use of 3D migrated seismic reflection aMS17; Fig. 1) that were acquired
by TGS in 2017. These data cover an area of ~1&@680and were collected using a triple-
sourced airgun array with a total volume of 3,060aind a shot point interval of 12.5 m. The
acquisition system consisted of 12 streamers seguhby 112.5 m. The streamers were 8100 m
long and were towed in water depths of 7 to 12 m.

The two seismic volumes used in this study areolu¥he A, which has 4 ms sampling
and 12.5 m x 18.75 m bin size (~8 m vertical an@ rhorizontal resolution); and ii) Volume B:
a shallow, high resolution volume with a 2 ms sampte and 6.25 m x 18.75 m binning (~2 m
vertical and ~10 m horizontal resolution). VolumevBs processed with the aim of increasing
the resolution of shallow targets and hazards. Hewehis volume only extends to the first
multiple, which cuts through the base of the Tamplhe near its eastern headwall.

The upper and lower surfaces of the Tampen Slide pieked at roughly 150 m
increments using the software IHS Kingdom. The lolng surfaces were defined as the highest
amplitude peak that corresponds with the horizomaediately overlying and underlying the
slide deposits (Fig. 2). In regions with a higheroaint of morphologic variation, picking was
conducted at higher density, and included the pnéation of crosslines. The interpreted lines

were gridded using continuous curvature splineh adtjustable tension (GMT 5.4'&urface’
routine; Smith & Wessel, 1990), and the grid waspged to the maximum amplitude within a
vertical window of 10 ms centered on the pickedzwr. The structure and amplitude maps, as
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well as the seismic profiles, were then used fangarphological analysis of the slide. Two-way
travel time (TWT) was converted to depth using dianm velocity of 1700 m/s (after Nygard et
al., 2005), in order to calculate the thicknesaruts.

4 Results: M orphology of the Tampen Slide

The horseshoe-shaped main headwall of the Tampda Sttends for >350 km, and
encompasses an area >25,506 Krig. 1). The main headwall is up to 250 m higtg &
encircled by a secondary headwall step that wasiflentified by Nygard et al. (2005) and is
typically <100 m high (Fig. 2, 3). A large amouiitfailed material (~845 k&) remains within
the surveyed region of the Tampen Slide’s headwathe following sections, we describe the
morphology of the Tampen Slide’s basal surfacalégfilane) and the deposits that remain within
the surveyed region of the headwall.

4.1 The glide plane

The Tampen Slide’s glide plane follows underlyitiggraphy and, similarly to other
submarine megaslides, dips gently (<1° on avenageh-northwest, except at the southwest
corner of the headwall where it domes over a lbagement high (Fig. 4). The maximum
amplitude map of the basal plane (Fig. 4b) is dateid by high amplitudes along the western
sidewall. The central region of the Tampen Slidedsal plane is characterised by medium to low
amplitude stripes (>20 km wide) that are alignedmislope. The glide plane is largely smooth,
although there are parallel linear scours alongibstern side of the headwall and within the
western-central region of the headwall, and pdrsl&ps in the northern reaches of the surveyed
region (Fig. 4, 5).

The parallel linear scours along the western sideeoheadwall (Fig. 4a) correspond to

overlying patterns of deformation (linear ridgesjhm the slide debris (Fig. 6). The erosional
scour marks within the western-central region eftieadwall correspond with a change in the
maximum amplitude of the glide plane (Fig. 4b)wedl as a variation in the nature of the
overlying slide deposits. The slide deposits tovtlest of this divide are characterised by linear
ridges, orientated parallel to the headwall, anith wisible internal horizons (discussed in Section
4.2). East of this divide, the internal structuféh® slide debris is chaotic with no mappable
internal horizons. In the northern reaches of #dwall region, the glide plane steps down to a
lower stratigraphic level and then back up aganvsstwo parallel steps (Fig. 5).

4.2 Extensional ridges along the western sidewall@n the upper headwall step

Along the western sidewall, elongated ridges asenked parallel to the headwall scarp
(Fig. 3, 6). The interior of these ridges is inciagly chaotic with distance from the scarp
(eastwards) (Fig. 6), and associated deformatitenels through the full thickness of the
deposits, imprinting onto the glide plane belowg(Fa). These ridges are spaced at ~2 km
intervals, and cover ~860 Knirhey stand up to 250 m above the glide planedacdease in
height with distance from the scarp (Fig. 6).

Similar headwall-parallel ridges are also presémi@the upper headwall step (Fig. 6).
These ridges are spaced 700-1000 m apart and &oel20 m high. With distance from the
scarp, the ridges both decrease in height and &avere chaotic interior.
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4.3 Longitudinal chutes and ridges within the sligposits

Elongated chutes, up to 10 km wide and more th@kh?long, are imaged within the
slide deposits (Fig. 3). These chutes are charaeteby a comparatively smooth, high amplitude
upper surface (Fig. 3b, 7). The chute boundariesrarked by lateral-offset faults that extend
through the whole interior of the slide debris, @edimonly coincide with a topographical
variation on the upper surface of the slide (Fjg-There is no consistent variation on the glide
plane to explain why chutes preferentially fornspecific locations, although the edges of the
centermost chute coincide with the erosional featurited on the basal plane in the northern
region of the study area (Fig. 5; Section 4.1).

Prominent downslope-elongated (longitudinal) ridgesalso present within the Tampen
Slide deposits (Fig. 3, 7). These ridges are ifggguspaced and up to 40 m higher than the
surrounding debris. Unlike for the ridges alongwestern sidewall, the glide plane beneath
these ridges is devoid of topographical variations.

4.4 Secondary failures of the Tampen Slide headwall

We also image two smaller volume failures alongTtampen Slide headwall. The first
failure, on the western side of the headwall, csissnf a series of irregularly shaped blocks and
wavy fabric on the upper surface (Fig. 8). The deftion extends through the full interior of
these blocky deposits, imprinting onto the partialoded basal plane below. This slump has a
volume of ~12 krdiand its limit is delineated by an upward stephia bbasal glide plane (Fig. 8).

The second subsequent failure, on the eastermotiimpers main headwall, has a cauliflower-
shaped headwall (Fig. 9). Along-slope-orientateshghted ridges are present both at the
headwall and within the toe region of this failufée ridges within the headwall region are
similar to those described in Section 4.2, aloregupper step of the headwall and along the
western sidewall. The ridges within the toe regibthis comparatively small volume (~36 Rm
failure have a chaotic interior and minimal topguia signature (Fig. 9b).

4.5 Thinning of the Tampen Slide over the Faroetl8hd Escarpment

The deposits of the Tampen Slide thin towards tiréhAwestern corner of the data coverage, and
most notably over the Faroe-Shetland Escarpmengditern boundary of the volcanic Mgre
Marginal High (Fig. 10). On the eastern side o$ tilivide, the deposits are generally 40-50 m
thick, but thin to <20 m on the western side.

5 Discussion

The high resolution and extensive coverage of tB&sseismic data enable us to better
constrain the character of the Tampen Slide. lghction, we discuss how the Tampen Slide
morphology provides new insights into its emplacem®é/e then compare the morphology and
emplacement mechanism of the Tampen Slide to fhather megaslides on passive margins,
and conclude by outlining a new megaslide failuoglet and its implications for tsunami
generation.
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5.1 Emplacement of the Tampen Slide

5.1.1 The main failure

The smoothness of the basal plane (Fig. 4a), thedof>20 km wide), downslope-
orientated stripes of varying maximum amplitudéhaf basal plane (Fig. 4b), and the continuity
of internal deformation across the slide depositg. (Figs. 2, 7, 10) indicate that the material
largely failed as one along a single stratigrapiugzon. Consequently, we suggest that the initial
failure began at the southern edge of the headuaiathe most upslope point of the basal plane),
and propagated ~290 km northwards along the easitdgrof the headwall, remobilizing in
excess of 720 kAof sediments (the volume that remains within thiemst of the surveyed area)
(Fig. 11b).

5.1.1.1 Longitudinal chutes and ridges within the slide deposits

Within the deposits of the Tampen Slide, we idgrdibwnslope-elongated (longitudinal)
chutes (Fig. 7; Section 4.3). These are simildongitudinal chutes that have been documented
in landslides at fjord-head deltas (e.g. KitimatmAin British Columbia; Prior et al., 1981) and in
deposits of the Storegga Slide (Bugge et al., 1988¢re they have been interpreted as regions
of faster motion within the debris. Consequentlg, suggest that varying flow speeds within the
failed material resulted in the development of éhlesgitudinal chutes within the Tampen Slide
deposits.

We also observe up to 40 m high, longitudinal ridgethin the slide deposits (Fig. 7;
Section 4.4). The height of these ridges distirfgessthem from flowlines or longitudinal
lineations, which typically have minimal relief (¥4; Masson et al., 1993) and typically appear
in pairs and mark the boundaries of longitudin@astzones (Gee et al., 2005; Bull et al., 2009),
unlike the features we document here. Furtherntbes, downslope orientation also
distinguishes these ridges from slump folds, wiiake similar geomorphology but are
perpendicular to the direction of motion (Bull & 2009). While such large-scale longitudinal
ridges are frequently present in terrestrial anldarac landslide deposits (e.g. Dufresne &
Davies, 2009, and references therein), this iditsetime, to our knowledge, that they have been
observed in a deep marine environment. Simple &boy studies indicate that the formation of
longitudinal ridges depends upon lateral segregaif@rains at the front of the debris flow
(Pouliguen et al., 1997; Dufresne & Davies, 200%e grains are segregated according to size
and shape, where the ridges are made up of coarseg,angular particles (e.g. sand grains),
while finer-grained material (e.g. mud grains)sfilhe central channels (Valderrama et al., 2017).
While these studies are certainly simplified coneplatio the natural case, the authors (Pouliquen
et al., 1997; Dufresne & Davies, 2009; Valderramal ¢ 2017) found that their results were
consistent with the character of debris avalandposiits in several locations. The development
of longitudinal ridges also seems to require highdb shear, which arises as a result of
mechanical differences between the glide planetlamdverlying material (Dufresne & Davies,
2009). In glacial environments, this is often &tited to the presence of an icy basal layer;
however, based on wavelength analyses of ridgdsnaat Martian landslide, Magnarini et al.
(2019) suggested that longitudinal ridges are taélé once a kinematic threshold within the
rapidly failing mass is exceeded. Furthermore, itmagnal ridges seem more likely to develop in
flows where the longitudinal velocity is much gezathan the lateral velocity, such as in cases
where the flow is laterally constrained (Dufresn®&vies, 2009).
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5.1.1.2 Diversion around the Faroe-Shetland Escar pment

The deposits of the Tampen Slide thin across theg=8hetland Escarpment (Fig. 10).
This near-linear variation in thickness acrossgastern margin of the Mgre Marginal High leads
us to suggest that the Mgre Marginal High actea @pographic constraint, which prevented the
Tampen Slide deposits from continuing their dowpslaun-out away from the continental
margin. This resulted in a large volume of sedirm@amaining proximal to the headwall (Fig.
11b), rather than being evacuated out of the heladsgaon, as is typical for megaslides on
passive margins (Fig. 11f; e.g. Kvalstad et alQ220/anneste et al., 2006; Li et al., 2017; Hill et
al., 2019). Additionally, the lateral constraintelacorresponding shift in the direction of
transport of the failed mass may also have aidediéivelopment and preservation of the <40 m
high longitudinal ridges identified within the sidieposits (Fig. 7).

The erosional feature in the northern part of thadwall region (Fig. 5), including the
two steps and the interlinking portion of the glglane, is orientated roughly parallel to the
failure direction (downslope), and bears strikimgikarity to features that have been described as
ramps and flats (e.g. Trincardi & Argnani, 1990eyMartinez et al., 2005; Bull et al., 2009;
Omosanya & Alves, 2013). Ramps and flats have bbeserved in many major slides, including
the Mgre Slide that is buried beneath the Tampele $Evans et al., 1996; Bull et al., 2009), and
have been suggested to occur where there are raulop shear strength layers or localised
erosion during translation of the failed mass (@taam, 2002; Bull et al., 2009). We suggest that
the slowing and/or redirection (pivoting) of theléd deposits in response to the topographical
boundary imposed by the Faroe-Shetland Escarpnoeitd account for the location of these
ramps and flats on the basal plane of the Tampde.SI

5.1.2 Spreading along the western sidewall and the upper step

The ridges observed along the upper step of thévtedbhand along the western side of
the headwall decrease in height and have a modgichaterior with distance from the head- and
sidewall (Fig. 6). These characteristics are typataidges that have elsewhere been associated
with spreading — a process thought to result fremarsic loading and loss of basal support
(Lastras et al., 2003; Micallef et al., 2007). djaken and Grinde (2016) identified spreading
ridges in a small area on the upper step of thepean$lide’s headwall (~270 KpFig. 3a). The
lateral extent of our data enables us to map spreatross ~860 kfof the upper headwall step
(Fig. 3c).

We suggest that this spreading, both along theruipp of the headwall and along the
western side of the headwall, occurred in resptméess of support following the first phase of
failure. The spreading along the base of the westigiewall, (incorporating ~125 Krof
sediment), began in the south where the basal pligseowards the north (Fig. 4), and extended
northwards along the sidewall (Fig. 11c). This esponds with the region that is characterised
by very high basal plane amplitudes along the westielewall (Fig. 4b), and we interpret that
this variation in amplitude of the basal plane msate lateral boundary between the sediments
that failed as part of the main failure, and thassociated with subsequent spreading. This was
followed by spreading along the top step of thedhead sidewall (Fig. 3, 6, 11d).

5.1.3 Retrogressive failures of the Tampen Side headwall

The blocky nature of the ~12 Rrelump on the western sidewall (Fig. 8), as welltsis
clearly defined limit, which is demarcated by amvapd step on the basal glide plane, lead us to
interpret it as a retrogressive slump that was aogal following the main Tampen Slide (Fig.
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11d). The cauliflower shape of the headwall ofdebris flow on the eastern side of the Tampen
Slidés headwall (Fig. 9, 11d), similarly, has previouséen linked to retrogressive landslide
development (Micallef et al., 2008). The ridgesha&t headwall and toe of this debris flow are
consistent with ridges that result from extensi@mkading and compression within the confined
toe of a landslide, respectively (Bull et al., 2P0Bhe timing of this slump and debris flow, as
well as that of the spreading along the upper stepe headwall, is poorly constrained, and
could have occurred minutes, hours, or even maajsyater the main Tampen Slide event.

5.2 Comparison to other passive margin megaslides
5.2.1 Retrogressive devel opment

Most megaslides worldwide are thought to have dmpes retrogressively, with
numerous failures across multiple headwalls ardeghlanes typically accounting for their total
volume (e.g. Laberg & Vorren, 2000; Kvalstad et 2005; Vanneste et al., 2006; Antobreh &
Krastel, 2007; Georgiopoulou et al., 2010; Hilaét 2019). It is clear that some relatively small
retrogressive failures occurred at the Tampen Sleewall following the first phase of failure
(Figs. 8, 9, 11a-d). However, the Tampen Slide ategi from other megaslides on passive
margins (Fig. 11e-h) in that initial failure of tieampen Slide seems to have involved a
prodigious volume of sediments (>720$rthat were translated as one mass along a sitige g
plane, accounting for the majority of the totalddivolume. This interpretation is in agreement
with previous studies of the Tampen Slide (Nygarale 2005; Gafeira et al., 2010; Hjelstuen &
Grinde, 2016; Bellwald et al., 2019). In comparistire neighbouring Storegga Slide has been
suggested to have failed in tens of (more thanrggyphases (Haflidason et al., 2004; Micallef
et al., 2009). This difference is significant bexathese slides both occurred on the same margin,
within the same type of sediments (glacigenic)nglthe same type of glide plane (a glacimarine
layer), and were supposedly both triggered bygelaarthquake (Kvalstad et al., 2005; Bellwald
et al., 2019). Consequently, we could reasonalpgetxthem to fail in a similar way. In the next
section, we consider possible causes for the difiile in failure mechanism.

5.2.2 Pre-conditioning and triggering factors

Similarly to other submarine megaslides, which sézimve developed on slopes with
very low gradients (<2 e.g. Hampton et al., 1996; Huhnerbach et al.42QBlaub et al., 2015),
the Tampen Slide’s basal plane also dips veryelll(<1° on average). Bellwald et al. (2019)
used 2D Finite Element modelling and geotechniag drom the nearby Ormen Lange gas field
to evaluate the effects of various pre-conditiorfaxgors for the Tampen Slide. Their results
indicated that a basal glacimarine sediment layss gvitical for the generation of sediment over-
pressure. Moreover, Bellwald et al. (2019) fourat thver-pressure alone was not enough to
trigger the Tampen Slide, and an earthquake of SM&oximal to the headwall, was required
for failure to occur (Fig. 11a). While seismicitythe region is generally low to moderate, an
earthquake of Mb.4 occurred in 1988, in an area where no actistgacial faults have been
mapped in the distal region of the North Sea TroMgluth Fan (Norwegian National Seismic
Network, www.skjelv.no; Bellwald et al., 2019). lgar earthquakes of M.5-7 are thought to
result from isostatic rebound offshore Norway,daling the onset of an interglacial period
(Bungum et al., 2005; Bellwald et al., 2019). Nadewnce of gas hydrate dissociation has been
found within the sediments related to the TampéaeSboth failed and unfailed, and within the
seismic data presented in this study, as well dsework of Nygard et al., 2005; Bellwald et al.,
2019). The Storegga Slide, in comparison, is thot@have also been preconditioned by high
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excess pore pressure combined with earthquakenigdolut its triggering earthquake seems to
have occurred on the lower continental slope (Fig; Haflidason et al., 2004; Kvalstad et al.,
2005). Failure of the Storegga Slide, then, ireglabn the lower continental slope and migrated
upslope, incorporating multiple glide planes anchgsments (Haflidason et al., 2004; Micallef et
al., 2009). Thus, when a landslide is triggerecbyarthquake, the location of that earthquake
may be a key factor that influences whether a lihelslevelops retrogressively or along a single
glide plane.

Furthermore, the location and number of glacimaweak layers, as well as rapid
sedimentation, may also play an important roleantiolling whether a landslide fails
retrogressively or mainly during a single phases Tampen Slide is located within the proximal
deposits of the North Sea Fan, a region with higialyable sedimentation rates. In glacial
periods, the presence of ice on the shelf cantresak much as a ten-fold increase in
hemipelagic sedimentation (Lekens et al., 2009 extreme sedimentation rates exceeding 20
m/kyr (or even 100 m/kyr during the last glaciati@ellwald et al., 2020) on the upper slope
directly affected by ice-stream sediment delivetje(stuen et al., 2004). Nygard et al. (2007)
found that the Norwegian Channel ice stream loddedNorth Sea Fan with as much as 1.1 Gt of
sediment per year during the last glacial stageohtrast, sedimentation at the neighbouring
Storegga Slide is locally controlled by the sanpetgf glacigenic sediments, and occurs at a
much slower rate, averaging 1 m/kyr over the 1&6t 2yr (Hjelstuen et al., 2004). Weak layers,
which may be prone to failure, are then more cosdénvithin the Storegga Slide region. This
may favour the development of retrogressive slidmtpe Storegga region. In contrast, within
the North Sea Fan, weak layers are typically seépdiay a thicker sedimentary unit, which may
favour the development of a megaslide along asipgine as observed at the Tampen Slide. The
relative importance of these features — the looatmmber, and spacing of glacimarine weak
layers, as well as the magnitude and attenuati@ntoggering earthquake — should, however, be
validated through careful numerical modelling ie thture.

5.3 Wider implications for hazards and tsunami gatnen

The failure mechanism and landslide geometry haa@mimmplications for the potential
consequences (especially tsunami generation palergsulting from a submarine landslide. To
date, no tsunami deposits have been linked to #nep€n Slide. However, the Tampen Slide is
thought to have occurred during MIS 6, ca. 130Ngg@rd et al., 2005), and the subsequent
retreat and growth of the Fennoscandian ice sheeatyidenced by iceberg plough marks within
the sedimentary layers (e.g. Montelli et al., 2@@&liwald et al., 2020), may have led to erosion
of any tsunami deposits related to the Tampen Skdghermore, lower sea level at that time
may also contribute to a lack of tsunami deposiated to the Tampen Slide. It should be noted
that, whilst landslide volume is an important paeten for generating a tsunami, not all large
submarine landslides result in tsunamis. For exantpé retrogressive Traenadjupet Slide, also
located offshore Norway, occurred ca. 4,500 yegosaamd involved a total volume of 500-1,000
km?3, but does not seem to have resulted in a tsuaabiefg & Vorren, 2000; Lavholt et al.,
2017). Using a coupled landslide-tsunami model,Haktvet al. (2017) found that this was likely
a result of low failure velocity (supported by obhsdions of blocky deposits near the headwall
and limited turbidity current deposits), with lesselume and a greater distance to the coastline
(compared to the Storegga Slide) also playingea @bntrastingly, at the Tampen Slide,
although a large volume of sediment remains prokimt&he headwall, the interior of the slide
deposits is heavily deformed (e.g. Figs. 5, 7)sTtagether with the height of the main headwall
(=150 m), suggests the rapid displacement of aigimgs (>720 k) sediment volume. The
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initial acceleration of the failed mass, howeveamnmot be reconstructed using the seismic data.
This, together with the absence of tsunami depbsksd to the Tampen Slide, makes it
impossible to construct a well-constrained tsunamdel. However, such a failure may generate
a far larger tsunami than a multi-phase, retrogvessegaslide with a similar total volume (e.g.
the Storegga Slide), and should be consideredtumdinazard analysis.

6 Conclusions

In this study, we present laterally extensive, higbolution processed 3D seismic data
from the headwall of the buried Tampen Slide offehidorway. These data reveal the character
of the slide deposits at a high level of detail alldw us to better understand their emplacement.

Unlike other megaslides on passive continental mayghe deposits of which are
typically evacuated away from the headwall, a largigme of the Tampen Slide deposits remain
close to the headwall. We suggest that this isusxthe Tampen Slide deposits were laterally
constrained by the kilometre-high Faroe-ShetlanthEsnent, over which the slide deposits thin
markedly. This lateral constraint significantly iaqped the slide flow dynamics, resulting in the
development of erosional ramps and flats in théheon part of the surveyed area as the flow
redirected northwards in response to the topogcaphonstraint imposed by the Faroe-Shetland
Escarpment.

We identify regions of spreading, confined toe-coespion, and translation within the
deposits of the Tampen Slide. Within the transtelaleposits, there are longitudinal
(downslope-elongated) chutes similar to those ifledtat the neighbouring Storegga Slide,
which have been interpreted as regions of fastendlmpe motion within the slide deposits. We
also identify longitudinal ridges within the traasbnal body of the Tampen Slide. Such ridges
have previously been suggested to be an intrifgicacteristic of landslides once they exceed
certain kinematic parameters, but this is the firse, to our knowledge, that they have been
imaged within deep water landslide deposits. Wessgthat the preservation of these ridges in
the Tampen Slide deposits is a consequence oatiuslide deposits remaining within the
headwall region.

Apart from a few erosional features, the Tampede3ibasal glide plane is relatively
smooth. This, combined with the continuity of im&krdeformation across the slide deposits,
indicates that the majority of the slide depositefl in a single phase as one mass. This single
phase failure differs markedly from other megadlida passive margins, whose tiered glide
planes and multiple headwalls are thought to stesmgressive (upslope-migrating) failure
behaviour. This variation, where a single failuegher than several tens of failures, accounts for
most of the total slide volume, may have a largeaat on the tsunami generation potential of the
megaslide. While the Tampen Slide is the first saitine megaslide shown to have failed in this
way, other (potentially as yet undiscovered) madasimay fail in a similar way. Consequently,
the failure mechanism should be considered cayefilien assessing the hazard potential of
submarine megaslides.
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Figure captions

Figure 1. (a, b) The location of the buried Tampen Slide headwéhin the North Sea Fan,
offshore Norway, anccf an overview of the location of datasets usedavipus studies of the
Tampen Slide. Note that the full lateral extenthef Tampen Slide is unknown. Regional
volcanic escarpments after Zastrozhnov et al. (RO2BE: Faroe-Shetland Escarpment, the
eastern boundary of the volcanic Mgre Marginal High

Figure 2. Seismic section crossing the headwall of the Temfflide, showinga) migrated data,
and(b) interpretation. Note that the Tampen Slide is [anety up to 450 m of glacigenic
sediments and contouritic deposits. The locatiothisfprofile is shown by the black line in the
inset panel. See Fig. 1 for the location of the pamheadwall. VE: Vertical Exaggeration.
Profile from the AMS17 Vol. A dataset and courte$y GS.

Figure 3. Upper surface of the Tampen Slida) {(wo-way travel time (TWT); andd) maximum
amplitude within a 10 ms vertical window of thelg@d TWT horizon. Note that the band of high
amplitudes through the northern-central regiorhefglide deposits corresponds with where the
deposits are thinner (see Fig. 9). Locations ofegbent figures are indicated by the boxes.
Small white arrows: slope direction of the glidarp; white dashed line: Faroe-Shetland
Escarpment (FSE); VE: Vertical Exaggeratiar). Geomorphologic map highlighting the main
types of debris within the Tampen Slide headwajiae. A regional pseudo-3D cube (J-Cube
MN; Whiteside et al., 2013) was used to extenchibeedwall of the Tampen Slide beyond the
limits of AMS17. Data from AMS17 Vol. B and courtesf TGS.

Figure4. The Tampen Slide’s basal glide plar®): tivo-way travel time (TWT); anddj
maximum amplitude within a 10 ms vertical windowtlo¢ picked TWT horizon. Small black
arrows: slope direction of the glide plane; whitadlx dashed line: Faroe-Shetland Escarpment
(FSE); VE: Vertical Exaggeration. Data from AMS1@IVA and courtesy of TGS.

Figure5. Eroded ramps, flats and channels in the nortreaches of the study area) (

Maximum amplitude surface within a 10 ms verticaddow of the picked basal plane. See Fig. 4
for location. b, c) Seismic profiles crossing the eroded ramps, #ats channels. Black line:
profile crossing point; C1/C2: eroded channelseded flat section; R1/R2/R3/R4: ramps; VE:
Vertical Exaggeration. Data from AMS17 Vol. A, acourtesy of TGS.

Figure 6. Extensional ridges (spreading) along the upperwatdtep and along the western
sidewall of the Tampen Slidea)(Maximum amplitude of the Tampen Slide’s uppefate, and
(b) seismic profile highlighting the character of gpgreading ridges. Location of this figure is
shown in Fig. 3. VE: Vertical Exaggeration. Datanfr AMS17 Vol. B, and courtesy of TGS.
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Figure7. Longitudinal ridges and chutes within the Tampadestieposits.d) Maximum
amplitude of the Tampen Slide’s upper surface,(@hdeismic profile highlighting the character
of the longitudinal ridges and chutes. Note thénleyel of internal deformation of the slide
deposits here, within the central region of thedwesl, in comparison with those along the
western side of the headwall (Fig. 5; from the sadata volume). Location of this figure is
shown in Fig. 3. VE: Vertical Exaggeration. Datanfr AMS17 Vol. B, and courtesy of TGS.

Figure 8. Seismic profile crossing a small volume (~12%kmetrogressive slump on the western
sidewall of the Tampen Slide. Note the blocky cbhemaof the slump deposits. Location of this
figure is shown in Fig. 3. VE: Vertical Exaggerati®ata from AMS17 Vol. B, and courtesy of
TGS.

Figure 9. The ~36 kriretrogressive debris flow on the eastern headwiaie Tampen Slide.
(&) Maximum amplitude of the Tampen Slide’s uppeface, andlf) seismic profile
highlighting the character of the compressionajeslat the toe of this failure. Location of this
figure is shown in Fig. 3. VE: Vertical ExaggeratidAmplitude data from AMS17 Vol. B, and
seismic profile from AMS17 Vol. A. Data courtesy D&S.

Figure 10. The deposits of the Tampen Slide thin over theé&&hetland Escarpment (FSH). (
Seismic profile crossing the FSE; at Thickness map highlighting the distribution oéth
Tampen Slide deposits within the Tampen Slide hedldegion. The deposits are at their
thickest along the western sidewall, where theycaegacterised by ridges and troughs
characteristic of spreading (Fig. 5), and thinnmess$t of the FSE. Black line shows the location of
the seismic profile in (a); VE: Vertical Exaggeaati Seismic profile from AMS17 Vol. A. Data
courtesy of TGS.

Figure 11. Conceptual models showing-d) development of a megaslide along a single glide
plane (as for the Tampen Slide); aeehj upslope-migrating failure across multiple glidermda
(responsible for the large total volume of othesgdge margin megaslides, such as the Storegga,
Treenadjupet, Hinlopen/Yermak, Sahara, and CapeJlehas).
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