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a b s t r a c t

The development of two Arctic Trough Mouth Fans (TMFs), the Storfjorden and Kveithola TMFs, is
investigated by means of sub-bottom and seismic reflection profiles, multibeam bathymetry and sedi-
ment samples allowing their detailed stratigraphic architecture to be defined. We find that the TMFs
mainly consist of an alternation of rapidly deposited glacigenic debris flows during glacial maxima and a
sequence of well-layered plumites and hemipelagic sediments, which were mainly deposited during the
deglaciation phase of the adjacent glacial trough. We have identified eight units above regional reflector
R1, which indicate that the ice sheet reached the shelf edge within the Storfjorden Trough on at least
three occasions during the last ~200 ka. A shallow subsurface unit of glacigenic debris flows suggests that
the ice sheet had a short re-advance over the northern and central part of Storfjorden after the Last
Glacial Maximum. From stratigraphy, core and literature data, we estimate that ice sheets reached the
shelf edge between 19.5 to 22.5 ka, 61 to 65 ka and 135 to 167 ka. Detailed seismic imaging allows us to
refine the sedimentary model of Arctic TMFs. The main differences to previous models involve gully
formation during not only the deglaciation phase, but also during interglacials by dense shelf water
cascading, and a specific timing for the occurrence of slope failures (i.e., shortly after the deglaciation
phase). High mean sedimentation rates during glacial maxima of up to 18 kg m�2 yr�1 likely allow excess
pore pressure to develop in the water rich plumites and hemipelagic sediments deposited in the previous
deglacial period, particularly where such plumites attain a significant thickness. The position of the
submarine landslides in the stratigraphic record suggest that such excess pore pressure is not enough to
trigger the slope failures and suggests that earthquakes related to isostatic rebound are likely involved in
the final activation.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

During glacial periods, ice streams provide a strong terrigenous
input for the buildup of sedimentary fans located at the mouth of
some cross-shelf glacial troughs. Grounding of ice streams near the
shelf edge during glacial maxima, induces intense glacially-derived
debris flow activity over a few thousand years in Trough Mouth
Fans (TMFs) (Vorren and Laberg, 1997; Taylor et al., 2002; �O Cofaigh
et al., 2013). These Glacigenic Debris Flows (GDFs) are interbedded
with high density melt-water plume sediments (plumites) depos-
ited during deglaciation periods (Hesse et al., 1997; Landvik et al.,
1998; Lucchi et al., 2012). TMFs therefore contain a continuous
record of the interplay between past glacial dynamics and glaci-
marine to marine sedimentary processes.

Glacial troughs are the result of erosion and deposition of till
transported subglacially by the ice sheets towards the shelf edge
(Fiedler and Faleide, 1996). Through deposition of basal tills and
GDF deposits, ice streams induce shelf edge progradation that may
attain a few kilometers (Vorren et al., 1990; Rebesco et al., 2011).
However not all glacially carved cross-shelf troughs develop a TMF
at its mouth. Factors such as distance to the ice sheet interior, size of
the drainage basin, number of ice advances and duration of glaci-
ations play a significant role in the development of such sedi-
mentary bodies (Batchelor et al., 2013). TMFs are particularly well-
developed in the western margin of the Barents Sea (Sættem et al.,
1994; Andersen et al., 1996; Laberg and Vorren,1996a). The onset of
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glacigenic sedimentation, development and major progradation of
these TMFs during the Pleistocene was not, however, synchronous
(Dahlgren et al., 2005). TMFs are characterized by alternating
sedimentation rates (high during glacial maxima, low during in-
terglacials) (Laberg et al., 2010) and contrasting sedimentary de-
posits, both in terms of facies (Lucchi et al., 2013) and physical
properties (Llopart et al., 2014). TMF sedimentation patterns and
TMF architecture are therefore not only important to determine
past ice extent and climate history, but also for understanding, fluid
migration pathways (i.e. high-latitude petroleum systems) and the
geohazard from major submarine slope failures. This study aims to
determine i) the detailed, recent (last ~200 ka) sedimentary ar-
chitecture of the Storfjorden and Kveithola TMFs using an extensive
and high resolution dataset, ii) provide a better insight into the
cycle of sedimentary processes that shape the morphology of TMFs
as a tridimensional feature and iii) improve understanding of the
relationship between alternating glacigenic to marine sedimenta-
tion and the timing of submarine landslides within the climatic
cycle.

2. Geological setting

The Barents Sea is an epicontinental sea bounded by two passive
continental margins to the north and west. The gradual northward
opening of the Norwegian-Greenland Sea began at the Paleo-
ceneeEocene transition. Upper Paleozoic and Mezosoic rocks
constitute the Svalbard Platform and the basin province between
the Svalbard Platform and the Norwegian coast (Faleide et al.,
1993). The western basin province consists of three main seg-
ments: (1) a southern sheared margin; (2) a central rifted complex
associated with volcanism and (3) a northern initially sheared and
later rifted margin along the Hornsund Fault Zone (HFZ; Fig. 1)
(Talwani and Eldholm, 1977; Eldholm et al., 1984; Faleide et al.,
1993). The basal post-rift sedimentary sequence of Paleogene to
Late Pliocene age is overlain by a 3.5e4 km Plio-Pleistocene
glacially dominated sequence deposited in three phases: (1) an
initial ice growth phase (3.6e2.4 Ma); (2) a transitional growth
phase (~2.4e1.0 Ma) and (3) a large scale glacial intensification
phase (1.0 Ma to present) (Knies et al., 2009).

Major structures that cross the Storfjorden trough include the
Hornsund Fault Zone (HFZ), which together with other tectonic
structures south of Spitsbergen, affects the oceanic basement and
the Plio-Pleistocene sedimentary cover (Faleide et al., 1993, 2008).
These structures were likely active during loading and unloading by
ice stream growth and retreat and are still active today (Pirli et al.,
2013).

Along the western Barents Sea three main seismic units
(GIeGIII) and eight regional seismic reflectors (R7-R1 and R4a)
have been identified (Faleide et al., 1996; Knies et al., 2009). R7
marks the onset of extensive glaciation 2.7e2.3 Ma ago (Faleide
et al., 1996; Butt et al., 2000; Knies et al., 2009), while R4a, dated
at ~1.3 Ma (Raymo et al., 1999), is associated with the full devel-
opment of cross shelf troughs and TMFs (Rebesco et al., 2014). The
shallower GIII sequence above R1 has been described as a succes-
sion of glacial/interglacial periods (Laberg and Vorren, 1996b).
Based on paleomagnetic polarity of the upper GIII sequence Sættem
et al. (1992) suggested a <730 ka age, while the same author using
aminoacids analysis suggested a <440 ka age. From the study of
sedimentation rates in cores from the Isfjorden TMF, Elverhøi et al.
(1995) extrapolated an age of 200 ka for the “Upper Glacial Unit”,
which base could match with R1. Faleide et al. (1996) and Hjelstuen
et al. (1996) suggested an age of 440 Ka while Butt et al. (2000),
Knies et al. (2009) and Rebesco et al. (2014) favor the younger
200 ka age.

During the last 200 kyrs the Late Saalian and Weichselian
glaciations have affected the Barents and Kara Seas. Ice advance in
this area started at 180 ka BP and reached maximum expansion at
155 ka BP (Lambeck et al., 2006). Maximum expansion was fol-
lowed by retreat and readvance during the Saalian, which ended at
135 ka BP over Scandinavia (Spielhagen, 2004; Lambeck et al.,
2006). The Weichselian glaciation comprises three major ice
sheet advances during Marine Isotopic Stages (MIS) 5d (90e80 ka),
4 (60e50 ka) and the Last Glacial Maximum (LGM) (20e15 ka)
(Mangerud et al., 1998; Svendsen et al., 2004). In the Western
Barents Sea, a shift from glacial to interglacial conditions and vice-
versa has been influenced, amongst other factors, by the interaction
of ice sheets with theWest Spitsbergen Current (WSC) and the East
Spitsbergen Current (ESC) (Mangerud and Svendsen, 1992; Siegert
et al., 2001; Rasmussen et al., 2007). Pedrosa et al. (2011) suggest
that the subtle tri-lobulated StorfjordenTMF (lobes labeled I to III in
Fig.1) formed under the influence of an ice streamwith three major
sub-ice streams with different ice-thickness and source area.

At present, a major control on sediment dynamics on the
western Barents Sea is exerted by dense shelf waters produced
from sea ice growth and brine release (Quadfasel et al., 1988;
Schauer and Fahrbach, 1999). The dense shelf waters are driven in
a plume toward the shelf edge, where they cascade into the deep
basin (Quadfasel et al., 1988; Schauer and Fahrbach, 1999). Their
measured velocity in the northern Storfjorden upper slope reaches
the necessary minimum shear velocity to erode sediments
(Sternberg et al., 2001; Akimova et al., 2011) and lose their erosive
capability at about the middle slope where they turn north influ-
enced by the WSC (Wobus et al., 2013).

3. Data and methods

The data used in this article were collected during two coordi-
nated research cruises within the International Polar Year Activity
(IPY) 367: BIO Hesp�erides cruise SVAIS (2007) and R/V OGS-Explora
cruise EGLACOM (2008). Data includes multibeam bathymetry,
shallow sub-bottom profiles and single channel (SCS) and multi-
channel seismic (MCS) reflection data (Fig. 2). The multibeam ba-
thymetry data acquired during the SVAIS cruise were collected
using two hull-mounted multibeam echo sounders: a 12 kHz
Simrad EM-120 in deep water and a 95 kHz Simrad EM-1002S in
shallow water. During the EGLACOM cruise the hull-mounted
12 kHz Reson MB8150 and 100 kHz MB8111 multi-beam echo-
sounders were used for deep and shallow waters respectively. The
total coverage of the multibeam surveys in both cruises is
~15,300 km2. Nearly 9500 km of sub-bottom profiles were acquired
using the hull mounted parametric TOPAS PS 18 (SVAIS cruise) and
a BENTHOS CAP-6600 CHIRP profiler (EGLACOM cruise) with a
sweep range of 0.5e6.0 kHz and 2e7 kHz respectively. These pro-
filer systems provided sub-bottom information for up to 200 ms
twtt (two way travel time) with a vertical resolution on the deca-
metric scale. The SVAIS SCS data were collected using a 210 cubic
inches GI gun and a 10 m ministreamer towed 100 m behind the
ship and recorded at a sampling rate of 0.5 ms. Data processing was
limited to predictive Wiener deconvolution, bandpass filter
(45e550 Hz) and AGC. The EGLACOM MCS data were acquired
using a 160 cubic inches array of 4 sleeve air guns and a 1200 m
digital streamer with 96 channels (spaced 12.5 m), while recording
was performed at a sampling rate of 1 ms. Processing at OGS using
the FOCUS software from Paradigm Geophysical included a t-
squared scaling for spherical divergence correction, Multi-Channel
Shot spiking deconvolution, bandpass filtering following the water
bottom and trace equalization. Five piston cores and four gravity
cores with lengths ranging between 1.01 and 6.42 m were also
collected during the SVAIS and EGLACOM cruises respectively (see
Lucchi et al., 2013).



Fig. 1. Map of the study area with inferred direction of the main ice streams present during the LGM indicated by blue lines (Lucchi et al., 2013). White dots correspond to ODP site
986 (Butt et al., 2000), core JM02-460 (Rasmussen et al., 2007) and core M23385 (Dokken and Hald, 1996). Deep red dashed lines indicate Grounding Zone Systems (GZS), black lines
are the main tectonic structures in the study area (modified from Pirli et al., 2013) and black-white line depicts the trace of the Hornsund Fault Zone (Faleide et al., 1993). White
dashed arrow tentatively marks the cold dense shelf water formed during winters (�Slubowska-Woldengen et al., 2008). Bathymetry from Jakobsson et al. (2012). BS: Bellsund; HFZ:
Hornsund Fault Zone; STPS: Storfjorden Paleo-ice stream; SB: Spitsbergen Banken; KvPS: Kveithola Paleo-ice stream; B: Bjørnøya; WSC: West Spitsbergen Current; ESC: Eastern
Spitsbergen Current. Inset shows location. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Integrated data interpretation of the sub-bottom profiler, MCS
and SCS data was performed using the Kingdom Suite software
provided by IHS. Sub-bottom profiler datawere used to identify the
shallow subsurface structure, while SCS and MCS were used to
identify deeper sedimentary units. Reflector R1, which is the
deepest reflector of interest, was propagated from ODP Site 986
(Forsberg et al., 1999) and correlated along the entire SVAIS and
EGLACOM seismic surveys (see also Rebesco et al., 2013). With the
aid of multibeam bathymetric and seismic data, surface and
shallow sub-surface features that have a seafloor expression were
mapped using GIS tools. Deeper structures were mapped using
both Kingdom Suite and GIS tools. Picked reflectors were gridded
using Kingdom Suite's flex algorithm with a grid spacing of 80 m.
Volume and thickness calculations from the seismic data have

been made using a linear p-wave seismic velocity gradient of
1.48 þ 1.5z km/s, where z is depth in the sedimentary section. This
gradient is consistent with sonic velocity data from ODP Site 986D
(Laberg et al., 1996) and implies that the highest velocities at the
base of the studied section are ~1.75 km/s. Taking a constant value
of 1.5 km/s and a gradient of 1.5 þ 2.13z km/s (the velocity gradient
observed in shallow sediment cores, see Supplementary material),
an error is induced into the calculated mean thicknesses (see
below) of the deeper units of ±11%.

The relationship of void ratio (porosity) to depth is highly non-



Fig. 2. Detailed multibeam bathymetry shaded relief of the study area merged with Jakobsson et al. (2012) bathymetric data showing SVAIS cruise cores, sub-bottom profiler (black
lines) and seismic (green lines) dataset. The lines shown in Fig. 3, Fig. 4, Fig. 5, Fig. 6 and Fig. 8 are highlighted in red; Fig. 7a is marked with dashed white square. (For interpretation
of the references to color in this figure legend, the reader is referred to the web version of this article.)
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linear near the seabed surface. This has major implications for
determining sedimentation rates between dated levels within an
already compacted sequence. Sediment layers may double their
thickness when fully decompacted. In this manuscript we adopt a
slightly modified version of the iterative forward modeling
approach of Tovey and Paul (2001) to objectively compare sedi-
mentation rates between shallow and deeper sedimentary se-
quences. To this end we use consolidation data measured in
plumites and GDF shallow sequences (Table 1), which allow the
compression Index (Cc) and initial void ratio (e0) from the virgin
consolidation line to be determined (see Llopart et al. (2014)). In
this approach, we also account for the fact that the TMFs present
layers of different compression characteristics (plumites and GDFs).
Because of the alternating nature of these two sediment types, a
double iterative process needs to be carried out to determine the
thickness of units with one sediment type or another.

Cores SV-02, SV-04 and SV-05 from the SVAIS cruise have been
used to correlate acoustic facies with sedimentary units. On these
cores, AMS 14C dating analyses were performed at selected strati-
graphic intervals (see Lucchi et al. (2013) for detailed information).
Table 1
Sediment compression characteristics used for decompacting sedimentary units on
the Trough Mouth Fan (Llopart et al., 2014).

Predominant sediment type Cc e0

Plumites (Units A, C, E, G) 0.289 1.919
Glacigenic Debris Flows (Units B, D, F) 0.235 1.519
4. Results

4.1. Shallow seismic stratigraphy

The high-resolution seismic stratigraphy of the Storfjorden and
Kveithola TMFs is dominated by a sharp alternation of acoustically
“laminated” and “transparent” units, although some reflections
might be present within the “transparent” units as explained
further below. The laminated units have relatively continuous high
amplitude reflectors draping pre-existing topography, while the
transparent units have a hummocky internal reflector configura-
tion, a basal erosive surface and an irregular upper boundary (see
also Lucchi et al., 2012). A similar set of acoustic facies has also been
found in other TMFs (Laberg and Vorren, 1995; �O Cofaigh et al.,
2003). Eight seismo-stratigraphic units have been identified
above reflector R1. From top to bottom, we have respectively named
the stratified units A, C, E and G, while the four transparent units
are a, B, D and F (Figs. 3 and 4).

On the shelf, the Storfjorden trough displays a series of stacked
transparent units that are more tabular than the transparent units
on the TMF. A maximum of three transparent units have been
identified on the shelf (TB, TD, TF). No laminated units occur in be-
tween these transparent shelf units. The transparent units on the
shelf are separated by rather irregular to undulated surfaces (Fig. 5).
Changes in slope and limited penetration immediately beyond the
shelf edge complicate accurate correlation of shelf and slope units
along the whole dataset. Such correlation is only possible along
selected SCS/MCS data (Fig. 5).

Scarps of multiple sizes often disrupt both laminated and



Fig. 3. Top interpreted cross-section. Bottom TOPAS sub-bottom profile Line 06 showing shallow subsurface TMF transparent and laminated units (for location see Fig. 2). Units
shown in shades of yellow are interpreted to correspond to Glacial Maxima (GM) periods while units shown in shades of green are interpreted to correspond to Inter-Glacial
Maxima (IGM) periods. Bottom of unit D is not completely imaged in this profile. (For interpretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)

Fig. 4. Top. Interpreted cross-section. Bottom. Airgun seismic reflection and corresponding sub-bottom profile parallel to the shelf edge (for location see Fig. 2) showing gullies and
paleo-gullies cutting into IGM sediments (shades of green) while they are filled by younger GM units (shades of yellow). To the south gullies and paleo-gullies disappear and the
sequence is interrupted by landslide LS-1.1 (red). The base of this landslide is the regional reflector R1 (Faleide et al., 1996). The unit on top of LS-1.1 is the GM unit D. The sub-bottom
profile is displayed at the same horizontal and vertical scale to show matching of acoustic facies between Airgun SCS and TOPAS parametric 3.5 kHz profiles. (For interpretation of
the references to color in this figure legend, the reader is referred to the web version of this article.)
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transparent units, particularly near the southern limit of the
Storfjorden TMF and at the confluence with the Kveithola TMF.
Acoustically transparent (in sub-bottom profiles)/chaotic (in SCS
and MCS data) sedimentary masses occur associated with these
scarps. The chaotic character on seismic reflection data, clearly
stands out from that of the transparentmore regionally widespread
units B, D and F (Fig. 6). Furthermore, the lateral boundaries of
these sedimentary masses are sharply cut into the surrounding
sediments.

The acoustic character of all laminated units is quite similar.
However, we can subdivide unit A into: A1 and A2. A1 corresponds
to the uppermost seismo-stratigraphic unit in the studied interval.
This uppermost unit is characterized by very low-amplitude
reflections to almost transparent character and is the only unit
which can easily be tracked across the slope and shelf. A2 displays a
more parallel laminated character, in a similar way to C, E and G.
Sharply cut incisions are evident on these older laminated units
which are filled in by the overlying transparent units (e.g. incisions
in unit C are filled in by unit B) (Fig. 4). Unit G, which is the thickest
and deepest well-laminated unit, has a 60e110 ms twtt more
reflective upper part while the remainder of the unit has weaker
internal reflections, except for a strong reflector located at about
half its thickness.

Transparent units occur mainly in the upper and middle
continental slope in the northern and central parts of the Storf-
jorden TMF and progressively pinch out 30e50 km west of the



Fig. 5. Top. Interpreted cross-section. Bottom. MCS airgun seismic reflection profile perpendicular to shelf edge (for location see Fig. 2) showing the transition between units on the
shelf and slope. The red to purple lines on the shelf correspond to the base of subglacial deformation tills, which grade laterally into GM debris flows (basal reflectors marked in
shades of yellow) on the slope. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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shelf edge. In these areas, they form a distinct package made of
stacked transparent lenses, while in the southernmost part of the
Storfjorden TMF, these lenses occur rather isolated within the
laminated units and their continuity, particularly for unit B,
Fig. 6. a) Top interpreted cross-section. Bottom TOPAS sub-bottom profile Line 38 (for locati
yellow) and IGM laminated (shades of green) units. Unit B is not present in this area. Su
interpreted cross-section. Bottom TOPAS sub-bottom profile Line 35 (for location see Fig. 2) s
are shown in shades of yellow, IGM units in shades of green and submarine landslides in sha
the reader is referred to the web version of this article.)
might be lost (Fig. 6). Unit a is significantly more discontinuous
than the preceding units and is present only in the upper and
mid slope in the central and northern area of the Storfjorden
TMF.
on see Fig. 2) illustrating an area with homogeneous thickness of both GDFs (shades of
bmarine landslides (red and purple) erode laminated and transparent units. b) Top
howing stacked landslides, erosive boundaries and scars associated to landslides. GDFs
des of red and purple. (For interpretation of the references to color in this figure legend,
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4.2. Sedimentology

Cores collected during the SVAIS cruise have sampled units A
and B, in addition to the more chaotic units associated with the
scarps (for a detailed sedimentological analysis see Lucchi et al.
(2012) and Lucchi et al. (2013)). Subunit A1 consists of heavily
bioturbated and crudely layered mud, and structureless IRD-rich
silt. Subunit A2 is composed of finely laminated mud interbedded
with sandy layers. Red oxidized beds have also been identified near
the base of unit A2. Unit B consists of a water-poor, high shear
strength diamicton. The boundary between units A1 and A2 has
been dated in between 12 and 10 cal ka BP while the boundary
between units A2 and B has been dated at ~20 cal ka BP (Sagnotti
et al., 2011; Lucchi et al., 2012). The transparent/chaotic units that
are associated with slope scarps have also been sampled as low
shear strength, water-rich diamictons, which physical properties
resemble the laminated sediments (~40% water content, shear
strength up to 20 kPa) rather than the diamictons in unit B.

4.3. Surface geomorphology of sub-surface features

A number of surface morphologies on the shelf and slope are
associated with sub-surface features and the sedimentary units
described above, particularly the shallowest sedimentary units. On
multibeam bathymetry data the most conspicuous feature on the
TMF is a network of gullies on the upper slope. Individual gullies are
200e1000 m wide, 10e15 m deep and 5e50 km long and are
mainly located in the north and central part of the Storfjorden TMF.
Downslope, these gullies gradually fade out (no gullies are present
beyond the 1000m isobath) andmost do not cut back into the shelf.
The downslope termination of these gullies often displays lobate
convex-upward sedimentary bodies. Evidence for gully-like fea-
tures is also observed in sub-bottom profiler, SCS and MCS data
(Figs. 3 and 4). The gullies observed on bathymetric data can
completely or partially cut into unit A (A1 and A2), be draped by unit
A1 or be filled by the entire unit A.

Paleo-gullies are wider (2e4 km) and deeper (12e40 m) than
the present-day gullies observed on the bathymetric data. The
paleo-gullies are also preferentially present in the northern and
central part of the Storfjorden TMF and gradually disappear to the
south andwest. They develop at the top of well-stratified units (C, E
and G), which can be completely or partially eroded, but hardly
incise into the units made of stacked transparent lenses (B, D and F)
(Fig. 4). In turn, transparent units B, D and F fill the paleo-gullies.
South of the Kveithola TMF, the drainage network develops from
the shelf break into a dendritic canyon system rather than gullies
(Fig. 2). The termination of these canyons is not imaged in the
available data set.

The confluence between the Storfjorden and Kveithola TMFs is
also the areawhere a series of surface scarps are located (Fig. 6). The
length, width and height of these scarps are highly variable ranging
from1.7 to 40 km, 0.5 to 8 km and 10 to 50m respectively. All scarps
are located in between the shelf edge and the 1600 m isobath, but
within this depth range there is no preferential depth of occurrence
of the observed scarps. The scarps are associated with near-surface
or sub-surface transparent to chaotic lenses of sedimentary de-
posits (transparent acoustic response in TOPAS profiles and chaotic
in SCS and MCS profiles) (Fig. 6). These deposits are classified into
those that have a surface expression (LS) and those that do not have
such an expression (PLS). Twenty-six such bodies (LS and PLS) have
been identified in the study area. In sub-bottom profiler data, most
of the seismically transparent sedimentary bodies associated with
slope scarps are actually composed of clustered transparent lenses.
The majority of these bodies have unit C at the bottom and, in most
cases, they are devoid of sediment at their top (Table 2, Figs. 6 and
7), implying that those are amongst the most recent events in the
sedimentary succession. One of the largest transparent bodies
associated with scarps on the TMF is LS-1. The headscarp of LS-1 is
made of several coalescent scarps with a total height of up to 80 m.
However, typical head/side scarps are 30e40 m high. Several
transparent/chaotic bodies are associated with the coalescent
scarps of LS-1. The larger of these bodies (LS-1.1) has a minimum
area of 1340 km2 and amean thickness of 35m; the total amount of
sediment involved in this sedimentary body is ~47 km3. The three
deposits that have no surface expression (PLS-1, PLS-2 and PLS-3;
see also Rebesco et al. (2012)) (Fig. 8) have a minimum volume of
45 km3, 127 km3 and 18 km3 respectively (Table 2).

On the outer shelf, the surface expression of seismic units and
other sub-surface features on the seafloor is rather scarce. The only
exception is a transparent sedimentary lens on the southern side of
the outer Storfjorden Trough. In plan view, this sedimentary body
displays a drop-like shape (Fig. 7). At their top surface, the various
units that subcrop in the near surface of the shelf display linear to
curved furrows and sets of larger-scale parallel lineations. The latter
typically occur in groups of 5e6 lineations (Fig. 7).

4.4. Seismic units distribution and related thickness

The occurrence and thickness of the “laminated” and “trans-
parent” seismic units is not constant either laterally (along/across
slope) or with depth within the sedimentary sequence (older
units). In particular, the acoustically laminated seismic units drape
the entire slope of the TMF, while the transparent units develop
only on the upper and middle slope, especially in the two north-
ernmost lobes of the Storfjorden TMF (Lobes I and II).

In general, the thickness of the laminated units (A, C, E and G)
increases southwards and with depth in the sedimentary column
(older units). Thickness also decreases downslope showing a more
constant pattern than the transparent units, which have high
lateral thickness variation (Fig. 9). The uppermost laminated unit,
unit A, drapes the entire area imaged by our data set with a mean
thickness of 10 ms twtt although thickness increases both south
and north to the sides of the TMF. Of these 10 ms twtt, 2e4 ms twtt
correspond to subunit A1. Unit A1 can be tracked on both the shelf
and slope through the shelf break. Unit A's maximum thickness of
39 ms twtt is reached in the inter-TMFs area and on the Kveithola
outer shelf where distinct depocenters are found both in the upper
andmiddle slope (Fig. 9a). Unit C has a relatively constant thickness
in the northern and central Storfjorden TMF of 20e30 ms twtt.
Maximum sediment accumulations of up to 64 ms twtt occur in the
southern Storfjorden and northern Kveithola TMFs close to the
shelf edge (Fig. 9c). As is the case with unit A, a few depocenters are
present in this unit. The main depocenter is located in the upper-
middle slope of the inter-TMF area, but secondary depocenters
occur in themiddle slope of the southern TMF. Units E and G are not
sufficiently imaged, but available data suggest that unit E is similar
in thickness to unit C and that unit G is the thickest laminated unit
above R1 in the TMFs with a mean thickness of 90 ms twtt (Fig. 4).

The transparent units (B, D and F) display highly variable
thickness. They form relatively continuous layers in the upper and
middle northern and central Storfjorden TMF. They however occur
in isolated lenses or even disappear, particularly unit B, in the
southern part of the Storfjorden TMF and at the confluencewith the
Kveithola TMF (Fig. 6). These units also decrease in thickness
downslope and they pinch out 30e50 km away from the shelf edge.
Unit B is the transparent unit which thickness is better constrained
due to penetration issues. It has a spatial distribution displaying the
opposite pattern to that of the above and below laminated units, A
and C (Fig. 9b). The maximum thickness is around 89 ms twtt close
to the central part of the Storfjorden TMF and almost disappears to



Table 2
Landslides characteristics. Themean thickness is calculated from the height of the scar above and below the sea floor. The volume corresponds to the area and height where the
scars have been identified *: feature not completely imaged. ?: not visible.

Bottom unit Top unit Area (km2) Mean thickness (m) Volume (km3)

LS-1.1 pre-R1 D 1338.4 35.0 46.84*
LS-1.2 B e 11.0 15.6 0.17
LS-2.1 C e 95.2 26.0 2.48*
LS-2.2 C e 35.5 30.0 1.06
LS-2.3 B e 12.7 25.0 0.32
LS-2.4 C A 8.9 20.2 0.18
LS-3.1 C e 12.7 21.0 0.27
LS-3.2 C e 3.7 21.0 0.08
LS-4.1 C e 13.0 23.0 0.30
LS-4.2 C e 5.2 26.0 0.14
LS-4.3 A e 2.6 12.0 0.03
LS-5.1 C A 86.0 46.0 3.96
LS-5.2 C A 4.8 11.2 0.05
LS-5.3 A e 0.8 9.7 0.01
LS-6 A e 3.8 8.2 0.03
LS-7 C e 6.7 32.2 0.22
LS-8.1 C e 2.9 16.4 0.05
LS-8.2 C e 4.9 17.2 0.08
LS-9 C e 67.3 11.2 0.75
LS-10 C e 36.2 12.7 0.46
LS-11.1 ? e 119.9 17.2 2.06
LS-11.2 ? e 52.9 21.0 1.11
LS-Kv C A 459.1 8.0 3.67*
PLS-1 pre-R4 post-R3 647.7 70.0 45.34*
PLS-2 pre-R1 E 709.0 180.0 127.62*
PLS-3 pre-R2 R2 240.0 75.0 18.0
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the south of the TMF. Close to the shelf edge, a few seismic lines
show evidence that the slope transparent units grade into the shelf
transparent units (TB, TD, TF), where their thickness varies between
3 and 120 ms twtt (Fig. 5).
Fig. 7. a) Shaded relief imagewith landslides and recent gullies identified on the continental
draping unit/reflector of the landslides. Some of the landslides are complex with multiple sta
Gully color identifies the gully relationshipwith unit A: blue is gully fullyfilledwith unit A; pin
dashed line marks a morainal body. White dashed squares marks the two close-up views in
bathymetric artifacts induced by slope parallel ship tracks. b): shaded relief bathymetry showi
TMFs, and plough marks on the shelf. (For interpretation of the references to color in this fig
There are few areas where unit D has been fully imaged, and
therefore the isochore map does not show clear thickness trends.
However, we find a more constant thickness across the study area
with a mean value of ~25ms twtt andmaximumvalues up to 40ms
slope of the Storfjorden and Kveithola TMFs. The color-coding of landslides identifies the
ges involved in the same event. For detailed characteristics of each landslide see Table 2.
k-red is gullywith partial accumulation of unit A2; green is gully devoid of sediments. Red
b). STMF: Storfjorden Trough Mouth Fan; KvTMF: Kveithola Trough Mouth Fan. Note

ng close-ups of slide scarps at the confluence area between the Storfjorden and Kveithola
ure legend, the reader is referred to the web version of this article.)



Fig. 8. Top. Interpreted cross-section showing landslides PLS-1, PLS-2, PLS-3 and LS-2.1. Bottom. Airgun seismic reflection profile (for location see Fig. 2). Regional reflectors R1 to R4
are highlighted (after Rebesco et al. (2012)). Dashed lines tentatively show the position of reflectors prior to the occurrence of landslides PLS-2 and PLS-3.
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twtt in the upper central fan area (Figs. 4 and 6). Imaging of unit F in
SCS and MCS data is not complete enough to produce isochore
maps, however available data suggest that above R1 the three
transparent units identified display an increasing thickness with
depth, being the uppermost unit (unit B) thinner.

The isochore map between the regional reflector R1 and the sea
floor (Fig. 9d) computed from the interpretation of SCS and MCS
data shows that the main depocenter is located in the upper/
middle slope and, particularly, close to the shelf edge. The mean
values in this area are 220 ms twtt, while maximum values of
340 ms twtt occur in the central part of the Storfjorden and Kvei-
thola TMFs close to the shelf break. The thickness of the TMF above
R1 quickly decreases towards the north and west displaying a
pattern similar to the transparent units, which likely seem to
control overall thickness above R1.
5. Discussion

5.1. Interpretation of acoustic facies and seismic units

Using the cores collected in the Storfjorden trough and TMF, the
uppermost seismo-stratigraphic units can be correlated to sedi-
mentary lithofacies. The uppermost subunit A1 is characterized by a
poorly laminated and bioturbated mud in sedimentary cores and it
is interpreted as Holocene interglacial sediments (Lucchi et al.,
2012, 2013). The high-amplitude well laminated A2 subunit is
characterized by finely laminated mud interbedded with sandy
layers and it is interpreted to result from meltwater sediment-
laden plumes induced by lift-off and rapid retreat of the ice sheet
during deglaciation of the margin. Because the acoustic character of
unit A2 is very similar to that of units C, E and G, we interpret those
to be formed under similar environmental conditions and to
correspond also to meltwater plumites. The top of the transparent
unit B has been sampled in core SV-02 and is characterized by
highly consolidated diamicton. Unit B has been interpreted as a
series of amalgamated glacigenic debris flows (GDFs), which were
deposited during glacial maxima (Pedrosa et al., 2011). The GDFs
originated from glacigenic sediments dumped over the shelf edge
as this sediment was being pushed by the ice streams (see also
Laberg and Vorren, 1995). GDFs of unit B have low water content
(~23%) and high shear strength (~40 kPa) compared with the sed-
iments of unit A that have water contents ~45% and shear strengths
ranging between 2 and 12 kPa. The hemipelagic sediments of unit
A1 are found both on the slope and continental shelf, while plu-
mites of unit A2 on the slope gradually pinch out until complete
disappearance close to the shelf edge. Conversely, GDFs on the
slope grade into transparent units on the continental shelf that
have not been sampled in this work. These transparent units on the
shelf have a more tabular character and a distinct morphological
expression with respect to the transparent units of the slope.
Amongst the features associated with these shelf transparent units
are linear to curved furrows and sets of larger-scale parallel linea-
tions (Fig. 7). From these characteristics, we interpret the trans-
parent units on the continental shelf as a series of ice front and
basal deformation tills. On the shelf, we identified three till units
(TB, TD, TF). These tills grade laterally, across the shelf edge, into
units B, D and F respectively (Fig. 5). Erosion during ice stream
readvance over the shelf may partially or completely erode older till
units. An additional Ta unit, much thinner, located just below unit
A1, has been mapped along a few lines on the Storfjorden shelf but
could not be confidently correlated through the shelf edge with
unit a.

Cores SV-04 and SV-05 (Fig. 2) sampled the transparent bodies
on the slope associated with scarps and frequent lateral erosive



Fig. 9. Isochore maps showing the thickness (in ms twtt) of a) unit A, b) unit B, c) unit C and d) total thickness above the R1 regional reflector. Gray mesh depicts area with no
seismic coverage and interpolated values. Grid cell size is 80 m. ST: Storfjorden Trough; KvT: Kveithola Trough. Note that color bars do not have the same scale. (For interpretation of
the references to color in this figure legend, the reader is referred to the web version of this article.)
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boundaries cutting into units A and B. These sediments are dia-
mictons characterized by high water content and relatively low
bulk density when compared to the GDF of unit B. These diamictons
have been identified as debris flows associated with submarine
landslides. They respond to the dynamics of the slope rather than to
processes originating in the continental shelf, as in the case of GDFs.
Most of the landslides are located at the confluence of the Storf-
jorden and Kveithola TMFs and have an acoustically laminated unit
at their base and either are devoid of sediments or have another
laminated unit at their top.

5.2. Glacial dynamics of the Storfjorden paleo-ice stream

The relative high-density of high-resolution seismic reflection
profiles available in the area provides a unique opportunity to
understand the detailed history of sediment delivery from the
Storfjorden and Kveithola paleo-ice streams to the respective TMFs.
Such sediment delivery was highly variable in space and time
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(Fig. 9). Subunit A2, a deglacial unit largely corresponding to
meltwater plumites, displays a thicker sediment package to the
south of the Storfjorden TMF (lobe III; Fig. 6) and on the Kveithola
TMF. On the other hand, unit B corresponding to GDFs deposited
during the Last Glacial Maximum shows thicker sediment accu-
mulations in the north and central part of the Storfjorden TMF. The
isochore map of unit B displays a radial pattern spreading from the
shelf edge, which results from the presence of GDF downslope
elongated lenses. These GDF lenses are comparatively thicker than
the other lenses within the unit in the northern and central TMF or
they occur as isolated lenses within the bounding laminated units
in the southern TMF. Such distribution indicates that individual
sedimentary bodies within the transparent unit originate from the
shelf break and are transported downslope to the mid-slope
(Fig. 9b). Seismic records where previous units can be imaged,
suggest that deglacial and glacial maximum related units display a
similar distribution pattern to units A2 and B respectively. The
thicker GDF units in the northern fan area significantly contributed
to shelf edge progradation from R1 time to present. In lobe I this
progradation is around 6 kmwhile in the southernmost lobe III it is
just 2.2 km. The difference in progradation and better developed
GDF units supports the idea suggested by Pedrosa et al. (2011) that,
to the north, the Strofjorden ice stream had thicker and perhaps
faster ice. Alternatively, the northern sub-ice stream I could have
transported a higher sediment load from drainage of a distal and
larger ice source. Two shallow banks on the outer shelf of lobe I
(60e70m above the surrounding shelf) (Fig. 1) could have provided
an anchoring area for the ice stream in the northern sector favoring
the stabilization of the ice. In turn, lobe III and the Kveithola Trough
could have slower and thinner ice within the ice stream that was
fed from a smaller catchment area in Spitsbergenbanken, therefore
preventing more significant erosion and supply of sediment to the
shelf edge in the form of GDFs.

The thinner “laminated units” in the northern and central lobes
suggest also that the last deglaciation of Storfjorden was relatively
rapid. The outer Storfjorden Trough is devoid of laminated units
such as those found in the TMF, however the Kveithola Trough
hosts a 15 m thick glacimarine sequence inferred to have been
deposited during the last deglaciation (Rebesco et al., 2011;
Bjarnad�ottir et al., 2013). This suggests that there was signifi-
cantly higher sediment availability in the Kveithola system during
the deglaciation, likely because a marine-based ice cap remained
closer to or sitting on the shallow banks surrounding the Kveithola
Trough. Plumites were possibly funneled through the narrow
Kveithola Trough and redistributed along the Kveithola TMF and
may possibly have been drifted to the southern Storfjorden TMF by
the WSC.

Meltwater discharge from underneath an ice sheet grounded at
the shelf edge may have also contributed to gully formation
(Noormets et al., 2009; Pedrosa et al., 2011; Gales et al., 2013;
Lucchi et al., 2013). The fact that some gullies are often draped by
unit A1 (Holocene sediments) and in some instances they even have
some A2 infill (Fig. 4), suggest that they were formed synchronous
with plumite deposition. Preferential occurrence of the gullies in
the northern and central part of the Storfjorden TMF suggests that
the meltwater discharge was more intense and again points to a
faster ice-stream retreat in the northern part of the trough.

5.3. Storfjorden TMF chronostratigraphic framework

Eight units have beenmapped above regional reflector R1. These
units involve the same time interval as units B to G of Sættem et al.
(1992, 1994), units III to VIII of Laberg and Vorren (1996a) in the
Bear Island TMF, and units C to G of Laberg and Vorren (1996b) in
Storfjorden (Fig. 10). They all belong to the megasequence GIII of
Hjelstuen et al. (1996) (Table 3). Nevertheless, there is significant
variability in the ages proposed for the different units largely owing
to the various dating methodologies. Laberg and Vorren (1996b)
used the land record (Mangerud and Svendsen, 1992) as well as
correlation to the oxygen isotope curve of Williams et al. (1988) to
constrain the age of their units E, F and G (Fig. 10). These units
respectively match the Marine Isotopic Stages (MIS) 2, 4 and 6
(Lisiecki and Raymo, 2005; Hao et al., 2012). Mangerud et al. (1998)
also suggested that 4major ice advances occurred over theWestern
Svalbard shelf (Fig. 10). Their glaciations G, E and A respectively
correspond to our glacial units B, D and F.

In this study, we propose an age model for the observed units in
the Storfjorden and Kveithola TMFs that takes into account ages
reported in the area as well as dating of our sediment cores (Laberg
and Vorren, 1996b; Mangerud et al., 1998; Sagnotti et al., 2011;
Lucchi et al., 2013). The basis for our age model are the AMS 14C
dating of the boundary between units A and B on cores SV-02 and
SV-05, representing the transition from the LGM to deglaciation, at
18e20 ka BP. These dates are in agreement with those of Andersen
et al. (1996) and Mangerud et al. (1998) indicating that, the ice
sheet in the Svalbard-Barents Sea retreated from the outer shelf
earlier than 17.7 ka BP. Jessen et al. (2010) and Rasmussen et al.
(2007) also point that the Storfjorden ice stream had retreated at
least 35 km from the shelf edge at 19.2 ka BP. These dates are also in
agreement with the scenario outlined by Bjarnad�ottir et al. (2013)
in the Kveithola Trough, documenting the onset of deglaciation
between 21.5 and 19 cal ka. The Kveithola Trough is much smaller
and slightly shallower than Storfjorden and the ice source, in
Spitsbergenbanken, is also closer to the trough, which resulted in
slightly lower retreat rates than in Stofjorden (Bjarnad�ottir et al.
(2013); Fig. 1). Because the passage from the acoustically trans-
parent unit B to the laminated unit A in SVAIS cores involves the
transition from the LGM to the deglaciation phase, we infer that all
passages from acoustically transparent to laminated units repre-
sent the transition from previous glacial maxima to the deglacia-
tion phases. In this study we combine the 57 d18O worldwide
composite record of Lisiecki and Raymo (2005) and Hao et al.
(2012) with the d18O record from core M23385 (Dokken and
Hald, 1996), located around 135 km off the Storfjorden shelf edge
at 2498mwater depth (Figs.1 and 10), to constrain the ages of units
B, C, D, E, F and G. Since the deglacial and interglacial sediments
inside previous laminated units cannot be properly separated in the
seismic record, we choose to divide the sequence into Glacial
Maximum (GM) and Inter-Glacial Maximum (IGM) periods, the
latter corresponding to the deglaciation/interglacial/onset-of-
glaciation interval, rather than the classical glacial/interglacial pe-
riods. Onset of the last deglacial sedimentation in the Storfjorden
TMF, according to the SVAIS cores, starts 5 kyrs earlier than the
transition fromMIS 2 to 1 Fig.10). For preceding glacial maxima, we
therefore tentatively estimate the onset of deglacial sedimentation
5 kyrs earlier than transition from a “cold” to a “warm”MIS (Fig. 10,
Table 3).

The seismic record indicates the existence of aminor GDFs event
(unit a) within unit A2. Unit a possibly correlates with the defor-
mation till Ta on the northern shelf record (Fig. 5). The existence of
a massive IRD layer within already IRD-rich bioturbated sediments
has been associated with Heinrich layer H1 (16.8 cal ka BP) (Lucchi
et al., 2013). From its stratigraphic position unit a most likely cor-
relates also to Heinrich layer H1, indicating a short-lived re-advance
of ice sheets on the shelf south of Svalbard similar to the one that
occurred in Kveithola between 16 and 15.5 cal ka (Bjarnad�ottir
et al., 2013).

With regards to the onset of glacial maximum sedimentation
(GDFs), we have no absolute ages for the time when ice streams
reached the shelf edge in the Storfjorden and Kveithola Troughs at



Fig. 10. Proposed age model of the different GM (shades of yellow) and IGM (shades of green) units. a) Core SV-02, b) Marine Isotopic Stages (Lisiecki and Raymo, 2005), c) advance
over the shelf of the western Svalbard ice sheets (Mangerud et al., 1998), d) age estimates of glacigenic units based on correlation to the Svalbard land record (Laberg and Vorren,
1996b), e) proposed ages in this study, black line: d18 oxygen isotope curve for a world composite of 57 cores (Lisiecki and Raymo, 2005; Hao et al., 2012), red line d18 oxygen isotope
curve of core M23385 (see Fig. 1), f) seismic stripe from line SVAIS06 of full studied period. (For interpretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)
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the beginning of the Late Weichselian glacial maximum. Recent
studies indicate that the ice sheet reached the shelf break west of
Svalbard at 24 ka BP (Jessen et al., 2010). South of Storfjorden, in
Bjørnøyrenna, ice streams reached the shelf break around 22 ka BP
(Landvik et al.,1998; Svendsen et al., 2004). Available data therefore
suggest that unit B, corresponding to the Weichselian glacial
maximum, was deposited from 22.5 ka BP. Therefore, the ice stream
grounded at the shelf edge ~6 kyrs later than the start date of MIS 2.
Based on this criterion, we estimate the onset of previous GM
sedimentation (GDF) 6 kyrs later than the transition from a “warm”
Table 3
Correlation of seismic stratigraphic units in this work with those of previous studies in t

Western Barents sea Bear Island TMF Storfjorden TMF

Faleide et al. (1996)
Butt et al. (2000)

Sættem et al.
(1992, 1994)

Laberg and
Vorren (1996)

Hjelstuen et al.
(1996)

Labe
Vorr

Unit Age (ka) Unit Age (ka) Unit

G <30

VIII 24e12
F G
E 130e?
D2 <200e130 VI 194e128 F

D1 <330 V 313e258 E
C IV 386e359

R1 <440 ka**, 200 ka# B <440 III 486e430 GIII (440 ka)

**Signifies that the age reported is from Faleide et al. (1996) while the #signifies that the
a Unit a is embedded within A2.
b Minimumemost probableemaximum sedimentation rates respectively computed

function (consistent with the overall velocity gradient for the upper 250 m in ODP Site 98
gradient in the SVAIS piston cores). Minimum and maximum values are only plotted if t

c Highest decompacted sediment rates during Glacial Maxima computed with a p-wa
d Refers to the entire A2eA1 stratigraphic interval.
to a “cold” MIS (Fig. 10). In the case of unit F, onset of GDF sedi-
mentation is made proportionally to the length of the glacial period
(24 kyrs).

According to the aforementioned criteria, we propose that the
GM units D and F are 61e65 ka BP and 135e167 ka BP, respectively
(Table 3). The base of unit G corresponds to reflector R1. The ages
proposed for reflector R1 are 700 ka BP (Vorren et al., 2011), 440 ka
BP (Sættem et al., 1992, 1994; Faleide et al., 1996; Hjelstuen et al.,
1996) and 220 ka BP (Butt et al., 2000; Knies et al., 2009; Rebesco
et al., 2014). Because we find only three GM units above reflector
he western Barents Sea continental margin. See text for further discussion.

rg and
en (1996b)

This work

Age (ka) Unit Age (ka) Mean compacted
sed. rates (m/kyr)b

Mean decompacted
sed. rates (kg m�2 yr�1)b

A1 13e0 0.1
a ~16.8a ~5
A2 19.5e13 0.4 0.6d

20e10 B 22.5e19.5 6.9e6.9e7.0 17.6e17.7e18.1 (46.9)c

C 61e22.5 0.3 0.8
65e55 D 65e61 5.2e5.4e5.6 15.1e15.7e16.3 (35.1)c

E 135e65 0.1 0.3
194e128 F 167e135 0.7e0.7e0.8 2.0e2.1e2.2 (7.4)c

G 220e167 1.3e1.4e1.5 3.1e3.5e3.7

age is from Butt et al. (2000).

with a constant 1.5 km/s velocity, a p-wave velocity increasing with a 1.48 þ 1.5z
6) and a velocity increasing with a 1.5 þ 2.13z function (consistent with the velocity
hey differed by one significant decimal with respect to the mean value.
ve velocity increasing with a 1.48 þ 1.5z function.



J. Llopart et al. / Quaternary Science Reviews 129 (2015) 68e8480
R1 in the Storfjorden TMF area, we favor the 220 ka BP age, in
agreement with Butt et al. (2000), Knies et al. (2009) and Rebesco
et al. (2014).

Based on the proposed age model for GM units, the mean
decompacted sedimentation rates are 2e18 kg m�2 yr�1 during
glacial maxima (Table 3). Where the thickest sediment accumula-
tions occur, the sedimentation rates during GMmay reach values of
47 kg m�2 yr�1 (24 m/kyr for non-decompacted sedimentation
rates). The mean sedimentation rates in between GM are very
similar and one to two orders of magnitude lower than those of
glacial maxima (Table 3). It is possible, as shown by Lucchi et al.
(2013), that most sediment in IGM units accumulated in the short
deglaciation phases. In this regard, the sedimentation pattern
during GM periods is much more punctuated and considering in-
dividual GDF lenses may lead to sporadic but much higher
instantaneous sedimentation rates. It is clear from these data that
the buildup of the Storfjorden TMF, and possibly of all major TMFs,
occurs in short pulses during GM and, to a lesser extent during
deglaciation. The somewhat lower sedimentation rates in the GM
unit F, despite the potentially longer duration of glaciation may be
explained from the dynamic behavior of the ice sheet, which could
possibly be cold-based with less sediment transported subglacially
(Cuffey et al., 2000; Winsborrow et al., 2010). In the case of the IGM
unit G, the high sedimentation rates (3.5 kg m�2 yr�1) compared to
units A, C and E (0.3e0.8 kg m�2 yr�1) may point to an older age of
reflector R1. An age of 440 ka as suggested by Faleide et al. (1996),
Hjelstuen et al. (1996); and Sættem et al. (1992, 1994), would yield
mean sedimentation rates of 0.6 kg m�2 yr�1, similar to the other
IGM units. This would imply however, that 2 GM phases (units D
and C of Laberg and Vorren, 1996b) would have left no record in the
TMF.

5.4. Control of TMF architecture on submarine slope failure and
timing

It is known that high sedimentation rates, particularly in low
permeability sediments, may induce excess pore pressure and
subsequent slope instability (Dimakis et al., 2000; Lee, 2009;
Micallef et al., 2009). This is often recorded as submarine land-
slides on continental margins. Given the high sedimentation rates
that the Storfjorden TMF experienced during glacial maximum
periods, it is highly likely that excess pore pressure could cause the
observed landslides (Fig. 7). However, we find that whenever the
landslides have a younger unit on top, this unit is either an IGM unit
(Fig. 6) or a fully preserved GM unit, suggesting that the landslides
occurred during the deglaciation or subsequent interglacial period
(Fig. 11a). Here we consider that landslides without cover (identi-
fiable on TOPAS profiles) occurred after deposition of the deglaci-
ation unit A2, and sometime during the sedimentation of the
present interglacial unit A1.

Comparing the sedimentation rates of the different units with
the volume and number of submarine landslides (Fig. 11b) shows
that the number of landslides was highest after deposition of unit B,
which also shows the highest sedimentation rates. However, there
is very likely a bias in the number of landslides that can be observed
in the most recent units, as those can be mapped from higher
resolution data. Most (~75%) of the landslides have an IGM unit as
the detachment layer suggesting that loading by GDFs built-up
pore pressure in these water-rich sediments (see also Laberg
et al. (2002) and Bryn et al. (2005) for similar slope failure sce-
narios in formerly glaciated margins). Nevertheless, the largest
landslides occurred after sedimentation of the GM units that
showed lower sedimentation rates. PLS-2, the largest landslide in
the study area (Table 2, Fig. 8) is located below unit E and affected
units F (GM) and G (IGM), the latter being the thickest IGM unit
above reflector R1. Most landslides are located in the inter-TMF area
between Storfjorden and Kveithola where the IGM units are also
thicker. From this, we infer that the volume of the landslides (and
perhaps the number) is not controlled by the sedimentation rates of
the GM units, but rather by the sedimentation rates and overall
accumulation of sediments deposited during the previous IGM
period (Fig. 11c). This leads to several pre-conditioning (pore-
pressure build-up) scenarios depending on multiple combinations
of the deposited thickness of IGM sediments and subsequent
accumulation rates of GDF units during GM. The timing of the
landslides indicates that sedimentation of this “unfavorable” stra-
tigraphy was, however, not enough to trigger the landslides, as we
observe that failure occurred post-deposition of the GDF units.

Numerous faults are present in and nearby the Storfjorden
Trough (Fig. 1). The Hornsund fault zone is a major NW-SE struc-
tural lineament with clear bathymetric expression located 70 km
from the shelf edge (Fig. 1) (Faleide et al., 2008). Other tectonic
structures in southern Svalbard continue offshore with a clear
bathymetric expression. Hampel et al. (2009) modeled fault
response during growth and decay of an ice sheet. Their results
indicate that ice unloading increases the number and magnitude of
earthquakes compared to the loading phase. These periods of
increased seismic activity last a few thousand years until activity
returns to the normal situation. During the maximum seismogenic
phase earthquakes with a moment magnitudeMw ~8 were possible
in the NW Barents Sea. The sequence of events leading to the
observed instabilities would therefore involve: 1) overpressure
build-up in the high water content IGM laminated units during
rapid deposition of thick GDF units, preconditioning the margin to
failure and 2) triggering by earthquakes induced by isostatic
rebound during, or shortly after, the ice retreat. Recurrent, large-
scale, climatically controlled slope failures also exists in the
Bjørnøya and Isfjorden TMFs, south and north of the study area
(Marr et al., 2002; Hjelstuen et al., 2007).

5.5. A cyclic model for TMF evolution

Alternation of GDF units and meltwater plumite units provides
the more manifest evidence for a cyclic pattern in sedimentary
processes during development of TMFs. However, there is a com-
plex series of sedimentary and erosive processes that act at
different periods within a glacial/interglacial cycle to deliver a se-
ries of deposits and to produce several landforms (see also Laberg
and Vorren, 1996a, 1996b; Taylor et al., 2002; �O Cofaigh et al.,
2003; Lucchi et al., 2013). In this study we suggest a four-stage
model for the evolution of Arctic TMFs (Fig. 12), and particularly
for the Storfjorden TMF. The model considers the shape and loca-
tion of the surface and subsurface erosive and depositional features
in a spatial frame in combination with the sedimentary record. The
location of canyons, gullies, submarine landslides and the GDFs
lenses, or even the location within the TMF of all these features
contribute to this understanding. These stages are:

a) Interglacial stage: During the present (and previous in-
terglacials) hemipelagic and contour-current influenced
sedimentation predominate (Fig. 12a). Based on their strati-
graphic position in our seismic records, gully formation in
the Storfjorden and Kveithola TMFs cannot be ascribed to
only one process or one particular stage. They form by
interplay of various processes that act at different stages of
TMF evolution. The process and timing of gully formation
both in the Arctic and Antarctic have been long discussed
(Vorren et al., 1989; Laberg and Vorren, 1995, 1996b;
Noormets et al., 2009; Pedrosa et al., 2011; Gales et al.,
2013; Lucchi et al., 2013). Because these gullies are most



Fig. 11. a) Inferred landslide ages (black line) and age of sedimentary section removed
by each landslide (red). b) Mean decompacted sedimentation rates of the different
units versus volume and number of landslides for each period. c) Mean thickness of
Inter-Glacial Maximum units deposited in the previous interglacial versus landslide
unit volume (i.e., landslides that occurred during deposition of unit A are plotted with
respect to the thickness of the previous IGM unit, which is unit C). Thicknesses have
been calculated using a depth variable sound speed according to the relationship
vp ¼ 1.48 þ 1.5z km/s. Note that only landslides above reflector R1 are included. (For
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often draped by unit A1 (Fig. 4), we mainly ascribe them to
stage c). However, some gullies are completely devoid of
sediment (Fig. 4) implying recent erosion. We hypothesize
that some gullies are maintained by dense shelf water
cascading (Martin and Cavalieri, 1989; Quadfasel et al., 1988;
Schauer and Fahrbach, 1999).

b) Glaciation and Glacial maximum stage: Onset of glaciation is
marked by the advance of the ice streams from inland or the
inner shelf seawards and IRD distribution due to iceberg
calving (Dowdeswell and Elverhøi, 2002). During glacial
maxima, ice sheets reach the shelf edge, and the grounding
zone sediments together with deforming subglacial till from
beneath the ice stream is remobilized as GDFs, due to ice
pushing and slope instability (Laberg and Vorren, 1995,
2000; Dowdeswell et al., 1998; King et al., 1998; �O Cofaigh
et al., 2002; Hillenbrand et al., 2005) (Fig. 12b).

c) Deglaciation stage: Rapid deglaciation induces the deposi-
tion of plumites along the ice-free shelf and slope. These
plumites are the result of subglacial meltwater discharge
during rapid ice sheet retreat (Hesse et al., 1997), although
meltwater plumes may also occur during the entire life-span
of the ice sheet (i.e. �O Cofaigh et al., 2013). According to dates
obtained from the cores in the Storfjorden TMF it is likely,
however, that intense plumite deposition took place during
the early phase of ice sheet retreat (Lucchi et al., 2013). The
rapid decay of the ice sheet was also responsible for the
release of large volumes of ice rafted debris throughout the
shelf and slope (Fig. 12c and d). Plumite deposition during
the deglaciation was accompanied by extensive gully devel-
opment. Most of the gullies identified developed in between
two adjacent GDFs lobes and eroded little into these latter
deposits. Erosion or deposition of plumite deposits by sub-
sequent meltwater high-density underflowswas determined
by the density and velocity of these flows.

d) Slope failure stage: Shortly after deglaciation, unloading of
the shelf from the ice mass causes isostatic rebound and
associated earthquakes. Ground shaking in already over-
pressured plumites triggers abundant submarine landslides
(Fig. 12d). The location and extent of landslides is related to
the thickness of plumite sediments of the previous IGM unit.
The debris flows deposits that these landslides produce are
completely different in terms of genetic mechanisms, phys-
ical properties and timing, than GDFs.

6. Conclusions

Interpretation of an extensive seismic, bathymetric and sedi-
mentological dataset has allowed the detailed, recent (younger
than 220 kyrs) sedimentary architecture of two Arctic TMFs, the
Storfjorden and Kveithola TMFs, to be characterized.

The late Quaternary (<220 ka) TMFs are made of eight units
mostly alternating between glacigenic debris flows (GDF) delivered
by ice streams grounded at the shelf edge during glacial maxima,
and laminated plumite sequences deposited during the early
deglaciation phase. Units of stacked GDFs are mainly present in the
northern and central part of the Storfjorden TMF where they are
thicker and pinch out towards the lower slope. They also grade into
what are probably subglacial deformation tills on the shelf.
Deglacial plumite sedimentation is spatially widespread over the
TMF, but thicker sequences occur at the confluence of the Storf-
jorden and Kveithola TMFs. Plumite and interglacial hemipelagic
interpretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)



Fig. 12. Conceptual model of TMF evolution during a full glacial/interglacial cycle. a: Interglacial stage with hemipelagic sedimentation. During winter, dense shelf water flows due
to sea ice formation and brine release maintain free of sediment some of the upper and middle slope gullies excavated during the deglaciation. b: Glaciation and Glacial Maxima, the
material transported by ice streams is dumped over the shelf edge as debris flows which can erode the underlying sediments. c: Deglaciation: the turbid meltwater plumes leave a
bed of plumites/turbidite sediments covering the shelf and TMF area, while the most energetic flows excavate gullies on the upper slope. The thickness of this unit increases towards
the south. d: Submarine landslides triggered by earthquakes from isostatic rebound induced by ice sheet retreat. (1) hyperpycnical flow; (2) hemipelagic (interglacial) sediments;
(3) gullies; (4) contour currents, (5) subglacial (diamicton) till; (6) debris flows; (7) meltwater plumes; (8) gully erosion and plumites/turbidite sedimentation; (9) iceberg rafting;
(10) earthquake; (11) landslides; (12) glacial trough. In b) to d) sea-ice is not shown for a better visualization of the slope processes.
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sediments may partially fill gullies on the upper slope, but some
gullies are devoid of sediment fill. We interpret that those gullies
form by dense melt-water plumes and, in some instances, may
remain active and maintained by cascading of dense shelf-waters.

We suggest a sedimentary model for Arctic TMFs with four
major stages involving distinct deposits and sedimentary features.
These include a) an interglacial stage dominated by hemipelagic
sedimentation and maintenance of gullies carved during the pre-
vious deglaciation; b) a Glaciation and Glacial Maximum stage
dominated by GDF deposition; c) a deglaciation stage characterized
by the rapid accumulation of meltwater plumites and gully erosion,
and d) a submarine landslide stage. Within the climate cycle, TMFs
mainly record stages b and c, which are likely the shortest periods
within a climate cycle. This indicates that sedimentation in TMFs is
mainly punctuated rather than continuous through time.

Based on dates from sediment cores and correlation to adjacent
areas and previous records, an age model for the identified units is
proposed. The age of the GDFs corresponding to the last shelf edge
glaciation periods is tentatively estimated at 19.5e22.5 ka (unit B),
61e65 ka (unit D) and 135e167 ka (unit F). The number of GDF units
above regional reflector R1 (three) is in agreement with a 220 ka
age for this reflector. Ensuing mean decompacted sedimentation
rates for glacigenic units are 17.7 kg m�2 yr�1 for unit B,
15.7 kg m�2 yr�1 for unit D and 2.2 kg m�2 yr�1 for unit F, one to
two orders of magnitude larger than those of combined degla-
cialeinterglacial sedimentation.
Several submarine landslides have been identified on the sur-
face and sub-subsurface of the TMFs. We find that the majority of
landslides occurred during deglaciation or early in the interglacial
cycles and they are most often rooted in the previous deglacial/
interglacial. From this, we infer that the mechanisms inducing
slope failure involve a combination of factors: overpressure and
earthquakes due to post-glacial isostatic rebound. An “unfavorable”
stratigraphy arises from rapid loading by GDF of the previously
deposited water-rich meltwater plumites, thus resulting in
increased pore pressure development. We find that thickness of
meltwater plumites deposits exerts a major control on the number
and volume of submarine landslides.
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