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Key points: 

• We use high-resolution processed 3D seismic data to characterize the headwall of the 
Tampen Slide, one of the largest landslides on Earth 

• The first phase of the Tampen Slide involved the simultaneous translation of more than 
720 km3 of sediments along a single failure plane 

• Our model shows that retrogression (bottom-up development) may not account for the 
large volumes of all giant submarine landslides  
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Abstract 

Submarine landslides can be several orders of magnitude larger than their terrestrial counterparts 
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 km2), high-resolution processed 
3D seismic reflection data to characterize 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 that longitudinal ridges 
of such size have been imaged in a deep marine setting. The first phase of the Tampen Slide 
involved the simultaneous translation of over 720 km3 of sediments along a single failure plane. 
This was followed by spreading along the head- and sidewall, and the formation of a 
retrogressive debris flow and slump, the volumes of which are insignificant compared to the first 
failure. The process responsible for movement of such a large sediment 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 glide planes. The 
trigger mechanism (e.g. an 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. 

 

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 damage 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 associated tsunami. Here we use 
exceptionally detailed three-dimensional 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 should be 
included in future hazard assessments.  



A
cc

ep
te

d
 A

rt
ic

le

This article is protected by copyright. All rights reserved.  

 

 

 

 

 

 

 

1 Introduction 

Submarine landslides can be several orders of magnitude larger than their terrestrial 
counterparts (Korup et al., 2007), and can have devastating and widespread consequences. The 
submarine landslide itself could destroy critical seabed infrastructure, whilst an associated 
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; 
Løvholt et al., 2017), 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 passive 
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 & Vorren, 2000; Kvalstad et al., 2005; Vanneste et 
al., 2006; Antobreh & Krastel, 2007; Georgiopoulou et al., 2010; Hill et al., 2019). The Storegga 
Slide that occurred roughly 8,100 years ago offshore Norway (Fig. 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 km3. It failed retrogressively in tens of 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 on the Norwegian continental margin (Fig. 1). However, the 
failure mechanism of the Tampen Slide remains poorly understood. Consequently, the hazard 
associated with the failure of a similar megaslide is poorly constrained. This is largely due to its 
subsequent burial under up to 450 m of glacigenic sediment (Fig. 2; Bellwald et al., 2020), and 
partial remobilisation by the Storegga Slide. Several previous studies have analyzed the character 
of the Tampen Slide (Evans et al., 1996; Nygård et al., 2005; Gafeira et al., 2010; Hjelstuen & 
Grinde, 2016). These studies, however, are based on 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 km2), high-resolution processed 3D seismic 
reflection data that cover the headwall area of the Tampen Slide. We characterize 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 significant differences 
in their emplacement mechanisms. We discuss possible reasons for these differences, and their 
implications for tsunami generation and geohazards.  

2 Geological Setting  

The Tampen Slide occurred within the deposits of the North Sea Fan offshore Norway 
(Fig. 1). The North Sea Fan is a trough mouth fan that comprises downslope-related sediments 
(flow deposits that accumulated very rapidly at the termination of an ice stream), and along-
slope-related sediments (contourites) that accumulated between ice sheet advances (Nygård et al., 
2005; Bellwald et al., 2020). In addition, multiple submarine landslides are found within the 
North Sea Fan, several of which have total volumes exceeding 1,000 km3 (King et al., 1996; 
Nygård et al., 2005; Hjelstuen & Grinde, 2016). The most recent of these megaslides, the 
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Storegga Slide, is exposed at the seafloor and occurred 8,100 years ago (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, which leads to the development of over-pressure, before failure is 
triggered by a large earthquake following the retreat of the Fennoscandian ice sheet and as a 
result of isostatic rebound (Bryn et al., 2005; Kvalstad et al., 2005; Bellwald et al., 2019). 

The giant Tampen Slide is buried beneath up to 450 m of glacigenic sediments and contourites 
within the North Sea Fan (Fig. 2), which is mainly dominated by channel-levee deposits formed 
by meltwater turbidites (Bellwald et al., 2020). In keeping with the previous model (Bryn et al., 
2005) and based on the results of numerical modelling along a 2D profile within the headwall 
region, Bellwald et al. (2019) suggest that the Tampen Slide was preconditioned by the rapid 
deposition of glacial sediments and then triggered by an earthquake near its headwall. Its 
headwall is bound by the Norwegian continental shelf on its eastern and southern sides, and by 
the volcanic Møre Marginal High on the west (Fig. 1). The Møre Marginal High is one of a series 
of volcanic structural highs offshore Norway, and its eastern boundary is known as the Faroe-
Shetland Escarpment (Kiørboe, 1999). The subsequent Storegga Slide remobilized Tampen Slide 
deposits west of the Tampen Slide’s headwall area (Fig. 1). Burial and remobilization of the 
Tampen Slide deposits have hindered its investigation. Previous studies have suggested that the 
Tampen Slide mobilized a total of 1,400 km3 of sediment (Nygård et al., 2005), but this estimate 
is based on widely spaced 2D seismic reflection profiles, and is thus associated with significant 
uncertainty. The estimated age of the Tampen Slide (~130 ka; Nygård et al., 2005) is also based 
on regional seismic correlation and is thus poorly constrained (Watts et al., 2016; Pope et al., 
2018). 

3 Data and Methodology 

We make use of 3D migrated seismic reflection data (AMS17; Fig. 1) that were acquired 
by TGS in 2017. These data cover an area of ~16,000 km2, and were collected using a triple-
sourced airgun array with a total volume of 3,000 in3 and a shot point interval of 12.5 m. The 
acquisition system consisted of 12 streamers separated by 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 are i) Volume A, which has 4 ms sampling 
and 12.5 m x 18.75 m bin size (~8 m vertical and ~20 m horizontal resolution); and ii) Volume B: 
a shallow, high resolution volume with a 2 ms sample rate and 6.25 m x 18.75 m binning (~2 m 
vertical and ~10 m horizontal resolution). 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 base of the Tampen Slide near its eastern headwall. 

The upper and lower surfaces of the Tampen Slide were picked at roughly 150 m 
increments 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 (Fig. 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 & 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 
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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 Nygård et 
al., 2005), in order to calculate the thickness of units. 

4 Results: Morphology of the Tampen Slide 

The horseshoe-shaped main headwall of the Tampen Slide extends for >350 km, and 
encompasses an area >25,500 km2 (Fig. 1). The main headwall is up to 250 m high, and is 
encircled by a secondary headwall step that was first identified by Nygård et al. (2005) and is 
typically <100 m high (Fig. 2, 3). A large amount of failed material (~845 km3) remains within 
the surveyed region of the Tampen Slide’s headwall. In the following sections, we describe the 
morphology of the Tampen Slide’s basal surface (glide plane) and the deposits that remain within 
the surveyed region of the headwall. 

4.1 The glide plane 

The Tampen Slide’s glide plane follows underlying stratigraphy and, similarly to other 
submarine megaslides, dips gently (<1° on average) north-northwest, except at the southwest 
corner of the headwall where it domes over a local basement high (Fig. 4). The maximum 
amplitude map of the basal plane (Fig. 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 there are 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 (Fig. 4, 5). 

The parallel linear scours along the western side of the headwall (Fig. 4a) correspond to 
overlying patterns of deformation (linear ridges) within the slide debris (Fig. 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 (Fig. 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 
4.2). 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 (Fig. 5).  

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 
(Fig. 3, 6). The interior of these ridges is increasingly chaotic with distance from the scarp 
(eastwards) (Fig. 6), and associated deformation extends through the full thickness of the 
deposits, imprinting onto the glide plane below (Fig. 4a). These ridges are spaced at ~2 km 
intervals, and cover ~860 km2. They stand up to 250 m above the glide plane and decrease in 
height with distance from the scarp (Fig. 6). 

Similar headwall-parallel ridges are also present along the upper headwall step (Fig. 6). 
These ridges are spaced 700-1000 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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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 (Fig. 3). These chutes are characterized by a comparatively smooth, high amplitude 
upper surface (Fig. 3b, 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 (Fig. 7). There is no consistent variation on the glide 
plane to explain why chutes preferentially form in specific locations, although the edges of the 
centermost chute coincide with the erosional feature noted on the basal plane in the northern 
region of the study area (Fig. 5; Section 4.1). 

Prominent downslope-elongated (longitudinal) ridges are also present within the Tampen 
Slide deposits (Fig. 3, 7). These ridges are irregularly spaced and up to 40 m higher than the 
surrounding debris. Unlike for the ridges along the western 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 along the Tampen Slide headwall. The first 
failure, on the western side of the headwall, consists of a series of irregularly shaped blocks and 
wavy fabric on the upper surface (Fig. 8). 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 km3 and its limit is delineated by an upward step in the basal glide plane (Fig. 8). 

The second subsequent failure, on the eastern side of Tampen’s main headwall, has a cauliflower-
shaped headwall (Fig. 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 4.2, along the upper step of the headwall and along the 
western sidewall. The ridges within the toe region of this comparatively small volume (~36 km3) 
failure have a chaotic interior and minimal topographic signature (Fig. 9b). 

4.5 Thinning of the Tampen Slide over the Faroe-Shetland Escarpment 

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 Møre 
Marginal High (Fig. 10). On the eastern side of this divide, 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 these 3D seismic data enable us to better 
constrain the character of the Tampen Slide. In this section, we discuss how the Tampen Slide 
morphology provides new insights into its emplacement. We then compare the morphology and 
emplacement mechanism of the Tampen Slide to that of other megaslides on passive margins, 
and conclude by outlining a new megaslide failure model 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), the broad (>20 km wide), downslope-
orientated stripes of varying maximum amplitude of the basal plane (Fig. 4b), and the continuity 
of internal deformation across the slide deposits (e.g. Figs. 2, 7, 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 (at the most upslope point of the basal plane), 
and propagated ~290 km northwards along the eastern side of the headwall, remobilizing in 
excess of 720 km3 of sediments (the volume that remains within the extent 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 identify downslope-elongated (longitudinal) 
chutes (Fig. 7; Section 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 (Fig. 7; 
Section 4.4). The height of these ridges distinguishes them from flowlines or longitudinal 
lineations, which typically have minimal relief (<1 m; Masson et al., 1993) and typically appear 
in pairs and mark the boundaries of longitudinal shear zones (Gee et al., 2005; Bull et al., 2009), 
unlike the features we document here. Furthermore, their downslope orientation also 
distinguishes these ridges from slump folds, which have similar geomorphology but are 
perpendicular to the direction of motion (Bull et al., 2009). While such large-scale longitudinal 
ridges are frequently present in terrestrial and volcanic landslide deposits (e.g. Dufresne & 
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 & Davies, 2009). The grains are segregated according to size 
and shape, where the ridges are made up of coarser, more angular particles (e.g. sand grains), 
while finer-grained material (e.g. mud grains) 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 & 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 & 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 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 & Davies, 2009). 
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5.1.1.2 Diversion around the Faroe-Shetland Escarpment 

The deposits of the Tampen Slide thin across the Faroe-Shetland Escarpment (Fig. 10). 
This near-linear variation in thickness across the eastern margin of the Møre Marginal High leads 
us to suggest that the Møre 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 (Fig. 
11b), rather than being evacuated out of the headwall region, as is typical for megaslides on 
passive margins (Fig. 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 and preservation of the <40 m 
high longitudinal ridges identified within the slide deposits (Fig. 7). 

The erosional feature in the northern part of the headwall region (Fig. 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 & Argnani, 1990; Frey-Martínez et al., 2005; Bull et al., 2009; 
Omosanya & Alves, 2013). Ramps and flats have been observed in many major slides, including 
the Møre 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 (pivoting) of the failed deposits in response to the topographical 
boundary imposed by the Faroe-Shetland Escarpment could account for the location of these 
ramps and flats on the basal plane of the Tampen Slide. 

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 (Fig. 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 (~270 km2; Fig. 3a). The 
lateral extent of our data enables us to map spreading across ~860 km2 of the upper headwall step 
(Fig. 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 km3 of 
sediment), began in the south where the basal plane dips towards the north (Fig. 4), and extended 
northwards along the sidewall (Fig. 11c). This corresponds with the region that is characterised 
by very high basal plane amplitudes along the western sidewall (Fig. 4b), and we interpret that 
this variation in amplitude of the basal plane marks the lateral boundary between the sediments 
that failed as part of the main failure, and those associated with subsequent spreading. This was 
followed by spreading along the top step of the head- and sidewall (Fig. 3, 6, 11d). 

5.1.3 Retrogressive failures of the Tampen Slide headwall 

The blocky nature of the ~12 km3 slump on the western sidewall (Fig. 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 (Fig. 
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11d). The cauliflower shape of the headwall of the debris flow on the eastern side of the Tampen 
Slide’s headwall (Fig. 9, 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 within the confined 
toe of a landslide, 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. 

5.2 Comparison to other passive margin megaslides 

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 & Vorren, 2000; Kvalstad et al., 2005; Vanneste et al., 2006; Antobreh & 
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 
(Figs. 8, 9, 11a-d). However, the Tampen Slide deviates from other megaslides on passive 
margins (Fig. 11e-h) in that initial failure of the Tampen Slide seems to have involved a 
prodigious volume of sediments (>720 km3) that were translated as one mass along a single glide 
plane, accounting for the majority of the total failed volume. This interpretation is in agreement 
with previous studies of the Tampen Slide (Nygård et al., 2005; Gafeira et al., 2010; Hjelstuen & 
Grinde, 2016; Bellwald et al., 2019). 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 (glacigenic), 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., 2019). Consequently, we could reasonably expect them to fail in a similar way. In the next 
section, we consider possible causes for the difference in failure mechanism. 

5.2.2 Pre-conditioning and triggering factors 

Similarly to other submarine megaslides, which seem to have developed on slopes with 
very low gradients (<2o; e.g. Hampton et al., 1996; Hühnerbach et al., 2004; Urlaub et al., 2015), 
the Tampen Slide’s basal plane also dips very shallowly (<1° on average). Bellwald et al. (2019) 
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. Moreover, Bellwald et al. (2019) found that over-pressure alone was not enough to 
trigger the Tampen Slide, and an earthquake of >M6.9, proximal to the headwall, was required 
for failure to occur (Fig. 11a). While seismicity in the region is generally low to moderate, an 
earthquake of Mw5.4 occurred in 1988, in an area where no active postglacial faults have been 
mapped in the distal region of the North Sea Trough Mouth Fan (Norwegian National Seismic 
Network, www.skjelv.no; Bellwald et al., 2019). Larger earthquakes of Mw6.5-7 are thought to 
result from isostatic rebound offshore Norway, following the onset of an interglacial period 
(Bungum et al., 2005; Bellwald et al., 2019). 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 Nygård et al., 2005; Bellwald et al., 
2019). The Storegga Slide, in comparison, is thought to have also been preconditioned by high 
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excess pore pressure combined with earthquake loading, but its triggering earthquake seems to 
have occurred on the lower continental slope (Fig. 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; Micallef et 
al., 2009). 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, as well as rapid 
sedimentation, 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 (or even 100 m/kyr during the last glaciation; Bellwald et al., 2020) on the upper slope 
directly affected by ice-stream sediment delivery (Hjelstuen et al., 2004). Nygård 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 the same type of glacigenic sediments, 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 may 
favour the development of a megaslide along a single plane as observed at the Tampen Slide. The 
relative importance of these features – the location, number, and spacing of glacimarine weak 
layers, as well as the magnitude and attenuation of a triggering earthquake – should, however, be 
validated through careful numerical modelling in the future. 

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. However, the Tampen Slide is 
thought to have occurred during MIS 6, ca. 130 ka (Nygård et al., 2005), and the subsequent 
retreat and growth of the Fennoscandian ice sheet, as evidenced by iceberg plough marks within 
the sedimentary layers (e.g. Montelli et al., 2018; Bellwald et al., 2020), may have led to erosion 
of any tsunami deposits related to the Tampen Slide. Furthermore, lower sea level at that time 
may also contribute to a lack of tsunami deposits related to the Tampen Slide. 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 Trænadjupet 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 & Vorren, 2000; Løvholt et al., 
2017). Using a coupled landslide-tsunami model, Løvholt 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. Figs. 5, 7). This, together with the height of the main headwall 
(~150 m), suggests the rapid displacement of a prodigious (>720 km3) sediment volume. The 
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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. However, such a failure may generate 
a far larger tsunami than a multi-phase, retrogressive megaslide with a similar total volume (e.g. 
the Storegga Slide), and should be considered in future hazard analysis.  

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 better understand their emplacement.  

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 Slide deposits were laterally 
constrained by the kilometre-high Faroe-Shetland Escarpment, over which the slide deposits thin 
markedly. This lateral constraint significantly impacted the slide flow dynamics, resulting in the 
development of erosional ramps and flats in the northern part of the surveyed area as the flow 
redirected northwards in response to the topographical constraint imposed by the Faroe-Shetland 
Escarpment. 

We identify regions of spreading, confined toe-compression, and translation within the 
deposits of the Tampen Slide. Within the translational deposits, there are longitudinal 
(downslope-elongated) chutes similar to those identified at the neighbouring Storegga Slide, 
which have been interpreted as regions of faster downslope motion within the slide deposits. We 
also identify longitudinal ridges within the translational body of the Tampen Slide. Such ridges 
have previously been suggested to be an intrinsic characteristic of landslides once they exceed 
certain kinematic parameters, but this is the first time, to our knowledge, that they have been 
imaged within deep water landslide deposits. We suggest that the preservation of these ridges in 
the Tampen Slide deposits is a consequence of the landslide deposits remaining within the 
headwall region. 

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 in a single phase as one mass. This single 
phase failure differs markedly from other megaslides on passive margins, whose tiered glide 
planes and multiple headwalls are thought to show retrogressive (upslope-migrating) 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 fail in a similar way. Consequently, 
the failure mechanism should be considered carefully when assessing the hazard potential of 
submarine megaslides.  
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Figure captions 

Figure 1. (a, b) The location of the buried Tampen Slide headwall within the North Sea Fan, 
offshore Norway, and (c) an overview of the location of datasets used in previous studies of the 
Tampen Slide. Note that the full lateral extent of the Tampen Slide is unknown. Regional 
volcanic escarpments after Zastrozhnov et al. (2020). FSE: Faroe-Shetland Escarpment, the 
eastern boundary of the volcanic Møre Marginal High. 

 

Figure 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 Fig. 1 for the location of the Tampen headwall. VE: Vertical Exaggeration. 
Profile from the AMS17 Vol. A dataset and courtesy of TGS. 

 

Figure 3. 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 Fig. 9). Locations of subsequent figures are indicated by the boxes. 
Small white arrows: slope direction of the glide plane; white dashed line: Faroe-Shetland 
Escarpment (FSE); VE: Vertical Exaggeration. (c) 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. 

 

Figure 4. The Tampen Slide’s basal glide plane: (a) two-way travel time (TWT); and (b) 
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. 

 

Figure 5. Eroded 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 Fig. 4 
for location. (b, c) 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. 

 

Figure 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 Fig. 3. VE: Vertical Exaggeration. Data from AMS17 Vol. B, and courtesy of TGS. 
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Figure 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 (Fig. 5; from the same data volume). Location of this figure is 
shown in Fig. 3. VE: Vertical Exaggeration. Data from AMS17 Vol. B, and courtesy of TGS. 

 

Figure 8. Seismic profile crossing a small volume (~12 km3), 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 Fig. 3. VE: Vertical Exaggeration. Data from AMS17 Vol. B, and courtesy of 
TGS. 

 

Figure 9. The ~36 km3 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 Fig. 3. VE: Vertical Exaggeration. Amplitude data from AMS17 Vol. B, and 
seismic profile from AMS17 Vol. A. Data courtesy of TGS. 

 

Figure 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 (Fig. 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. 

 

Figure 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, 
Trænadjupet, Hinlopen/Yermak, Sahara, and Cape Fear Slides). 
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