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Abstract Submarine landslides are often characterized by a basal surface of rupture parallel to the
stratigraphy, in which downslope movement is initiated. However, little is known about the sedimentology
and physical properties of the sediments within these surfaces. In this study, we present a multiproxy
analysis of the sediments collected from a giant piston core penetrating a shallow submarine mass
transport deposit, in combination with high-resolution seismoacoustic data to identify and characterize
the basal glide plane and the weaker sediments in which movement was initiated. The initial phase of
instability consists of a single fracture that formed due to the downslope movement of a mostly intact slab
of sediments. The 16m long core, comprising mostly undisturbed massive and laminated ice-rafted
debris-rich clay penetrated this slab. The base of the slab is characterized by a high-amplitude semicontinuous
reflection visible on the subbottom profiler data at about 12.5m depth, interpreted to originate from
the glide plane on top of a plumite deposit. This plumite has dilative behavior with pore pressure decrease
with increasing shear strain and high undrained shear strength. Movement probably started within
contouritic sediments immediately above the glide plane, characterized by higher sensitivities and higher
water contents. The occurrence of the mass movements documented in this study are likely affected by the
presence of a submarine landslide complex directly downslope. The slide scar of this landslide complex
promoted retrogressive movement farther upslope and progressive spreading of strain softening along
the slide base and in the slide mass. Numerical models (infinite slope, BING, and retrogressive slope
models) illustrate that the present-day continental slope is essentially stable and allow reconstruction of
the failure processes when initiated by an external trigger.

1. Introduction

Submarine mass movements are important processes sculpting continental margins. They are responsible
for redepositing large volumes of sediments from the upper slopes and the outer shelves into the deep
ocean basins. High-resolution geophysical mapping (including swath bathymetry and 2-D/3-D seismics)
of continental margins and fjords systematically reveals that mass movement processes are common
phenomena worldwide, ranging from giant landslides [e.g., Embley, 1980; O’Leary, 1996; Piper et al., 1999;
Laberg et al., 2003;Mosher et al., 2004; Solheim et al., 2005; Vanneste et al., 2006; Krastel et al., 2012] to smaller-
scale instabilities [e.g., Lastras et al., 2004; L’Heureux et al., 2012, 2013]. The slide scar geomorphology is often
complex and indicative of retrogressive development in multiple phases.

Hazard assessment of submarine landslides involves understanding (i) the preconditioning factors with
respect to the regional geological history and tectonic framework, (ii) the actual triggers and their frequency
of occurrence, (iii) the deformation processes and landslide dynamics, and (iv) the consequences for, e.g.,
infrastructure and coastal impacts (tsunamis) [e.g., Hampton et al., 1996; Canals et al., 2004]. Knowledge of
preconditions of sediments that fail and the actual triggering mechanisms has improved following extensive
studies throughout the last decade including Canals et al. [2004], Bryn et al. [2005], Kvalstad et al. [2005],
Laberg and Camerlenghi [2008], and Leynaud et al. [2009]; nevertheless, the actual factors contributing to
failure or setting off the instability are often difficult to assess.
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The extensive and multidisciplinary slope stability investigations with respect to the safe development of a
major gas field (Ormen Lange), within the slide scar of the giant Storegga Slide (off Norway) revealed
several important aspects that help to explain the architecture, size, and evolution of the landslide. These
include (i) the interplay of glacial and ocean current controlled cyclic sedimentation processes, (ii) lateral
fluid migration processes in response to glacial loading, and (iii) the specific geotechnical behavior of so-called
“weak sediment layers” [Bryn et al., 2003; Laberg and Camerlenghi, 2008; Locat et al., 2014], with (iv) a
high-magnitude seismic event as the ultimate trigger. However, specific conditions apply for different
landslides and geological settings, controlled by the regional physiographic and seismotectonic setting.

Weak sediment layers often play a major role in the development of landslides, both offshore and onshore.
These layers are defined as sediment layers that have a strength sufficiently lower than that of the adjacent
units and therefore provide a potential focus for the initial development of a surface of rupture [Locat et al.,
2014]. Weak layers in the marine environment are often linked directly to sediments showing some level
of stratification, which can cover quite large areas (few hundreds of square kilometers) [Kvalstad et al., 2005].
Weak layers within soil and rock slides on land are often controlled by a bedding plane or discontinuity within
the stratigraphy [e.g., Hungr et al., 2014], and the role of weak layers are well known from studies of snow
avalanches [Föhn et al., 1998].

In many cases, the failure surface over which the failed sediments move develops at the base of a weak layer
and thus follows stratigraphic horizons that are identified on seismic lines by high-amplitude reflections.
These horizons are referred to as glide planes (also known as failure planes or slip planes) and are a common
feature in several areas with documented mass movements, irrespective of their dimensions [e.g., Huvenne
et al., 2002; Bryn et al., 2003; Haflidason et al., 2003; Laberg et al., 2003; Canals et al., 2004; Lindberg et al., 2004;
Bryn et al., 2005; Dan et al., 2007; Laberg and Camerlenghi, 2008; L’Heureux et al., 2012; Lucchi et al., 2012;
Rebesco et al., 2012; Rise et al., 2012]. On the formerly glaciated Norwegian-Barents Sea-Svalbard margin, glide
planes typically occur within contouritic sediments [e.g., Laberg et al., 2001, 2003; Bryn et al., 2003; Lindberg
et al., 2004]. In the Adriatic Sea, intervals of condensed intervals of mud (maximum flooding surfaces) occur at
the base of deformed sediments [Trincardi et al., 2004], while in a similar setting of Western Greece, the
development of glide planes is related to muddy and gas charged sediments [Lykousis et al., 2009].

Weak sediment layers and glide planes are of global concern and need to be investigated as few detailed
studies have been undertaken, and thus, their sedimentology and physical properties are not well
understood. This is mainly because these layers are remolded and reworked in areas where landslides have
occurred. It is furthermore not known how one can unambiguously identify weak layers before failure takes
place [Masson et al., 2010]. Explaining the nature of a weak layer and glide plane requires sediment cores or
boreholes from which samples can be taken for advanced geotechnical and geological analyses. However,
these samples are only rarely collected because these layers are often located too deep for conventional
coring techniques. It is important not only to know the geotechnical properties of weak layers but also to
characterize the geological and physical properties in order to be able to recognize these weaker layers
within undisturbed sections. It is, therefore, very important to combine a variety of techniques that will allow
a proper integration between the different principles (e.g., sedimentology, geophysics, and geotechnics) to
yield information that can subsequently be used in other areas [e.g., Vanneste et al., 2013].

The continental slope off the Lofoten Islands, northern Norway, northeast of the Trænadjupet Slide is
characterized by the presence of a mass movement complex (Figure 1) [Bugge, 1983; Kenyon, 1987; Yoon
et al., 1991; Baeten et al., 2013]. This area, in which the bed sediment is largely dominated by contouritic
deposits [Laberg et al., 1999; Laberg and Vorren, 2004], is particularly important, considering that it may be
opened for hydrocarbon exploration in the near future [Rise et al., 2012; L’Heureux et al., 2013].

Baeten et al. [2013] investigated themorphology in the area in detail using swath bathymetry and side-scan sonar
data, in order to explain the heterogeneity of smaller-scalemassmovements. This study builds upon that work by
investigating the stability of the continental slope. To this end, we integrate swath bathymetry, side-scan
sonar, and subbottom profiler data, as well as multiproxy analyses of a sediment core that penetrates one of
these smaller-scale mass movements and the glide plane. The objectives of this study are to (1) identify
and characterize the glide plane and the so-called weaker sediments in which movement was initiated, (2) to
link these to the sedimentary processes and paleoenvironments that prevailed during their formation, (3) to use
our geotechnical test results to evaluate the present-day stability of the continental slope and to test the

Journal of Geophysical Research: Earth Surface 10.1002/2013JF003068

BAETEN ET AL. ©2014. American Geophysical Union. All Rights Reserved. 2336



inferred mass movements processes by modeling, and (4) to elucidate the preconditioning factors and
triggering of the mass movements in this area including the role of the weak layer.

2. Physiographic Setting
2.1. Study Area and Bathymetry

The study area is located on the continental slope off the Lofoten Islands, northern Norway (Figure 1), in water
depths between 300 and 2500m. The shelf edge (at approximately 240m water depth) lies approximately
100 km off the Lofoten Islands. Compared to other segments of the Norwegian margin, the continental slope is
relatively steep (around 5°) in this area [Vorren et al., 1998]. At the base of the slope in approximately 2800m
water depth, a marked reduction in slope angle to about 1° leads to the 3200m deep Lofoten Basin (Figure 1).

2.2. Ocean Circulation

The Norwegian Current dominates the present-day surface circulation pattern transporting Atlantic Water
along the Norwegian continental margin toward the northeast [Poulain et al., 1996]. Artic Intermediate Water
flows northeastward along the slope, at a depth of about 800mwest of the Lofoten Islands [Blindheim, 1990].
This water mass is presumably responsible for the deposition and modification of the Lofoten Drift from
suspended sediments derived from winnowing on the continental shelf and upper slope [Laberg et al., 2001].
Norwegian Sea Deep Water flows below 2000m in the Lofoten Basin. It enters the area from the northwest
across the mid-ocean ridge north of Jan Mayen [Swift and Koltermann, 1988].

2.3. Late Weichselian Glacial History

The onset of the late Weichselian glaciation started around 35 cal years ka B.P. (thousands of calendar years
before present) [Andersen, 1975; Lauritzen, 1991; Olsen et al., 2001] and the Fennoscandian Ice Sheet reached
the shelf break south of the study area at c. 26 cal years ka B.P. (22 14C ka B.P.) [Baumann et al., 1995; Dahlgren
and Vorren, 2003]. The Last Glacial Maximum (LGM), representing the largest global ice sheet volume,

Figure 1. Location map (inset) and bathymetric map of the continental slope offshore the Lofoten Islands, northern
Norway, using IBCAO version 3.0 [Jakobsson et al., 2012]. The study area is outlined by the red box, and the location of
cores GS10-163-3PC and nearby core MD99-2294 are indicated with black dots. Location of the Nyk and Trænadjupet slides
are taken from Lindberg et al. [2004] and Laberg et al. [2002] and of the Lofoten drift from Laberg and Vorren [2004].
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occurred at 21 cal years ka B.P. [Mix et al., 2001]. Most probably, the ice front oscillated a few times between
26 cal years ka B.P. and the final deglaciation of the outer continental shelf [Dahlgren and Vorren, 2003; Rørvik
et al., 2010; Vorren et al., 2013].

On the outer middle and southern Norwegian shelf (south of the study area), the rapid retreat of the
Fennoscandian Ice sheet from the shelf break started between circa 19 cal years ka B.P. (16.5 14C ka B.P.)
[Dahlgren and Vorren, 2003; Laberg et al., 2007] and circa 17.5 cal years ka B.P. (15 14C ka B.P.) [Lehman et al.,
1991; Hjelstuen et al., 2004]. The final drawdown and breakup of the Andfjorden ice stream to the north of
the study area commenced around 17.8 cal years ka, after a period of downmelting [Vorren et al., 2013]. Since
the LGM, the continental slope has been affected by both along-slope flowing ocean currents [Laberg et al.,
1999; Laberg and Vorren, 2004] and resedimentation processes.

2.4. Along-Slope Sediment Transport and Deposition

Along-slope currents cause erosion, sediment transport, and deposition on the outer shelf and upper slope.
Extensive contourite drifts developed further downslope, for example, the active Lofoten Drift on the
continental slope northeast of the study area (Figure 1) [Laberg et al., 1999, 2001; Laberg and Vorren, 2004]. The
Lofoten Drift is actually larger than previously assumed and the southern part of it extends into the study area
[Baeten et al., 2013].

The sediment composition of the upper part (~24m) of the Lofoten Drift is relatively uniform and dominated
by clay (50–60%) and silt (30–40%) [Laberg and Vorren, 2004]. The sedimentation pattern includes
alternations of homogeneous and laminated sequences. The homogeneous intervals are interpreted as
contouritic muds (silty clays), whereas the laminated intervals represent plumites from meltwater plumes
released from the Fennoscandian Ice Sheet [Rørvik et al., 2010]. Minor fractions of sand occur dispersed in the
mud matrix and/or in lamina or layers. The sand is interpreted to be ice-rafted debris. Differences in the
accumulation of the sand are possibly related to variations in iceberg fluxes [Rørvik et al., 2010]. The growth of
the contourite drift is clearly climatically controlled as sedimentation rates were an order of magnitude
higher during the last glacial period compared to the present interglacial period. The uppermost ~10m of the
drift were deposited during the last 20 ka [Laberg and Vorren, 2004; Rørvik et al., 2010].

2.5. Mass Movements

Two large submarine landslides, the Trænadjupet Slide and the Nyk Slide, are located immediately southwest
of the study area (Figure 1). The Trænadjupet Slide removed up to 160m of glacigenic sediments deposited
during the LGM as well as part of the underlying Nyk Contourite Drift (~20m) [Laberg et al., 2003]. The
Trænadjupet Slide occurred immediately prior to circa 4.6 cal years ka B.P. (4 14C ka B.P.) [Laberg and Vorren,
2000; Laberg et al., 2002]. The older Nyk Slide has a minimum age of about 19 cal years ka B.P. (16 14C ka B.P.)
[Lindberg et al., 2004]. The sidewalls of the Trænadjupet landslide lie directly downslope of the area under
investigation (Figure 1). The presence of several sandy turbidites in the Lofoten Basin, two of which are
correlated with the Trænadjupet and Nyk Slides, indicates repeated large-scale instability in this area [Laberg
et al., 2006; Haflidason et al., 2007].

3. Data and Methods
3.1. Acoustic Data

The side-scan sonar data were collected with R/V Professor Logachev in 2008 using a MAK 1M deep-towed
hydroacoustic system operated at 30 kHz with a swath range of up to 2 km. The sonar was towed at a nearly
constant altitude of about 100m above the seafloor at a speed of 1.5–2 knots. The side-scan sonar has a variable
resolution of about 7m to 1m across track (maximum range to center) and along track (center to maximum
range). Onboard data processing included time-variant gain to compensate the recorded amplitudes for the
irregularity of the directional pattern of the transducers as well as for spherical divergence. Here we present
high backscatter values as light tones, and low backscatter values as dark tones.

Subbottom profiler data (5 kHz) were acquired synchronously with the side-scan sonar data. Under ideal
circumstances, the vertical resolution of the subbottom profiler data is about 10 cm and penetration is
between 30 and 60m.
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Most of the swath bathymetry data were acquired with R/V Jan Mayen (now R/V Helmer Hanssen) in June 2010
using a hull-mounted Kongsberg Simrad EM 300 multibeam echosounder. Additional bathymetric data
were provided by the Norwegian Deep Water project SEABED. The two data sets have a 25m by 25m grid
size and were merged using the Generic Mapping Tools software [Wessel and Smith, 1998]. ArcGIS software
was used to visualize the data (Figure 2).

3.2. Lithological Data

The 16m long Calypso core (giant piston core) GS10-163-3PC (68°05.0978′N, 09°52.1969′E, 1178m water
depth) was retrieved with R/V G.O. Sars in June 2010 (Figures 2 and 3).
3.2.1. Physical Properties
Prior to opening, bulk density, P wave velocity, and magnetic susceptibility of the sediments were measured at
5mm intervals using a GEOTEK multisensor core logger (MSCL). The MSCL density log was later calibrated with
the density values calculated from water content measured of 5 cm3 sediment samples. After opening, color
imageswere acquiredwith a Jai L-107CC 3 CCD RGB Line Scan Camera installed on an Avaatech XRF core scanner.
3.2.2. CT Scans/X-Radiographs
Both three-dimensional computed tomography (CT) scans and X-ray images were taken throughout the core
to identify the different lithofacies and accurately target specific intervals for advanced geotechnical tests.
Whole-core CT scans were taken of all the sections, and some high-resolution 3-D CT scans were taken of the
core intervals used for geotechnical analysis afterward (sections J, H, G, and D), using a Nikon Metrology
produced model XT H 225 LC industrial type CT scanner with micrometer resolution. Conventional X-
radiographs of the remaining sections were taken from split cores.
3.2.3. Logging
Sediment structure and texture were described from split cores, and the colors were determined using the
Munsell Soil Color Chart. One centimeter thick samples were sieved for grain-size distribution analysis.
The sampling depths were based on the lithological variations within the core, but typically, samples were
taken at 20 cm intervals. The samples were wet sieved using the following sieves: 0.063mm, 0.125mm,
1.0mm, and 2.0mm. Material finer than 0.063mm was further analyzed with a Micrometrics Sedigraph 5100
in order to separate the silt and clay fractions.
3.2.4. Dating
Ten accelerator mass spectrometry radiocarbon dates on foraminifera (Neoglogoquadrina pachyderma
sinistral) and one shell fragment provide the chronology for this study. The samples were analyzed at the

Figure 2. Bathymetic map of the study area. The location of the side-scan sonar data is outlined in red. The subbottom
profiler line (x-x′) is indicated in black (see Figure 3). The core location is indicated by the yellow circle, and the profile
used in the BING model (A-A′) is indicated by the black bold line. Note that the data set is rotated (see north arrow).

Journal of Geophysical Research: Earth Surface 10.1002/2013JF003068

BAETEN ET AL. ©2014. American Geophysical Union. All Rights Reserved. 2339



Poznan Radiocarbon Laboratory, Poland. The
radiocarbon ages were calibrated using the
software Calib Rev. 6.0 [Stuiver and Reimer,
1993]. The calibration data set used was
Marine09.14c [Reimer et al., 2009]. A reservoir
age of 400 years, and a ΔR of 300 ± 100 years
[following Rørvik et al., 2010] were applied.
3.2.5. Geotechnical Analysis
Geotechnical tests were carried out at the
Norwegian Geotechnical Institute (NGI) on four
selected depth intervals in order to characterize
the different lithofacies identified on the X-ray
and CT images: (i) 6.6–7.1m depth (section J), (ii)
8.5–8.8m (section H), (iii) 9.6–9.9m (section G),
and (iv) 12.5–12.8 (section D; Figure 4).
Geotechnical tests included index tests (water
content, i.e., the ratio of mass of water and the
mass of solids in the soil), Atterberg limits (plastic
and liquit limits; plasticity index, i.e., the difference
between the liquid and plastic limits; liquidity
index, i.e., the difference between natural water
content and the plastic limit, divided by the
plasticity index) and sensitivity (ratio of undrained
shear strength in undisturbed and remolded
conditions) based on fall cone strength tests on
undisturbed and remolded cohesive samples,
direct simple shear tests, anisotropically
consolidated triaxial tests in compression, and
constant rate-of-strain oedometer test (only main
phase of loading, thus no unloading or
recompression). Prior to the advanced shear tests,
the samples were consolidated back to the
assumed in situ stress level. The remaining
sections were analyzed in the laboratory in
Tromsø, focusing on water content and
undisturbed/remolded shear strength of the
sediments using the fall cone test. All geotechnical
tests were performed according to state-of-the-
art practice and international standards.

The effective vertical stress (σ′v0) was determined from the MSCL wet-bulk density, assuming normally

consolidated conditions (confirmed from oedometer tests), after calibration of the former with laboratory
measurements. For normally consolidated cohesive sediments, the ratio of shear strength and effective

vertical stress (su/σ′v0) is from 0.2 to 0.3. The preconsolidation stress, pc′, was estimated using either the

Casagrande [1936] method (sample at 12.95 m below seafloor (bsf )) or empirical relationships between
undrained shear strength, su, plasticity index, Ip, σ′v0, and pc′ [Lunne et al., 1997, and references therein]
(all other oedometer results). The latter method was the most reliable for the samples retrieved. We also used
the advanced geotechnical tests (oedometer, triaxial tests) to assess the sample quality, which appeared
relatively poor. Poor sample quality is not uncommon for soft sediments collected with a piston corer, and it is
taken into account in further analyses.
3.2.6. Synthetic Seismogram
A synthetic seismogram was created using the Pwave velocity and wet-bulk density logs from the MSCL. The
data were filtered to remove outliers, prior to calculating the acoustic impedance for each slice (0.5 cm thick).
Reflectivity at each depth interval is the ratio of the difference and the sum of the acoustic impedances above

Figure 3. (a) The side-scan sonar data (for location see Figure 2);
high backscatter values are presented as light tones and low
backscatter values as dark tones. (b) The interpretation of the
side-scan sonar data, the black encircled numbers refer to dif-
ferent phases of slide development, see text for further descrip-
tion. (c) The subbottom profiler acoustic data. The location of
core GS10-163-3PC is indicated.
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and below the interval. The P wave velocity log was then used to convert depth to time, before resampling
the data to match the sampling rate of the wavelet (100 kHz). For the latter, we lacked information from the
subbottom profiler data (except the central frequency) and therefore selected a 5 kHz Ricker wavelet as
source signature. The convolution of the wavelet with the reflectivity function then yields the synthetic trace.
We then also calculated the amplitude envelope as a seismic attribute.

Correlation of the synthetic seismogram and the subbottom profiler acoustic data indicates that the core
was stretched (or oversampled) ~14% during recovery. Stretching often occurs in long piston cores, especially
in the upper part. Although stretching does not severely affect lithological and physical properties [Auffret et al.,
2002; Széréméta et al., 2004], it may affect the geotechnical properties.

3.3. Slope Stability and Landslide Dynamics

In order to evaluate the stability of the continental slope within the study area, we used three different
models: (1) the infinite slope model, (2) the BING model [Imran et al., 2001], and (3) the retrogressive slide
model [Kvalstad et al., 2005].

In infinite slope equilibrium, the Factor of Safety (FoS) is defined as the shear strength (su) divided by the
shear stress (τ):

FoS ¼ Su
τ
¼ Su

γ′z sinα cos α
(1)

In this equation, γ′ is the submerged unit weight, z is the depth below seafloor to the slip surface, and α is the
slope angle. A slope is considered stable when FoS > 1 and unstable when FoS <1. In this simple model,

Figure 4. Lithostratigraphy, chronology, and physical properties of core GS10-163-3PC including: (1) The core sections;
(2) color images of the core (except from the intervals used for geotechnical analysis); (3) the lithofacies of the core; (4) the
lithological core log; (5) the 14C accelerator mass spectrometry (AMS) dates; (6) the grain-size distribution; (7) the wet-bulk
density; (8) the geotechnical results, including the water content, the Atterberg limits, the shear strength (based on fall
cone strength tests, vane shear tests, triaxial tests, and direct simple shear tests), together with the shear strength ratio
from 0.2 to 0.3, the sensitivity, and the oedometer results together with the calculated effective vertical stress (solid line);
(9) the age model (based on nine radiocarbon dates); and (10) the sediment accumulation rates.
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the shear strength is constant along the slip surface, and no specific rheology can be used. Properties like
mass flow dynamics, runout, and spreading cannot be determined.

The debris flow model BING [Imran et al., 2001] is a time-dependent model that adopts the depth-integrated
momentum and continuity equations to calculate the movement of a simulated debris flow. Contrary to the
infinite slope model, BING can use different rheological soil models (e.g., Bingham, Herschel-Bulkley). In this
study, we selected the Herschel-Bulkley model, as it allows a better approximation to the observed viscoplastic
behavior of marine clays in laboratory tests run at varying strain rates. The viscoplastic Herschel-Bulkley
rheology adopts the relationship

τ ¼ τy þ Kγn (2)

where τ is the flow resistance, τy the yield strength, γ is the strain rate, and n is the Herschel-Bulkley exponent.
K is the viscosity parameter. The reference strain rate γr is defined as

γr ¼
τy
K

� �1
n

(3)

The debris mass has an initial parabolic shape with amaximum thickness, a start coordinate, and an initial length.
The debris is draped on a specified topographic profile (bedfile). After failure, the viscoplastic debris material
flows downslope along the specified slip surface. Strength properties are not allowed to vary with depth in BING;
however, the model returns information on flow velocities and run out, but lateral spread is not accounted for.

Kvalstad et al. [2005] developed a retrogressive slide-block model that can explain the Storegga landslide
geomorphology and is applicable to other landslides aswell. Thismechanicalmodel takes into account the strain-
softening behavior typical for marine clays for a series of retrogressive slide steps and can also include the effects
of excess pore pressure (e.g., due to rapid sedimentation). In this model, deformation takes place incrementally in
small steps, conserving total energy. Prerequisites are that the sediments are moderately sensitive (which is
typically the case for marine clays), and the unloading caused by one step in the landslide process is sufficient to
generate progressive spreading of shear bands due to undrained lateral expansion of the soil, with strain
softening in the basal failure plane causing back stepping [Kvalstad et al., 2005]. As such, it is the unloading of the
headwall which causes concentration of strain and loss of strength in the base layer, thereby reducing the factor
of safety to values below 1 and thus initiating a dynamic landslide evolution process [Kvalstad et al., 2005].

During the failure process, the changes in geometry, volumes, and shear strength are updated and accounted
for in the energy balance allowing velocities to be calculated.

As long as excess kinetic energy is produced, the slide mass will accelerate, otherwise the slide block will slow
down. Motion will continue until the consumed energy equals the released potential energy [Kvalstad et al.,
2005]. This retrogressive model is more advanced than the models discussed above and allows obtaining
information on the mass flow dynamics, runout as well as upslope retrogression (back stepping). In addition,
it uses site-specific geotechnical parameters as input (e.g., shear strength variation with depth in undisturbed
and remolded condition, sensitivity).

The retrogressive slide model simulates the same physical processes as the BING model, but it is formulated
differently. The BING model uses a depth-averaged yield strength. By contrast, in the retrogressive slide
model, the spreading and breakup of the failing sediment into blocks is included, and the strength increases
with depth (both undisturbed and remolded conditions). Both models return essential information for hazard
assessment, like energy budgets, flow velocity, and runout distance.

None of the models take hydroplaning into account. Considering the short runouts documented here, there
is little reason to believe that hydroplaning plays a significant role in the runouts for the instabilities in the
study area.

4. Results and Interpretations
4.1. Shallow Mass Wasting

A mass movement complex is shown on the swath bathymetry data in Figure 2. This mass movement
complex is characterized by different styles and sizes of mass movements (2.1–8.7 km3) [Baeten et al., 2013].
These mass movements have a complex geomorphology that is related to multiphase erosion, e.g.,
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movement along multiple and arcuate escarpments and the exposure of different glide planes. Such a
geomorphological pattern is indicative of retrogressive failure, similar to parts of the Storegga landslide
[Baeten et al., 2013; Bryn et al., 2005].

Farther upslope, a secondary mass movement complex with smaller-scale mass movements (~0.06 km3) was
identified from the side-scan sonar data because of its higher resolution (Figures 2 and 3) [Baeten et al., 2013].

Here we focus on these smaller-scale mass movements, with a glide plane at about 10 to 15m bsf, on a slope of
around 2–3° (Figures 3a and 3b). They consist of an along-slope series of escarpments, delineating a number of
10–15m thick sediment slabs of variable dimensions. The sediment slabs can be up to several hundreds of
meters wide, and they are sharply delineated by shear margins or escarpments (Figure 3). This style of mass
movement is likely the result of short distance displacement above a basal glide plane [Baeten et al., 2013].

From the geophysical data, we identify three zones. In zone 1, a distinct fracture or crown crack has formed
due to initial movement of a slab of sediments over a very short distance (Figure 3). In zone 2, we observe a
distinct pull-apart window, exposing the glide plane over several tens of meters. However, the mobilized slab
shows virtually no disintegration or internal deformation. The slab narrows downslope. In zone 3, the pull-
apart window upslope is more complex but seems wider. The slab has disintegrated into a number of smaller
features, likely extensional ridges and blocks. In contrast to zone 2, the slab becomes gradually wider
downslope. The pull-apart windows in zones 2 and 3 are between 150 and 500m wide. The observations
suggest that both zones 2 and 3 are the result of different controls on the landslide dynamics, but they likely
developed both from an initial failure similar to the crown crack in zone 1.

The subbottom profiler data shows a high-amplitude, semicontinuous reflection overlying acoustically
laminated sediments subparallel to the seabed at approximately 12.5m depth (Figure 3c). Above this high-
amplitude reflection, the seismic signature within zone 1 is acoustically laminated with low-amplitude
reflections. A few low-amplitude reflections characterize the zone 2 sediments, whereas zone 3 is
characterized by chaotic/disturbed acoustic signatures. This observation matches the evidence from the
side-scan sonar data, which indicates that the slab has nearly completely disintegrated in this area. These
observations imply that the high-amplitude reflection separates an overlying acoustically laminated to
chaotic signature, where the lateral variation reflects the increasing degree of deformation, from a largely
undisturbed acoustically laminated interval below. The high-amplitude reflection coincides with the base of
the slabs/zone of blocks and therefore most probably represents the basal glide plane.

4.2. Cored Interval

Sediment core GS10-163-3PC targeted the zone 1 slab and penetrated the acoustically laminated ~0.6 km
wide sediment slab, as well as the high-amplitude reflection and the upper part of the underlying acoustically
laminated interval (Figure 3).
4.2.1. Chronology and Sediment Accumulation Rates
Ten samples were radiocarbon dated (Table 1 and Figure 4). All dates, except one, appear in a normal order
with depth and indicate that most of the recovered sediments were deposited during the late Weichselian

Table 1. 14C AMS Radiocarbon Dates Obtained From Core GS10-163-3PCa

Sample Name Depth in Core (m) Dated Material 14C Age (Uncorrected Radiocarbon Year) (cal years B.P. 2σ) (cal years B.P.)

Poz-43215 1.95 N. Pachyderma sinistral 15,700 ± 120 18,665–17,912 18,290
Poz-43216 5.39 N. Pachyderma sinistral 16,670 ± 110 19,488–18,896 19,190
Poz-39686 6.98–7.00 N. Pachyderma sinistral 17,370 ± 120 20,270–19,518 19,850
Poz-43217 8.03 N. Pachyderma sinistral 18,320 ± 110 21,489–20,532 21,010
Poz-39687 9.26–9.29 N. Pachyderma sinistral 18,920 ± 140 22,318–21,428 21,870
Poz-39685 9.64–9.68 Macoma Calcarea fragment 32,400 ± 600 37,625–34,928 36,280
Poz-43218 10.73 N. Pachyderma sinistral 19,130 ± 150 22,443–21,560 22,000
Poz-43219 12.05 N. Pachyderma sinistral 20,200 ± 400 24,335–22,377 23,360
Poz-39688 12.88–12.90 N. Pachyderma sinistral 22,100 ± 200 26,255–25,034 25,650
Poz-43221 15.345 N. Pachyderma sinistral 379,00 ± 1,900 44,889–37,997 41,440

aCalibrated using Calib Rev. 6.0 [Stuiver and Reimer, 1993] using Marine09.14c [Reimer et al., 2009], a reservoir age of 400 years and a ΔR of 300 ± 100 [from Rørvik
et al., 2010]. The table shows the sample name; the depth of the dated core samples; the type of dated material; the uncorrected 14C age; the calibrated calendar
year, within the 2σ age interval of highest probability; and the mean age of the calibrated calendar year (rounded to the nearest tenths).
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(last 40 cal years ka B.P.). The one anomalous date comes from the interval around 9.65 m bsf, which consists
of reworked sediments. It was therefore excluded from the age model.

The average sediment accumulation rate was about 16 cm/ka prior to ~26 cal years ka B.P. The accumulation
rate increased to about 145 cm/ka between 21.9 and 21 cal years ka B.P., before dropping to 88 cm/ka. The
accumulation rate peaked at 380 cm/ka around 18.3 ka cal years B.P. After this peak, the sediment
accumulation rate decreased to 12 cm/ka in the upper 2m of the core (Figure 4). Thus, the average
sedimentation rate was highest at the end of the last glacial. This is in agreement with the results of Rørvik
et al. [2010] suggesting a regional trend for the area.
4.2.2. Lithofacies
The lithofacies 1–4 are defined based on visual descriptions including the grain-size and color of the sediments,
structures, and clast content from the CT scans and X-radiographs, and their physical properties (Figure 5 and
Table 2). In geotechnical terms, and according to the Norwegian Geotechnical Society, all facies are clays (clay
fraction > 30%; Table 2), except facies 2, which is a sandy, silty clay (clay fraction between 15 and 30%). The
seismic signature on the subbottom profiler data as well as seismic profiles suggests that the area is dominated
by contouritic sediments of the Lofoten Drift which extends into the study area [Baeten et al., 2013].
4.2.2.1. Facies 1a
Facies 1a consists of massive greyish brown clay with scattered clasts, some grey silty-sandy lenses/laminae,
and some bioturbation (Figures 4 and 5a and Table 2). The boundaries of this facies are mostly gradual. Clasts
occur both randomly and concentrated within centimeter thick intervals. This facies is characterized by the
largest variations in sediment accumulation rates (12–380 cm/ka) (Figure 4 and Table 2).

Figure 5. (a) X-radiograph and color image of lithofacies 1a, (b) CT scan and color image of lithofacies 1b, (c) CT scan and
color image of facies 2, P = plumite, the red lines indicate the facies boundaries. (d) CT scan and color image of facies 3,
GDF = glacigenic debris flow deposit, the red line indicates the facies boundary. (e) CT scan of facies 4a. (f ) CT scan of facies
4b. The colors of the CT scans have been inverted to make them comparable to the X-radiographs.
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Facies 1a is inferred to be deposited in an
environment dominated by ocean currents, with
the clasts being ice-rafted debris, indicating
glacimarine conditions. This is in agreement with
previous studies [Laberg and Vorren, 2004; Rørvik
et al., 2010]. Variations in sedimentation rate reflect
variation in sediment input from the
Fennoscandian Ice Sheet and/or fluctuations in
flow velocity of the ocean current.
4.2.2.2. Facies 1b
Facies 1b is massive greyish brown clay with high
clast contents and some silty-sandy lenses
(Figures 4 and 5b and Table 2). The boundaries of
this facies are mostly gradual. All intervals of this
facies have lower water contents (thus higher
wet-bulk density) compared to facies 1a.

In addition to a higher clast content, the sediments
in facies 1b are, in general, coarser than those in
facies 1a (Table 2). Facies 1b is considered to have
the same origin as facies 1a. The higher clast and
sand contents indicate a more pronounced
glacigenic influence. Facies 1a and 1b represent a
subdivision of facies 2 in the nearby coreMD99-2294
(for location see Figure 1) [Laberg and Vorren, 2004].
4.2.2.3. Facies 2
Facies 2 consists of dark grey silty clay with silty-
sandy laminae (Figures 4, 5c, and 6 and Table 2). The

laminae have a thickness of a few milimeters to 1 cm. The upper and lower boundaries of this facies are sharp
and defined by a change in color, as well as by a change from massive to laminated sediments and vice versa
(Figures 5c and 6). Variable, but relatively low water contents and, as a consequence, relatively high wet-bulk
density values characterize this facies (Figure 4 and Table 2). This facies occurs in two intervals in the core,
(around 11 and 12.7 m bsf). The laminae within the lower of the two intervals show some deformation
structures. Levels with irregular to discontinuous laminae indicating deformation occur above and below the
interval (Figure 6).

This facies is interpreted as a plumite [e.g., Hesse et al., 1997], i.e., a deposit derived from suspension plumes
related to meltwater outbursts. Similar deposits occur both south and north of the study area [Haflidason
et al., 2004; Lekens et al., 2005; Rørvik et al., 2010; Lucchi et al., 2013]. Alternatively, they could have been
deposited from turbidity flows. As there is no evidence of an erosional base, we favor the
former interpretation.
4.2.2.4. Facies 3
A massive, very dark grey clay with a high content of clasts and shell fragments characterizes Facies 3
(Table 2). It occurs only once throughout the core, between 9.44 and 10.61 m bsf (Figure 4). Whereas the
lower boundary is sharp and well defined by a distinct change in color (see Figure 5d), a more gradual change
in color characterizes the upper boundary. The shell fragments in the unit belong to species that lived in a
cold and shallow water environment, most likely before the LGM.

Because of its basal contact, composition, origin, and the age of the shell fragment, this unit is most likely a
glacigenic debris flow deposit.
4.2.2.5. Facies 4a
Facies 4a consists of a slightly laminated greyish brown clay with scattered clasts and some sand
lenses/laminae (Figures 4 and 5e and Table 2). Its boundaries are sharp to gradual (Figure 4). The laminae
have a thickness of a few milimeters to 1 cm. This facies differs from facies 2 because of its color (dark grey in
facies 2), generally finer-grained sediment composition, lower wet-bulk density (thus higher water content),
and its more gradual boundaries (Figure 4).

Figure 6. (a) An image from the 3-D high-resolution CTscan of
the lowermost plumite interval (12.8–12.41m depth, outlined
in red in Figure 4). (b) Interpretation of the CT scan, showing
deformation both above and below the plumite interval.
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The sediment properties of this facies are similar to facies 1, except for the laminations (Figure 5e and
Table 2). This facies is therefore possibly deposited in a similar environment under the influence of ocean
currents. Also here, the clasts are likely ice-rafted debris, indicating glacimarine conditions. The lamination
can be explained by small variations in current strength along the slope, similar to observations from a
nearby core MD99-2294 (Figure 1) [Laberg and Vorren, 2004].
4.2.2.6. Facies 4b
Facies 4b consists of a laminated greyish brown clay with scattered clasts and silty-sandy lenses (Figures 4
and 5f and Table 2). Its lower and upper boundaries are gradual. It is generally similar to facies 1 and 4a but is
well laminated, finer grained, and has a lower clast content. It also has a comparatively high water content,
thus low wet-bulk density. The laminae are 1–5mm thick and are best observed on X-radiographs,
suggesting that they are defined by granulometric changes [see also Dahlgren and Vorren, 2003].

This facies is interpreted to have beenmainly deposited by along-slope currents. The virtual absence of clasts
and sand in this facies indicates a limited glacigenic influence. As in facies 4a, the laminae in facies 4b are
thought to be the result of small variations in current strength [see also Laberg and Vorren, 2004].

In summary, the cored interval mainly consists of contouritic sediments with a varying influence of
glacimarine input, in addition to two plumite intervals and a glacigenic debris flow deposit.
4.2.3. Geotechnical Properties
4.2.3.1. Shear Strength and Sensitivity
In general, the shear strength increases linearly with depth from about 2 kPa at the top of the core to ~30 kPa
at its base (Figure 4). Higher shear strength values generally occur within the intervals corresponding to facies
2 (plumite) and 3 (glacigenic debris flow deposit (GDF)). The sensitivity is low within facies 3 (2.0–3.7, typical
values for marine clays), but relatively high (4.6–8.1) within facies 2, as well as in parts of facies 4a (2.5–5.5), the
latter being located between the two intervals of facies 2. The highest sensitivity of 8.1 occurs within the
upper boundary of the lowermost plumite interval (facies 2 at 12.58 m bsf; Figure 4).
4.2.3.2. Plasticity
The plasticity index (Ip), typically ranges between 29 and 37%. There are two exceptions just above and
within the lowermost facies 2 interval at 12.35 and 12.75 m bsf (Figure 4) with lower plasticity index values
of 17 and 18%, respectively. These two measurements come from intervals with higher bulk densities that
contain typically coarser-grained sediments compared to the other samples where the Atterberg limits
were measured (Figure 4). The plasticity index is, however, not a critical parameter in the slope
stability modeling.
4.2.3.3. Shear Strength Testing Results
In order to facilitate comparison with results from other areas, we normalized the results from the triaxial and
direct simple shear tests. Normalization was done by dividing the shear stress by the axial consolidation
stress. Note that the triaxial shear test and direct simple shear tests were performed after consolidating the
samples to in situ stress levels. The results indicate that some strain softening (i.e., loss of shear resistance
with strain after peak strength is reached [see Kvalstad et al., 2005]), as well as increasing pore pressure with
larger strains, occurs in the samples from 13.0, 9.8, 8.7, and 7.1 m bsf (Figure 7a). However, the strain softening
developing up to 15 to 20% shear strain is less than observed in the marine clays that played a dominant role
in the Storegga Slide [Kvalstad et al., 2005], i.e., with lower brittleness but still higher sensitivity, which could
be caused by sample disturbance. The lowermost plumite interval (facies 2; 12.7 m bsf) shows dilative
behavior, i.e., a decrease in pore pressure with increasing shear strain (Figure 7b). This unit contains up to 19%
sand and up to 50% silt, and is somewhat denser than the sediments above and below. Its undrained shear
strength is considerably higher than in the adjacent units. The direct simple shear test at 12.4m (just above
the lowermost plumite interval) shows a continuous increase in pore pressure with increasing strain and
shear strength falling in the range typical for marine clays (Figures 7c and 7d).

In summary, the geotechnical analyses yield mainly normal values except for the sediments between 9.44
and 12.77 m bsf. Both plumite intervals and the glacigenic debris flow deposit are geotechnically stronger
(Figures 4 and 7), whereas the contouritic sediments with glacimarine influence in between (11.02–12.54)
have comparatively high sensitivity values indicating a “weaker” interval.
4.2.3.4. Consolidation
Relatively high shear strength values within facies 2 and 3 fall outside the trends in shear strength ratio for
normally consolidated clays (su/σ′v0= 0.2–0.3 and Figure 4). These results suggest that the sediments are
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slightly overconsolidated. Figure 4 shows that themeasured water contents lie in most cases very close to the
liquid limit, an observation which also indicates close to normally consolidated soils.

Data from the odometer tests can be used to estimate the overconsolidation ratios. For these tests, we
largely rely on empirical relationships combining plasticity index, shear strength, and in situ stress [Lunne
et al., 1997, and references therein]. For the sample at 12.95m, the results of this empirical method
correspond well with the Casagrande method [Casagrande, 1936]. The stress history of all four odometer
samples indicate that the maximum past stresses (p′c) acting on these deeper sediments were similar or
slightly larger than the present state of effective stress (σ′v0), with ratios between 1.05 and 1.30. Hence, the

sediments are normally consolidated to slightly overconsolidated (Figure 4). However, the samples were
taken from shallow depths (maximum 12.95 m bsf), and the sample quality observed from the laboratory
tests is relatively poor.
4.2.4. Synthetic Seismogram—Correlation of Lithostratigraphy and Seismostratigraphy
We correlate the core with the seismic data through the synthetic seismogram and the amplitude envelope
attribute. The strongest reflection on the synthetic seismogram arises at a depth of approximately
12.0–12.9m (Figure 8). At these depths, we find the highest P wave velocity and density values of the
lowermost plumite interval in the core (12.54–12.77 m bsf). This depth interval matches the high-amplitude
discontinuous reflection on the subbottom profiler data (Figure 9) considered to be the basal glide plane
of the slab.

a b

c d

Figure 7. (a) The normalized shear stress values as a function of axial strain from the triaxial shear test. (b) The normalized pore
pressure response values as a function of axial strain from the triaxial shear test. Note that the sample from 12.7m behaves
different compared to the other test results, as it dilates. (c) The normalized shear stress values as a function of shear strain
from the direct simple shear tests. (d) The normalized pore pressure response as a function of shear strain from the direct
simple shear tests. The different colors mark different sample depths at which the respective tests were conducted.
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Figure 9. (a) The envelope of the synthetic seismogram plotted within the subbottom profiler data; (b) correlation of the
synthetic seismogram with core GS10-163-3PC.

Figure 8. The P wave velocity (first column) and bulk density (second column) measured (MSCL) on core GS10-163-3PC.
The reflectivity function (third column) is derived from the first and second columns. Finally, the synthetic seismogram
(fourth column), with the amplitude envelope in grey is obtained using a 5 kHz Ricker wavelet (not shown) convolved with
the reflectivity function (third column).
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4.3. Slope Stability Assessment

As indicated above, we used the sedimentological and geotechnical data as input into three landslide
evolution models in order to assess the present-day slope stability and to check if it is numerically possible to
back calculate the observed mass movement from our data (Table 3). In addition, the models will also shed
light on possible triggering mechanisms and dynamic processes that have played a role in the mass
movements in this study.

The parameters used in the models were taken or derived from the geotechnical test results and are
summarized in Table 3.
4.3.1. Infinite Slope Model
The geophysical data indicate that the smaller-scale instabilities involve a relatively thin translational
sediment slab. The height-to-length ratio therefore approximates an infinite slope, and thus, the infinite slope
model can be used to evaluate the FoS and shed light on whether or not external triggers are needed to
explain the failure. Using the geotechnical soil data and geophysical data as input (Table 3), we obtain FoS
values around 4, i.e., well above 1, which implies that, under present conditions, the slope is stable. When
using the remolded shear strength, assuming that movement started by an external trigger, the FoS
approaches 1, i.e., it brings the slope close to failure conditions.

These results indicate that an external trigger is necessary to set off the landslides, as the shear strength in the
failure plane needs to be degraded to remolded conditions. This simple model does not explain why
disintegration may occur or how far the debris may run out, and it is therefore of limited use for
hazard assessment.
4.3.2. BING Model
We used the BINGmodel to investigate the debris flows with respect to the topography and geometry and to
obtain critical properties, like the frontal flow velocities [e.g.,De Blasio et al., 2003, 2005; Issler et al., 2003, 2005;
Locat et al., 2004]. The drape used in the BING model represents the slab of sediments from which the core
was taken, upslope of the larger landslide complex (see Figures 2 and 3).

In this study, we use an averaged (remolded) yield strength of 2.2 kPa, calculated from the geotechnical
measurements at 12 m bsf (Figure 4 and Table 3), within the “weaker” interval characterized by higher
sensitivity values (11.2–12.54m bsf). Figures 10a and 10b show the frontal velocity of themovingmass versus
the distance traveled, as well as the displacement of the seafloor for each time interval. The topographic
profile used in the model is extracted from the swath bathymetry data. It crosses the core location from
upslope the escarpments down to the slide scar immediately downslope (Figures 2 (A-A′) and 10c). For the
other parameters used, we refer to Table 3. The sediment drape was 2.5 km long and is situated between 0
and 2500m (Figure 10c). In this simulation, we use the remolded shear strength, thus implying an external
triggering of the failure.

Table 3. Input Parameters for the Modeling

Parameters Infinite Slope Model BING Model Retrogressive Slide Model

Submerged unit weight γ′ (kN/m3) 7.5 7.5
Depth z (m) 12 12 12
Slope angle α (°) 3 2.5 3
Shear strength su (kPa) 15.7
Remolded shear strength at the base su,rem (kPa) 4.8 4.8 4.8
Depth-averaged yield strength
τy (kPa) 2.2
Bulk density, ρ (kg/m3) 1783
Herschel-Bulkley exponent n 0.12
Reference strain rate γr 29.3
Length of deposit (km) 2.5
Height reduction Δh (m) 6
Frontal wedge angle β (deg) 38
Normalized shear strength αc 0.325
Sensitivity St slide mass 4
Sensitivity St slide base 6
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The frontal velocity (Figure 10a) is characterized by two similar cycles of a rapid increase, followed by a more
gradual decrease. Frontal velocity peaks at about 16m/s within the first cycle (Figure 10a). The first increase
in velocity is because the mass in the lowermost part of the drape fails over the slide scar in the depth
profile (Figure 10c). When this mass reaches the slope beyond the slide scar, it slows down to 0.5–1m/s at
approximately 3050m. The second cycle starts when the mass above the slide scar also starts to move
because of undercutting. It then also pushes the first mass farther downslope. The displacement curves
(Figure 10b) show the same pattern.

These results show that it is possible to model the mass movements in this study using the BING model and
obtain some dynamic properties like the frontal velocities, slide mechanism, and sediment displacement. We
realize that the runout distance and velocities calculated are strongly dependent on the input parameters.
This is typical for processes changing from stable to unstable conditions and with uncertainty in the
parameters (mainly averaged yield strength and viscosity), and how they are transformed during the
distortion/remolding process of a slide event.
4.3.3. The Retrogressive Slide Model
The retrogressive slide model was used to model the retrogressive sliding and observed deposition within
the Ormen Lange area [Kvalstad et al., 2005]. Even though the mass movements within our study area are
smaller, the geophysical data suggest that the same processes are applicable, particularly considering the
presence of a distinct slide scar immediately downslope as well as slide blocks and slabs with different

Figure 10. Results obtained from the BING model [Imran et al., 2001]. (a) The frontal velocity versus distance in meters. (b)
The colored lines show the displacement of the seafloor for each of the time intervals. The sediment drape is 2.5 km long
(between 0 and 2500 on the x axis). (c) The bedfile (topographic profile) employed, the profile crosses the location of core
GS10-163-3PC (see Figure 2 for location).

Journal of Geophysical Research: Earth Surface 10.1002/2013JF003068

BAETEN ET AL. ©2014. American Geophysical Union. All Rights Reserved. 2351



degrees of deformation (Figure 2). This initial
larger-scale failure at the toe of the smaller-scale
instabilities (part of the landslide complex in
Figure 2) is essential for the retrogressive
slide model.

The input parameters for the retrogressivemodels
are primarily geometry, intact, and remolded
normalized shear strength and in situ pore
pressure conditions (see also Table 3). The
geometry is controlled by the stratification and
inclination of the basal slip plane and the
assumed geometry of the failure model [Kvalstad
et al., 2005]. In our simulations, we ignored excess
pore pressure, as the modest sediment
accumulation rates do not give reason to believe
that excess pore pressure was generated. In this
simulation, remolded shear strength was used,
implying an external triggering of the failure.

The retrogressive model predicts a runout of 4.5 km (Figure 11). The retrogressive back stepping from the
starting point is also 4.5 km long because the thickness of the debris is set to half the intact thickness. These
results fit reasonably well with the observations (Figure 3).

Applying sediment strength parameters from GS10-163-3PC therefore demonstrates that retrogressive
failure of the slide masses is a possible and likely slide mechanism for failure along the glide plane, if themass
movement is initiated by an external trigger.

5. Discussion

We first address the depositional environment of the cored interval before turning to the processes of failure
of these deposits including the depth and origin of the “weaker sediments” and the basal glide plane. Finally,
we discuss the preconditioning factors and triggering mechanisms of the event including the role of the
weaker sediments.

5.1. Late Weichselian-Holocene Depositional Environment

Based on the lithology and chronology of the cored sediments, the late Weichselian-Holocene
paleoenvironment is divided into four phases:

41.4–25.7 cal years ka B.P. The sediments (facies 1a and 1b) were likely deposited in an glaciomarine
environment influenced by ocean currents. The clasts were ice rafted by sea ice and/or icebergs from an
ice sheet at the coast (Figures 4 and 12a) that later advanced onto the shelf. The onset of the late Weichselian
glaciation in the Vestfjorden area started after 35 cal years ka B.P. [Andersen, 1975; Lauritzen, 1991; Olsen et al.,
2001], with the Fennoscandian Ice Sheet reaching the shelf break at circa 26 cal years ka B.P. (22.000 14C years
B.P.) [Baumann, et al., 1995; Dahlgren and Vorren, 2003].

25.7–21.9 cal years ka B.P. The sediments consist of plumites (facies 2), glacigenic debris flows (facies 3), and
contouritic sediments (facies 4a). The Fennoscandian Ice Sheet probably extended to the shelf break during
most of this period (Figure 12b).

According to Vorren et al. [2013] a period with warmer climate occurred around 23.5 cal years ka B.P. on
the nearby Andøya. Improved climate conditions may have resulted in ice sheet oscillations on the
Lofoten-Vesterålen continental margin. It is likely that these plumites are formed by meltwater plumes
caused by oscillations of the ice front. The timing of the plumites also correlates well with laminated
sediments and enhanced ice-rafted debris (IRD) fluxes indicating instability of the Fennoscandian ice sheet
reaching a maximum between circa 25 and 24 cal years ka B.P. in nearby core MD99-2294 (Figure 1) [Rørvik
et al., 2010].
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Figure 11. Results obtained from the retrogressive slide
model [Kvalstad et al., 2005] showing the slide velocity and
kinetic energy versus the frontal runout distance.
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The timing of deposition of the plumites in the study area is different to the deposition of other plumites
found on the Norwegian-Barents Sea margin by Lekens et al. [2005] and Lucchi et al. [2013]. The latter were
deposited during the early deglaciation by major meltwater release during ice stream retreat [Lekens et al.,
2005; Lucchi et al., 2013], while offshore Lofoten they were deposited during the Last Glacial Maximum.
Plumites deposited during the LGM have also been reported from the Trinity trough mouth fan
(Newfoundland) by Tripsanas and Piper [2008].

21.9–18.3 cal years ka B.P. The sediments (facies 1a, 4a, and 4b) were deposited in a glaciomarine environment
mainly controlled by ocean currents, with the clasts being ice-rafted debris. The Fennoscandian Ice Sheet
was probably oscillating toward the shelf break several times during this period (Figure 12c) [Rørvik et al.,
2010; Vorren et al., 2013]. Sediment accumulation rates increase from 250 cm/ka to almost 400 cm/ka at
the end of this period (Figure 4). These values are somewhat higher compared to the late Weichselian
sedimentation rates of 190 cm/ka calculated from nearby core MD99-2294 (Figure 1) [Laberg and Vorren,

a

b

c

d

Figure 12. Conceptual model summarizing the sedimentary processes and paleoenvironment of the studied interval on
the continental slope offshore northern Norway. (a) Between 41.4 and 25.7 cal years kyr B.P. mainly glaciomarine sedi-
mentation occurred. (b) From 25.7 to 21.9 cal years kyr B.P., plumites, glacigenic debris flows, and contouritic sediment were
deposited. (c) Between 21.9 and 18.3 cal years kyr B.P., the study area was dominated by the deposition of contouritic
sediments. (d) Between 18.3 cal years kyr B.P. and the present, mainly glaciomarine tomarine deposition occurred, together
with mass movement in different phases. The circled cross indicates the direction and the strength of the contour current.
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2004]. This increase in sediment accumulation rate is most likely caused by increased deposition by bottom
currents and input of material toward the end of the LGM.

The sediment accumulations rates dropped to (20 cm/ka) around 18.3 cal years ka B.P., and the sediments
changed from being laminated (facies 4b) to finer-grained, massive, more homogenous sediments with more
IRD (facies 1a and b; Figure 4). This change may represent the onset of the final deglaciation in the study
area and correlates well with results from other studies. It indicates that the final retreat of the Fennoscandian
Ice sheet from the shelf break started between circa 19 and 17.5 cal years ka B.P. [Lehman et al., 1991;
Dahlgren and Vorren, 2003; Hjelstuen et al., 2004; Vorren et al., 2013].

18.3 cal years ka B.P. to the present. The sediments were deposited in a glaciomarine to marine environment
influenced by ocean currents with the clasts being ice rafted by icebergs and/or sea ice during the degla-
ciation of the Fennoscandian ice sheet and during the Holocene (Figure 12d). Sediment accumulation rates
were low during this interval (12 cm/ka) and are comparable to rates of 9 cm/ka during the Holocene in
nearby core MD99-2294 [Laberg and Vorren, 2004]. The reduced sedimentation rates and coarser sediments
probably indicate that currents were strong during the last part of the deglaciation as well as in the Holocene
and that sediment input was low. The uppermost 30 cm of the core has a different color compared to the
sediments below (Figure 4). The change in color is interpreted to take place at the late Weichselian/Holocene
boundary, caused by the warmer climatic conditions and the full intrusion of the Norwegian Current at
this time [Vorren et al., 1984; Thomsen and Vorren, 1986; Hald and Aspeli, 1997], which most likely caused a
change in the biologic productivity within the water masses.

The study area is greatly influenced by the deposition of contourite drifts. The sediments within core
GS10-163-3PC show, however, that the depositional environment was more complex than revealed from
acoustic data showing a dominantly acoustically laminated signature. Besides contourite drift sediments,
glacigenic input from meltwater plumes and debris flows played an important role.

5.2. Processes of Failure and Localization of the Glide Plane

The geomorphology of the area and the shallowmass movement in particular suggests that the failure of the
late Weichselian-Holocene deposits started out as a translational slides (Figures 3a and 3b). The mass
movement then evolved through spreading of the slab above a glide plane bounded by well-defined lateral
shear margins. During downslope displacement, disintegration took place but was highly variable, as
evidenced from the side-scan sonar data which shows that in some cases, the slab seemed to have moved
without much deformation, whereas a neighboring slab may have been nearly completely disintegrated
(Figure 3) [Baeten et al., 2013]. This observation may indicate that, whereas similar preconditioning factors
apply, the relative strength of the subsurface and overburden control the deformation processes.

In this study, we investigated the movement of this slab in more detail, also in relationship with the landslide
complex farther downslope. The variations in the seismic signature on the subbottom profiler data within the
blocks clearly reveal varying degrees of deformation in adjacent slabs, related to the different phases in
the failure process (Figure 3c). Within the sediments affected by the initial stage of the instability (zone 1), the
original acoustic lamination remains virtually intact, and the slab has moved over short distances through
deformation within and around the glide plane at the base of the slab. The fact that we do not see
deformation within the overlying sediments confirms the hypothesis of slab movement. In zone 2, the
sediments within the slab are more disturbed, and within zone 3 a chaotic seismic signature indicates
significant deformation and loss of the original stratigraphy, due to either the disintegration of the slab into
smaller blocks or partial remolding of the sediments (Figure 3c).

The core was taken within zone 1 (Figure 3), penetrating the slab, as well as the high-amplitude
semicontinuous reflection at its base at about ~12.5 m bsf (Figure 3c) that was correlated to the lowermost of
the plumite intervals (12.54–12.77 m bsf) (Figures 4, 8, and 9). This plumite has a relatively high wet-bulk
density, low water content, high shear strength values, and low plasticity index values. One sample in the
upper part of the interval has a higher sensitivity (approximately 8), which does not match the soil
characteristics of this particular unit (Figure 4). The triaxial shear test (Figures 7a and 7b) from 12.7 m bsf
shows dilative behavior with pore pressure decrease with increasing shear strain and high undrained shear
strength. These results make it unlikely that movement started within this interval.
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The high-resolution X-radiograph (Figure 6) shows some deformation within the laminated interval, and
deformed zones above and below it. This deformation could be related to shear due to movement of the
overlying sediment block. This interpretation is supported by the fact that laminations are still visible
(Figure 6). Thus, deformation did not take place within the laminated interval, but most likely above it.

Sensitivity values of the contouritic sediments above the plumite interval (11.02–12.54 m bsf) are relatively
high (up to 5.5; Figure 4), especially compared to the relatively low values (1.6–4.6) of the overlying plumite
(10.88–11.02 m bsf) and the glacigenic debris flow deposit (9.44–10.61 m bsf). Typical sensitivity values
for marine clays are around 3 to 5 [Kvalstad et al., 2005]. This contourite unit also has high water contents
(32–56%) compared to the two plumite intervals (24–28%).

We therefore conclude that movement was most likely initiated within the interval with contouritic
sediments between the two plumite intervals (11.02–12.54 m bsf). It stopped on top of the lowermost
plumite interval, moving on top of it and resulting in deformation within and around the interval (Figure 6).
As the synthetic seismogram linked the top of this plumite interval (12.45–12.77m bsf) to the high-amplitude
reflection on the subbottom profiler data, we can hereby confirm its interpretation as the basal glide plane.

5.3. Preconditioning Factors of Failure

The preconditioning factors often depend on regional geology and local site conditions. The conditions
leading to actual failure often form a complex pattern of interacting processes [Vanneste et al., 2006]. Below,
we will discuss a few factors that have influenced the stability of the sediments on the continental slope in
the study area.
5.3.1. Properties of the Contourites and Plumites
The interpretation of our multidisciplinary data set indicates that the critical unit for failure corresponds to
sediments characterized by facies 4, sandwiched between the two plumite intervals (11.02–12.54 m bsf).
As discussed above, this facies is likely the result of deposition under the influence of contour currents
complemented by input from the ice sheet (ice-rafted debris; turbid meltwater runoff ). These sediments
were deposited when the Fennoscandian Ice Sheet reached its maximum extent. The interface between the
32 cm thick plumite interval (12.45–12.77 m bsf), and the contouritic sediments above is interpreted to
have served as the basal glide plane. The plumite interval was deposited during the same period by
meltwater plumes.

Glide planes occur often at the interface between sediments with different grain-size compositions and
physical/geotechnical properties. Within the study area, the plumites have a high density and shear strength,
and a low water content. The combination of the weaker contouritic sediments directly above the stronger
plumites has likely influenced on the formation of the glide plane at the contourite-plumite interface and
promoted the mass movement. The opposite strength relationship occurs for post LGM plumites in other
areas, as a consequence of very high sedimentation rates [Lekens et al., 2005; Lucchi et al., 2013]. Thus, post-
LGM plumites might not have the same effect on the stability of the continental slope.

We speculate that the marked contrast in physical properties at the contourite-plumite interface has also had
an influence on the sediment deformation and glide plane development. If correct, both the physical
properties of the contourites and the contrast to the underlying plumite deposits may have influenced the
slope stability.

In Finneidfjord, L’Heureux et al. [2012] identified a stratified event bed consisting of a thin sand unit
sandwiched between silty clays. The glide plane was interpreted to be at the interface of the sand below and
the silty clay above. On the Vesterålen margin, the slip planes of the mass movements lie within laminated
glacial marine clays, overlying a well-defined seismic horizon [L’Heureux et al., 2013]. These laminated silty
clays have a higher plasticity and water content compared to the surrounding soils (sandy clays), and they
exhibit a modest strain-softening behavior in triaxial tests.

Weak layer formation can result from various processes: sedimentological (e.g., layering), geotechnical (e.g.,
strain softening), and geochemical (e.g., leaching). A compilation of the properties of weak layers observed
in submarine landslide studies [Locat et al., 2014] shows that there is no common element and that there
can be various sediment types and failure processes involving weak layers. However, this study, along with
results from other large mass movements on the Norwegian continental margin, clearly documents the
significance of muddy contourites with respect to submarine slope stability. The weak layer of the
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Trænadjupet Slide contains interstadial hemipelagic and/or contouritic sediments [Laberg et al., 2002].
Also in the Nyk slide, one or more glide planes of the slide are located within the contourite drift and are
parallel to the original acoustic lamination [Lindberg et al., 2004]. In the Storegga slide, the laterally extensive
glide planes lie within the hemipelagic/contouric marine clays characterized by strain-softening behavior
[Bryn et al., 2005].

Contouritic sediments are prone to failure because of their composition (well-sorted muddy or sandy
sediments), high-sedimentation rates (high water content), rapid loading, and often excess pore pressure
development [Laberg and Camerlenghi, 2008]. The properties of contouritic sediments also favor the
development of strain-softening behavior and the potential for progressive failure along extensive, nearly flat
rupture surfaces. This mechanism was proposed to explain the large spread failures observed near the head
of the Storegga Slide [Kvalstad et al., 2005].

This study furthermore illustrates the significance of contourites on submarine slope stability also for smaller-
scale mass movements in areas not affected by rapid loading of glacigenic sediments resulting in the
development of excess pore pressure. Rapid loading of glacigenic sediments is often seen as a prerequisite
for large landslides on high-latitude and passive continental margins [Bryn et al., 2005; Laberg and
Camerlenghi, 2008]. Instead, the prefailure slope morphology including older headwalls and/or escarpments
indicates a long history of sediment failure, which may have influenced the stability of contouritic sediments,
leading to the failure of the uppermost part (~12m) following an external trigger.
5.3.2. Sedimentation Rates and Excess Pore Pressure
Excess pore pressure generation due to high sedimentation during peak glacial has been suggested to be an
important precondition to failure within the large submarine landslides on the Norwegian continental
margin [e.g., Bryn et al., 2005; Kvalstad et al., 2005; Leynaud et al., 2009]. Rapid loading of fine-grained
sediments may well cause underconsolidation as excess pore pressure developing during sedimentation
cannot easily dissipate (depending on the soil’s permeability). The undrained shear strength of the sediments
during the consolidation process depends on the excess pore pressure dissipation [e.g., Leynaud et al., 2009].
In the study area, average sedimentation rates have been relatively low (up to 4m/ka), compared to
sedimentation rates of 65m/ka for the glacigenic sediments within the Trænadjupet area [Laberg et al., 2003].
We therefore do not expect that excess pore pressure was generated nor has played a significant role in the
stability of the continental slope sediments.
5.3.3. Gas and Gas Hydrate Dissociation
Often, shallow gas and hydrate dissociation (e.g., caused by climate-controlled variations in pressure and
temperature conditions) are considered to play a critical role in preconditioning or triggering slope failures. The
presence of gas bubbles affects the compressibility of the soils and may cause pore pressure buildup. Likewise,
hydrate dissociation into gas and water would lead to excess pore pressures [e.g., Mosher et al., 2004; Mienert
et al., 2005; Lee, 2009; Leynaud et al., 2009]. However, neither the geophysical data nor the core samples show
indications of gas or hydrates. We are not aware of publications that report either direct or indirect evidence of
gas hydrates in the immediate vicinity of the landslides studied here. Furthermore, the interpreted retrogressive
landslide development in which multiple slip planes are utilized is at odds with hydrate dissociation as a
preconditioning factor. We therefore consider that gas or hydrates are, based on the currently available
information, unlikely candidates to affect the stability of the continental slope in the study area.

5.4. Triggering Mechanisms

Many submarine landslides require an external trigger. The landslide simulations presented in this study
reveal that the sediment displacements (Figure 3) can be reconstructed for present-day conditions when
using the remolded shear strength. This implies that a progressive spreading of strain softening can develop
in this area when initiated by an external trigger, which will be further discussed below.

Earthquakes are among the most obvious and best known triggering mechanisms for submarine slides [e.g.,
Leynaud et al., 2009]. At high latitudes, earthquakes can result from tectonic movements and glacioisostatic
readjustment during and following the deglaciation of the large ice sheets [e.g., Gudmundsson, 1999; Bryn et al.,
2003; Bungum et al., 2005; Lee, 2009]. Seismic activity offshore Fennoscandinavia was higher following the
isostatic rebound from 10 ka to the present [Bungum et al., 2005] and was inferred to be the most likely
triggering mechanism for both the Storegga Slide [Kvalstad et al., 2005] and the Trænadjupet Slide [Laberg and
Vorren, 2000].
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Small-scale submarine mass movements that have affected the Vesterålen margin (north of our study area)
have possibly been triggered by earthquakes following the last glaciation due to isostatic uplift [L’Heureux
et al., 2013]. Results from pseudostatic analyses, dynamic analysis, and postearthquake pore pressure
dissipation show that severe earthquake loading with a very low probability of occurrence or repeated
earthquake activity was necessary for these mass movements to occur [L’Heureux et al., 2013]. A similar
scenario is also favored for the triggering of the mass movements of this study.

One critical observation from the geophysical data is the proximity of a larger landslide complex immediately
downslope of the instabilities described in this study (see Figure 2). Therefore, a causal link between the
smaller-scale instabilities and the larger mass movement complex is likely and was a key argument to
investigate the stability using a retrogressive landslide model. The data suggest that the larger mass
movement complex predates the smaller-scale mass movements (Figures 2 and 3) [Baeten et al., 2013] and
can be seen to undercut the foot of the slope causing a loss of support of the sediments upslope. This, in turn,
may trigger retrogressive movement in response to progressive spreading of strain softening along the slide
base and in the slide mass (Figure 12d).

6. Conclusions

1. Shallow mass movements on the continental slope off northern Norway consist of three zones: in zone 1,
a fracture forms due to initial movement of a mostly undisturbed slab of sediments for a short distance;
in zone 2, the fracture widens several tens of meters and develops into a shallow graben structure
without major disintegration or deformation of the slab; and in zone 3, most of the slab disintegrates into
a number of smaller internally disturbed/deformed slabs and blocks.

2. A 16m long calypso core containing mostly undisturbed massive and laminated, ice-rafted debris-rich
clay penetrated a zone 1 slab.

3. The core penetrated a high-amplitude semicontinuous reflection visible on the subbottom profiler data at
about 12.5m depth, correlated to the interface between a plumite interval and contouritic sediments
above, inferred to have acted as the basal glide plane.

4. This plumite consists of silty clay with silty laminae, has dilative behavior with pore pressure decrease with
increasing shear strain and high undrained shear strength, and was deposited by meltwater plumes
during the LGM.

5. Movement presumably started within contouritic sediments above, consisting of laminated clay depos-
ited during the LGM, when the ice front was situated at the shelf edge.

6. The properties of the contouritic sediments influence the stability of the continental slope also outside areas
of rapid loading of glacigenic sediments, a prerequisite for the large submarine landslides on high-latitude
and passive continental margins. The combination of the weaker contouritic sediments directly above the
stonger plumite is considered to be an important preconditioning factor in the study area.

7. The simulations with the infinite slope model, the BING model, and the retrogressive slope model show
that it is possible to reconstruct the mass movements when using present-day conditions, if the mass
movement is initiated by an external trigger.

8. Whereas it is often difficult to pinpoint the actual triggering mechanism, we believe that the external
trigger for the landslides studied here is either an earthquake, the undercutting at the foot of the slope
and a loss of support of the overlying sediments, or a combination of the two. The undercutting at the foot
of the slope consequently lead to retrogressive movement upslope and progressive spreading of strain
softening along the slide base and in the slide mass.

9. The present-day continental slope is considered stable with a factor of safety of approximately 4.
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