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The depositional history of the Storfjorden and Kveithola trough-mouth fans (TMFs) in the northwestern Barents
Sea has been investigatedwithin two coordinated Spanish and Italian projects in the framework of the International
Polar Year (IPY) Activity 367, NICE STREAMS. The investigation has been conducted using a multidisciplinary ap-
proach to the study of sediment cores positioned on high-resolution multibeam bathymetry and TOPAS/CHIRP
sub-bottom profiles.
Core correlation and the agemodelwere based on 27AMS 14C samples, rockmagnetic parameters, lithofacies se-
quences, and the presence of marker beds including two oxidized layersmarking the post Last Glacial Maximum
(LGM) inception of deglaciation (OX-2) and the Younger Dryas cold climatic event (OX-1).
Sediment facies analysis allowed the distinction of a number of depositional processes whose onset appears
closely related to ice stream dynamics and oceanographic patterns in response to climate change. The glacigenic
diamictonwith lowwater content, high density, and high shear strength, deposited during glacial maxima, indi-
cates ice streams grounded at the shelf edge. Massive release of IRD occurred at the inception of deglaciation in
response to increased calving rates with possible outer ice streams lift off and collapse. The presence of a several-
meter-thick sequence of interlaminated sediments deposited by subglacial outbursts of turbid meltwater
(plumites) indicates rapid ice streams' melting and retreat. Crudely-layered and heavily-bioturbated sediments
were deposited by contour currents under climatic/environmental conditions favorable to bioproductivity.
The extreme sedimentation rate of 3.4 cm a−1 calculated for the plumites from the upper-slope area indicates a
massive, nearly instantaneous (less than 150 years), terrigenous input corresponding to an outstandingmeltwa-
ter event.Wepropose these interlaminated sediments to represent the high-latitudemarine record ofMeltWater
Pulse 1a (MWP-1a). Different bathymetric and oceanographic conditions controlled locally the mode of glacial
retreat, resulting in different thickness of plumites on the upper continental slope of the Storfjorden and
Kveithola TMFs. It is possible that the southern part of Storfjorden TMF received additional sediments from the
deglaciation of the neighboring Kveithola ice stream.

© 2013 The Authors. Published by Elsevier B.V. Open access under CC BY-NC-ND license. 
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1. Introduction

Trough-mouth fans (TMF) are sedimentary depocenters located at
the mouth of cross-shelf glacial troughs on continental shelves (Vorren
and Laberg, 1997; Taylor et al., 2002). TMFs represent the major sites of
terrigenous sediment accumulation originating from ice streams within
former ice sheets on high-latitude continental margins. Understanding
-ND license. 
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TMF sedimentation is therefore important in order to reconstruct the
recent glacial history of the planet, to understand past ice sheet dynamics
from the marine sedimentary record, and to decipher paleoclimate and
paleoenvironments during key periods, such as glacial maxima and the
transitions to warm interglacial periods (deglaciation).

TMFs are equivalent in size, volume, and sediment mass to deep-sea
fans originating from large river-fed sedimentary systems located on
mid- to low-latitude continental margins.While themechanisms of sed-
iment transfer and deposition of deep-sea fans arewell known, and have
been summarized in detailed sedimentary models driven by turbidity
currents (e.g., Shanmugam, 2000), such comprehensive sedimentary
models still lack for TMFs. The initial conceptualmodel of TMF as a rather
uniform sedimentary system dominated by glacial–interglacial rhythmic
sedimentation (e.g., Alley et al., 1989; Vorren et al., 1989, 1998; Vorren
and Laberg, 1997) is being revised due to the evidences of complexity
of subglacial and pro-glacial environment processes (e.g., Ó Cofaigh
et al., 2003; Laberg et al., 2005; Shaw et al., 2006; Dowdeswell et al.,
2008; Piper et al., 2012).

This study aims to describe the mechanisms of sediment transport
and dispersion on the continental slope of TMFs during the deglaciation
that followed the LGM in response to climate change and glacial
dynamics. The study area is appropriate for this detailed sedimentolog-
ical study because of the relatively small catchment area of the
Storfjorden glacial system, the relatively short residence time of ice in
the ice stream, and the location of the glacial sedimentary system
close to the interaction between Atlantic and Arctic water masses. We
specifically report on the role of subglacial meltwaters in the sedimen-
tary patterns of high-latitude continental slopes facing TMFs as it results
from lateral and temporal variability of the grounding line retreat
during deglaciation.
Fig. 1.Mapof theNorth-western Barents Sea indicating themain ice streams pathways during th
area (red arrows indicatewarm currents; blue arrows cold currents; see text for explanation of c
SF = Storfjorden; KV = Kveithola; TMF = Trough Mouth Fan.
This study derives from an international, multi-disciplinary effort
carried outwithin a combined investigation resulting in two coordinated
cruises: the SVAIS cruise on board the BIO Hespérides (summer 2007)
and the OGS-EGLACOM cruise on board the R/V OGS-Explora (summer
2008). SVAIS and OGS-EGLACOM projects share objectives within the
International Polar Year (IPY) Activity 367 NICE STREAMS (Neogene
Ice Streams and Sedimentary Processes on High-Latitude Continental
Margins).

2. Study area

2.1. Inferred paleo-ice drainage

Previous studies (Ottesen et al., 2006; Andreassen et al., 2008;
Pedrosa et al., 2011) reported that the glacial drainage area that fed the
Storfjorden TMF (Fig. 1) extends to the continental divide of Spitsbergen
and Edgeøya islands (of Svalbard), Hopen Island, Bjørnøya, and the sub-
merged divide along Spitsbergenbanken separating these islands. The
resulting drainage area is approximately 82,500 km2, which is small rel-
atively to the main glacial drainage systems of the Barents and Kara Sea,
such as Byørnøyrenna, Franz Victoria Trough, Svyataya Anna Trough, and
Voronin Trough (Svendsen et al., 2004;Murdmaa et al., 2006). Nothing is
known on past changes in ice flow source and direction as identified in
other paleo-ice streams in the area (Dowdeswell et al., 2010; Sarkar
et al., 2011).

2.2. Water masses

TheWestern Barents Sea and theWest Spitsbergen continentalmar-
gins form the physical boundary of the northward flowing Norwegian
e last glacial stage (white arrows), and the heat conveyor belt pattern in theNorth Atlantic
urrents and fronts names). The black box indicates the study area. BY= Byørnøyrenna;
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Atlantic Current (NwAC) andWest Spitsbergen Current (WSC), derived
from the North Atlantic Current (Slubowska-Woldengen et al., 2008)
(Fig. 1). A branch of the WSC enters the Storfjorden Trough where it
meets the southward flowing East Spitsbergen Current (ESC), forming
two water mass fronts: the Polar Front (PF), to the north, and the Arctic
Front (AF), to the south, both variably located on the continental shelf of
the Storfjorden Trough.

An oceanographic characteristic of the study area is the presence of a
stable polynya forming in Storfjorden s.s. during wintertime with asso-
ciated formation of brine-enriched shelf water (BSW) (Skogseth et al.,
2005). The topographic sill amid the fjord determines the accumulation
of the dense brine in the rimmed fjord basin, and the periodic spillover
towards the outer Storfjorden continental shelf, which represents oneof
the densest water masses in the Barents Sea (Geyer et al., 2009).

Kveithola Trough, located immediately to the south of Storfjorden
Trough (Rebesco et al., 2011), fromwhich it is topographically separated
by Spitsbergenbanken, is also the site of production of continental shelf
dense waters. These waters are a consequence of salt rejection during
Fig. 2.Map of the study areawith inferred direction of themain ice streams present during the L
indicated with red circles. Red segments indicate the location of the sub-bottom profiles assoc
shaded relief bathymetry derives from the merged high-resolution surveys carried out during
Zone Wedge.
sea-ice formationwith generation of temperature-salinity dense plumes
(TS plumes), often enriched in re-suspended sediments that periodically
cascade along the slope (Fohrmann et al., 1998).

2.3. Cenozoic evolution

The Storfjorden TMF (Hjelstuen et al., 1996; Laberg and Vorren,
1996) is underlain by a post-Palaeocene (55 Ma–Present) sedimentary
sequence that locally reaches a thickness of about 8 km. A basal post-rift
terrigenous sedimentary sequence of Palaeocene to Late Pliocene age,
up to 6 km in thickness, is overlaid by up to 3 km of glacially-driven
sequence that has determined the rapid progradation and aggradation
of the TMF. River discharge from an emerged area now partly sub-
merged on the continental shelf controlled the sedimentation of the
pre-Late Pliocene fan, forming a mixed turbidite–contourite system
identified in seismic reflection data (Unit G0 of Hjelstuen et al., 1996).
The gradual onset of the northern hemisphere glaciation and the
progressive expansion of the Barents Sea Ice Sheet on the continental
GM. SVAIS cores (SV-) are indicatedwith red-black circle, while EGLACOMcores (EG-) are
iated to each core site (see Fig. 3). The red box locates the inset of Fig. 4B). The grey-scale
the SVAIS and EGLACOM cruises (modified after Pedrosa et al., 2011). GZW = Grounding

image of Fig.�2
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shelf have determined the shift to the rapid accumulation of
diamicton fromglacially driven debris flows alternatedwith interglacial
glacimarine sedimentation (Laberg and Vorren, 1996). The debris flow
accumulation during glacial maxima was estimated as high as
170 cm ka−1, while the contribution of the interglacial glacimarine
sedimentation to the construction of the margin was considered nearly
negligible (Laberg and Vorren, 1996). The continental shelf within the
Storfjorden Trough is thought to have remained exposed subaereally,
and therefore subject to very intense glacial erosion until about
1.4–0.8 Ma. Approximately 950 m of the total 1100 m of the sediment
cover were eroded and removed from 2.3 to 0.8 Ma (Butt et al., 2002).
2.4. Last glacial depositional architecture

High-resolution bathymetric and shallow seismic reflection records
of Storfjorden TMF show three depositional lobes (Pedrosa et al., 2011).
The two northernmost sedimentary lobes (Lobes I and II) (Fig. 2) are
separated by an outer shelf bank, and are characterized by over 50 m
of glacigenic debris flow deposits accumulated during the Weichselian
glacial maxima (acoustic Unit B) (Fig. 3). On the upper slope, these de-
posits are incised by a dendritic pattern of gullies draped by a thin
(2–3 m thick) interval of de-glacial and Holocene sediments (Unit A)
(Fig. 3). On the modern seafloor, the gullies disappear at mid-slope,
being replaced by a subdued chevron-like morphology inherited by
the LGM glacial debris lobes buried by the uppermost thin sedimentary
drape.
Fig. 3. Sub-bottom profiles indicating the acoustic stratigraphy at the core sites (Fig. 2). Acoustic
MIS-2; and Unit C was associated with the Middle-Weichselian interglacial MIS-3 (see text for
The southernmost Storfjorden Lobe III and the adjacent Kveithola
TMF are characterized by several submarine landslides with headwalls
located on the middle and upper slope, and stacked mass transport de-
posits (MTD) in the middle and lower slope subsurface (Rebesco et al.,
2011, 2012; Lucchi et al., 2012) (Fig. 2). The disruption of the original
depositional surface by gravitational instability of the continental
slope hinders the recognition of the original seafloor morphology in
this part of the margin. One of the major characteristics of the LGM de-
positional architecture of Lobe III is that the glacial debris flow deposits
are either missing or are reduced to laterally discontinuous thin lenses
(Pedrosa et al., 2011) (Fig. 3). Conversely, the interglacial sediments
are composed of thick and laterally continuous acoustically laminated
patterns (Units A1–A2) up to about 15 m thick.

Aside from the TMFs, the so-called inter-TMF areas of the continental
slope display dendritic sediment drainage systems comprising canyons
converging in deep-sea channels, such as the INBIS channel to the
south of the study area (Laberg and Vorren, 2000; Laberg et al., 2010),
which are absent elsewhere on the TMFs.

The lateral changes in sedimentary processes on Storfjorden TMF, at
least from the acoustic record of the last glacial cycle, have been attrib-
uted to the presence of different sub-ice streams in Storfjorden Trough
with different dynamics both during the maximum expansion of the
ice sheet and during the deglaciation (Pedrosa et al., 2011).

Previous studies on the sediment record from South Svalbard and the
middle slope of Storfjorden Lobe I suggest that deposition of glacigenic
debris flows in the area occurred around 23,820 ± 260 cal. a BP, while
the evidence for deglaciation begins at 20,500 ± 500 cal. a BP, with ice
Units A correspond to interglacial MIS-1; Unit B represents Late-Weichselian glacial stage
detail).

image of Fig.�3


Table 1
Core location.

Core
ID

Lat N Lon E Water
depth
(m)

Location Recovery
(m)

N. of
sections

SV-01 74°58.047′ 13°55.550′ 1813 Middle-slope
lobe III

2.78 3

SV-02 75°13.707′ 14°35.960′ 743 Upper-slope
lobe III

6.41 7

SV-03 75°13.352′ 14°37.249′ 761 Upper-slope
lobe III

6.42 7

SV-03tc 75°13.352′ 14°37.249′ 762 Upper-slope
lobe III

1.01 1

SV-04 74°57.425′ 13°53.972′ 1839 Middle-slope
lobe III

3.03 4

SV-05 75°06.703′ 15°13.307′ 713 Upper-slope
lobe III

6.32 7

EG-01 76°06.201′ 13°37.625′ 1069 Gully uppr slope
lobe II

2.20 3

EG-02 75°12.907′ 13°04.587′ 1722 Middle-slope
lobe III

3.05 2

EG-03 75°50.615′ 12°58.353′ 1432 Middle-slope
lobe II

2.91 2

SV= SVAIS; EG = EGLACOM; tc = trigger core.
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rafted debris present in the sediments until ca 10,100 cal. a BP (Jessen
et al., 2010).
3. Materials and methods

This study focuses on nine sediment cores collected from the
Storfjorden and Kveithola continental slopes, and sub-bottom profiles
collected for core positioning and identification of shallow depositional
structures (Table 1; Fig. 3). Details on the bathymetric and shallow
seismic surveys are reported in Pedrosa et al. (2011).
Table 2
Radiocarbon dating.

Sample ID Lab ref. Sample type Description

Upper slope
SV2-5-39/40 OS-77655 Foraminifera Benthic + planktonic
SV3-1-0/1 OS-77656 Foraminifera Benthic + planktonic
SV3-1 -32/33 OS-82683 Mollusc Bivalve
SV3-6-21/30 OS-82684 Forams & Ostracods Benthic + plankt. + ost
SV3-6-52/53 OS-77680 Foraminifera Benthic + planktonic
SV3tc-1-18/19 OS-77681 Foraminifera Mixed planktonic
SV5-4-82/83 OS-82689 Foraminifera Mix plankt. mostly Nps
EG1-1-2.5/3.5 OS-78409 Sediment (Corg) Powdered sediment
EG1-2-23/24 OS-98259 Foraminifera Benthic foraminifera
EG1-2-64/65 OS-78452 Sediment (Corg) Powdered sediment
EG1-3-62/63 OS-78453 Sediment (Corg) Powdered sediment

Middle slope
SV1-2-19/20 O S-77654 Foraminifera Mixed planktonic
SV4-1-0/1 OS-77682 Foraminifera Nps
SV4-2-11/12 OS-77683 Foraminifera Nps
SV4-2-48/49 OS-82685 Foraminifera Mixed planktonic
SV4-2-59/60 OS-77684 Foraminifera Nps
SV4-2-65/66 OS-77685 Foraminifera Nps
SV4-2-85/86 OS-82686 Foraminifera Mixed planktonic
SV4-3-24/27 OS-82687 Foraminifera Bethic + planktonic
SV4-3-77/79 OS-82688 Foraminifera Mixed planktonic
SV4-4-94/95 OS-77686 Foraminifera Nps
EG2-1-30/31 OS-78387 Foraminifera Bethic + planktonic
EG2-1-90/91 OS-78389 Foraminifera Bethic + planktonic
EG2-2-60/61 OS-78383 Forams & Pteropods Benthic + plankt. + pte
EG3-1-90/91 OS-78385 Foraminifera Bethic + planktonic
EG3-2-56/57 OS-78382 Foraminifera Bethic + planktonic
EG3-3-38/39 OS-78324 Foraminifera Bethic + planktonic

Nps = Neogloboquadrina pachiderma sx; OC = Organic Carbon; HY= Hydrolysis.
Sediment cores were analyzed using both automated core-logging
techniques with sampling measurements at 1 cm to 1 mm resolution,
and traditional analytical methods on over 1000 discrete samples.

Core-scanning included: CAT-scan radiographs performed prior to
core opening; high-resolution digital photos, color scan and chemical
composition of the sediments by means of an Avaatech Superslit X-ray
fluorescence core-scan (XRF-core scan) using 10 and 50 kV instrumental
settings; sediments physical properties using a multi-sensor core logger
for wet bulk density and magnetic susceptibility; and paleomagnetic/
rock magnetic parameters performed on u-channels collected along
the central part of the split sections.

Undrained shear strength analyses were performed on the undis-
turbed SVAIS cores every 10 cm using a British fall cone (Leroueil and
Le Bihan, 1996).

Discrete sediment samples were collected at 10–5 cm resolution
and analyzed for sediment physical properties and composition. Sedi-
ment water content was determined by oven-drying the sediments at
105 °C for 24 h. Grain size analyses were performed with a coulter-
counter laser Beckman LS-230 to measure the 0.04–2000 μm fraction
at 0.004 μm resolution. The samples were initially treated with diluted
peroxide and the disaggregated sediments were re-suspended into a
0.1% sodium-hexametaphosphate solution and left for 3 min in ultra-
sonic bath prior to measurement. The results were classified according
to Friedman and Sanders (1978) grain-size scale and were analyzed
with the cluster statistical method.

The sand fraction mineralogy was determined through optical
microscope and Scanning Electron Microscope (SEM) coupled with
Energy Dispersive Spectroscopy (EDAX), while the mud fraction was
investigated through smear-slides (after Rothwell, 1988).

Total and organic carbon (Ctot, Corg) and nitrogen (Ntot) were mea-
sured on the cores SV-02 and SV-04 using a NA-2100 Elemental
Analyser, following the procedure of Nieuwenhuize et al. (1994). Calci-
um carbonate (CaCO3) and organic matter (OM) contents were
calculated following Gordon (1970). The distribution of marine and
Proceas AMS14C Age err. ∂13C Cal. yr BP

HY 15,050 50 −0.24 17,748 ± 139
HY 4860 30 −0.07 5039 ± 87
HY 13,000 45 1.09 14,929 ± 141

rac. HY 13,200 50 −0.85 15,061 ± 146
HY 13,300 50 −0.4 15,156 ± 117
HY 2880 30 −0.34 2543 ± 73
HY 17,350 85 −0.08 20,055 ± 166
OC 4830 35 −22.38 4968 ± 78
HY 12,500 110 −0.81 13,874 ± 121
OC 28,900 190 −24.47 32,792 ± 364
OC 36,700 310 −24.76 41,357 ± 273

HY 7990 45 0.34 8368 ± 47
HY 1100 25 0.44 594 ± 36
HY 4000 30 0.83 3896 ± 56
HY 7110 30 0.5 7519 ± 38
HY 7880 45 0.5 8264 ± 59
HY 8180 35 0.33 8558 ± 58
HY 8690 30 −0.44 9292 ± 70
HY 9790 30 0.64 10,558 ± 33
HY 12,050 40 0.09 13,389 ± 61
HY 21,800 100 −0.07 25,438 ± 241
HY 4570 130 −25 4665 ± 164
HY 9460 180 0 10,235 ± 234

rop. HY 12,100 180 1.41 13,481 ± 181
HY 4910 120 −25 5118 ± 161
HY 8590 130 0.01 9147 ± 167
HY 9740 80 0.73 10,508 ± 87
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continental-derived organic matter was distinguished based on the
Corg/Ntot ratio, according to Meyers (1994).

The clay mineral assemblage was determined through X-ray
diffractograms (XRD) performed with an automated Philips PW1710
powder diffraction system, using CuKα radiation (40 kV, 40 mA), follow-
ing the sample preparation procedures described by Ehrmann et al.
(1992) and Petschick et al. (1996). Each sample was analyzed between
2° and 40°2θ, with a step size of 0.02°2θ, in the air-dry state and after
ethylene glycol solvation. Additionally, a slow scan, between 23° and
25.5°2θ, with a step size of 0.005°2θ, was performed to obtain a better res-
olution of the chlorite (004)–kaolinite (002) twin peaks. Diffractograms
were processed using the MacDiff software (Petschick, University of
Frankfurt, Germany) for semi-quantitative estimate of the main clay
(i.e., smectite, illite, chlorite and kaolinite) mineral abundance using the
weighting factors of Biscay (1965).

Micropaleontological analyses of diatoms, benthic and planktonic
foraminifera, and calcareous nannofossils were performed for palaeo-
environmental reconstructions and for the definition of the age model
in support to the palaeomagnetic stratigraphy and radiocarbon dating.
Fig. 4. A, B, C: Down-core logs of physical and compositional characteristics of the sediments. X
map in B was produced with the Hydrology analysis function of ArcGIS software interpreting
resulting drainage pattern.
Microfossil species identification and classification follow Loeblich and
Tappan (1987), Wollenburg and Mackensen (1998), and Feyling-
Hanssen et al. (1971) for benthic foraminifera; Hemleben et al. (1989)
for planktonic foraminifera; Hine and Weaver (1998), Young (1998),
Sáez et al. (2003), and Backman et al. (2009) for nannofossils; and
Tomas (1997) for diatoms.

Selected rock magnetic parameters (i.e., magnetic susceptibility and
anhysteretic remnant magnetization) were studied for the definition of
the age model following the procedure described in Sagnotti et al.
(2011), in which the radiometric ages from each core were transferred
to a common stratigraphic depth using the basis of core SV-04, the core
with highest number of calibrated 14C ages. The obtained age model
was then refined for the Holocene interval by correlation of the tie-
points to the closest stack curves of paleosecular variation and relative
geomagnetic paleointensity.

Twenty-seven AMS 14C dating analyses were performed at selected
stratigraphic intervals (Table 2). Age calibrations were performed with
Calib 6.0 calibration software program (Stuiver and Reimer, 1993),
using themarine09 calibration curve (Reimer et al., 2009), and applying
RF data are indicated as ratio with the Ti detrital phase. Legend of lithofacies in C. The inset
the DTM in terms of water runoff in fluvial drainage system. The blue lines identify the

image of Fig.�4


Fig. 4 (continued).

315R.G. Lucchi et al. / Global and Planetary Change 111 (2013) 309–326
an average marine regional reservoir effect ΔR = 84 ± 23 obtained
from the Marine Reservoir Correction Database in Calib 6.0 for the
northwestern Barents Sea area (south of Svalbard). The mean values
from the calibrated age range of ±1σwere then normalized to calendar
year (conventionally 1950 AD) and are in the following indicated as cal.
a BP or as cal. ka BP.

4. Results

4.1. Sediment lithofacies and characteristics

Seven lithofacies were distinguished based on sediment visual
description, radiograph facies, sediment physical properties, and
composition.

4.1.1. Stiff-massive diamicton (upper slope)
A stiff, very-dark grey diamicton was recovered at the base of core

SV-02, located on the upper slope area (Fig. 4A). This lithofacies consists
of a structureless/massive deposit containing abundant pebbles and
gravel, randomly distributed in a firm, sticky sandy-mud matrix. The
grain size distribution in the matrix is fairly constant, with 22% sand,
56% silt, and 22% clay proportions. This lithofacies is characterized by
low water content (b20%), high wet bulk density (N2.1 g cm−3), high
shear strength (up to 44 kPa), and very lowMS (b10 SI−5). A comparison
between the measured undrained shear strength and the theoretical
shear strength profile for normally consolidated sediments (Skempton,
1954), suggests strong consolidation of these sediments (Fig. 4A).

The composition of the sediments is fairly constant and consists of
reworked foraminifera, abundant rounded quartz, and organic matter-
rich black carbonate fragments often partially pyritized derived from
subglacial erosion (Late Jurassic–Early Cretaceous Agardhfjellet Forma-
tion) (Sigmond, 1992). Fresh formed framboid crystals of pyrite are also
present. In the down-core log, the presence of this lithofacies determines
a sharp change of all parameters related to physical and compositional
characteristics of the sediments. The lack of internal sedimentary struc-
tures and the fairly consistent texture of the sandymatrix suggest a pro-
cess of transport and deposition “en masse,”with no grain size sorting.
4.1.2. Slumped/reworked sediments (upper and middle slope)
Slumped/reworked sediments identified in the lower part of cores

SV-05 and SV-04 determined sharp textural and compositional change
in the stratigraphic sequence with irregular/sharp boundaries (Fig. 4B,
C). In core SV-04, the presence of reworked sediments determines
also a sharp drop of MS (Fig. 4C). Contrarily to the stiff-massive
diamicton, slumped sediments are characterized by a higher water
content (35% on average) and a lower bulk density (1.7 g cm−3 on
average).



Fig. 4 (continued).
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4.1.3. IRD-rich sediments (upper and middle slope)
This facies is the most common along the entire sequence of both the

upper and middle-slope areas, and is characterized by moderate to high
density sediments, depending on the intensity of bioturbation and
amounts of IRD (Fig. 4A, B, C). Two subfacies were distinguished: a struc-
tureless, coarse-massive subfacies formed by abundant large IRD pebbles,
hereafter indicated as coarse-massive-IRD facies, and a finer-grained
slightly bioturbated subfacies formed by gravel dispersed into a muddy
matrix, hereafter indicated as bioturbated-IRD-rich facies.

The coarse-massive-IRD facies presents some radiographic similari-
ties with the stiff-massive diamicton. However, the sediments are
lighter in color, and are characterized by lower sediment bulk density
(1.8 g cm−3 on average), lower shear strength (20 kPa), higher
water content (30%), and higher MS (15–30 SI−5). The sediments
are almost exclusively terrigenous with abundant quartz, orthoclase,
Ca-plagioclase, and lithic fragments including the organic-rich black
shale fragments. The bioclastic component is very rare and usually
reworked except for a small interval observed above oxidized layer
OX-2 in core SV-02 (Ca peak, Fig. 5).

The bioturbated-IRD-rich facies is characterized by low bulk density
(1.6 g cm−3 on average), very low shear strength (6 kPa), and high
water content (40%). This subfacies ismainly terrigenous although it con-
tains a larger fraction of bioclasts with respect to the coarse-massive-IRD
facies.

4.1.4. Interlaminated sediments (upper and middle slope)
This facies consists of almost barren, non-bioturbated, olive-grey

sediments formed by finely laminated silty-clay sediments interbedded
with centimeter- tomillimeter-thick sand/silt layers (hereafter abbreviat-
ed as laminated mud and sandy layers respectively). The interlaminated
sequence can contain IRD pebbles and cobbles (up to 8 cm across in
core SV-02, Fig. 4A) and layered IRD (Figs. 4A, B, C).

The sandy layers are characterized by lower water content and
higher sediment density and MS values compared to the laminated
mud. Peaks of K, Si, and Ca content in the sandy layers correspond
to abundant quartz, orthoclase, and Ca-plagioclase, while higher Fe
content in the laminated mud relates to higher clay minerals content
(Fig. 5). Rare glauconite was observed in the sandy layers, suggesting
shelf provenance of the sediments. A comparison between the mea-
sured undrained shear strength and theoretical shear strength profile
for normally consolidated sediments indicates normal consolidation of
the sediments (Fig. 4A).



Fig. 5. Compositional characteristics of the coarse-massive-IRD and interlaminated facies determined through XRF core scan at 1 cm and 1 mm resolution. In the oxidized layer OX-2 of
core SV-02 the Ca-peak corresponds to a foraminifera-rich horizon. The sandy layers of the interlaminated facies are pinpoint by peaks of K, Si, and Ca, (presence of K-feldspars, quartz and
Ca-plagioclase), while high Fe characterize the laminated mud (clay minerals).
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The grain size trend is characterized by a progressive fining-up se-
quence. This trend also corresponds to a decrease of the sandy layers
thickness and occurrence within the interlaminated facies. The cluster
analyses applied to the grain size data allowed the distinction of five
groups, named from C1 to C5, corresponding to progressively finer-
grained and less sorted sediments (Fig. 6A).

4.1.5. Crudely-layered sediments (middle slope)
These light-grey sediments appear on the radiographs as vaguely

stratifiedwith little bioturbation. They containmainly siliceous bioclasts
(diatomsmud and ooze) and subordinately calcareous bioclasts (forami-
nifera and nannofossils) with rare, sparse IRD only at the base of the in-
terval. The sediment density is low (1.5–1.6 g cm−3) with high water
content (55% of wet weight) and weak shear strength (2–8 kPa,
Fig. 4C). The sediment texture is fine-grained and consistent throughout
Fig. 6. Clusters of grain-size distribution spectra for (A) interlaminated sediments including san
the core, withmean contents of 5% sand, 64% silt, 31% clay, and unimodal
grain size spectra within the medium-grained silt fraction (Fig. 6B). This
lithofacies was observed on the middle-slope cores only.
4.1.6. Heavily-bioturbated sediments (middle slope)
This facies is characterized by light-brown, very-low density, perva-

sively bioturbated, and bioclasts-rich sediments (mainly calcareous) lack-
ing IRD content. The water content is the highest measured in the
recovered cores (up to 60% ofwetweight) with veryweak shear strength
(2–4 kPa, Fig. 4C). The sediment texture is fine-grained and generally
very consistent through the lithofacies with mean contents of 4% sand,
67% silt, and 29% clay, and multimodal grain-size spectra suggesting low
sorting (Fig. 6B). The heavily bioturbated sediments form the uppermost
part of the middle-slope sequence (Fig. 4C).
dy layers and laminatedmud, and (B) crudely layered and heavily bioturbated sediments.
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4.1.7. Normally graded sands (upper slope)
A 20 cm thick normally graded sandy interval was recovered in the

uppermost part of the trigger core SV-03tc (Fig. 4b). The sediments con-
tain well rounded minerals and a large variety of bioclasts (foraminifera,
nannofossils, diatoms, dynocysts, ostracods). Thinner, massive sandy
layers (1–3 cm thick) were observed at the top of the other upper slope
cores (Fig. 4A, B).

4.1.8. Clay mineral assemblage
The clay mineral assemblage on the Storfjorden TMF sediments is

dominated by illite (always N50%), with variable percentages of chlorite
(10–30%), kaolinite (10–20%), and generally small percentages or traces
of smectite (0–18%, Fig. 4A, C). Following Junttila et al. (2010), we asso-
ciated the illite, chlorite, and kaolinite contents with continental input
deriving from subglacial erosion of the Fennoscandian Ice Sheet (cf. also
Kuhelmann et al., 1993; Vogt and Knies, 2009), and the smectite is used
as proxy for the NAC strength as originating from the hydrothermal al-
teration of the basalt of the Greenland-Faroe Ridge and Iceland-Vøring
Plateau (cf. Love et al., 1989; Fagel et al., 2001), and transported to the
area by the NAC. On the upper slope, the interlaminated sediments con-
tain only traces of smectite that is virtually absent in the underlying
stiff-massive diamicton (Fig. 4A). The smectite content increases up the
sequence, having maximum values on the IRD-rich sediments outcrop-
ping on the upper slope (Fig. 4A). On the middle slope, the sediments
contain a general higher amount of smectite with values peaking in the
uppermost heavily-bioturbated sediments (Fig. 4C).

The Corg and the organic matter contents are maximum in the stiff
diamicton of core SV-02 and in the slumped sediments of core SV-04,
and minimum in the crudely-layered and heavily-bioturbated sedi-
ments at the top of the middle-slope sedimentary sequence (Fig. 4C).

4.2. Micropaleontological content

On the upper slope, the sediments are almost barren except for the
uppermost normally graded sands containing a rich biogenic association
including diatoms, foraminifera, nannofossils, ostracods, and sponge
spicules, indicating climatic conditions similar to present day in this
high-latitude environment. Rare and often broken/reworked foramini-
fers were observed in the bioturbated-IRD-rich sediments, while the
massive-IRD-rich sediments are barren except for a horizon located
just above the stiff diamicton and characterized by a peak of Ca content
(Fig. 4A, C).

On the middle-slope sediments, the biogenic association is generally
richer especially within the uppermost heavily-bioturbated and crudely-
layered sediments where bioclasts preservation is generally good. Dia-
toms are particularly abundant within the crudely-layered lithofacies.
Their overall distribution is characterized by two distinct maxima cen-
tered 1) in the uppermost part of the heavily-bioturbated sediment,
with an association dominated by Chaetoceros RS (resting spores) indi-
cating high biological productivity, and 2) approximately in the middle
part of the crudely-layered intervals, with an association dominated by
Coscinodiscus spp. (warm conditions) and a group of species related
with the North Atlantic Current, such asHemidiscus cuneiformis, Roperia
tesselata, Azpeitia neocrenulata, and Thalassiosira oestrupii (Fig. 4C). The
latter peak marks the appearance and upward increase of calcareous
bioclasts reaching their maximum abundance at the top of cores.

The calcareous nannoplankton assemblages at the base of the
crudely-layered sediments is initially entirely formed by Emiliania
huxleyi, soon after replaced by Calcidiscus leptoporus and Gephyrocapsa
oceanica below the deeper diatoms peak in cores EG-03 and SV-04,
and Coccolithus pelagicus above said peak where the assemblage indi-
cate warm conditions.

The planktonic foraminifera assemblage is dominated by
Neogloboquadrina pachyderma (s) although Turborotalita quinqueloba
and Neogloboquadrina pachyderma (d) are abundant in the upper part
of the cores. Globigerina bulloides, and Globigerinita glutinata represent
less than 8% of the total assemblage in most of the sediments. The
benthic foraminifera group includes Cassidulina reniforme and Cassidulina
teretis recovered in the coarse-massive-IRD facies above the inter-
laminated facies of core SV-04, whereas Cibicidoides wuellerstorfi and
Oridorsalis tener were observed in the upper part of the bioturbated-
IRD-rich facies, just below the crudely-layered lithofacies (Fig. 4C). In
general, the concentration and distribution of the planktonic foraminifera
have similar trends to that of coccoliths, with higher concentrations and
diversifications in the middle slope heavily-bioturbated lithofacies.

4.3. Core correlation and stratigraphy

Core correlation was based on the age model reconstructed by
Sagnotti et al. (2011) using rock magnetic parameters with additional
radiocarbon dating. The stratigraphic sequence is very consistentwithin
each set of cores collected from the upper-slope and the middle-slope
area. However, significant differences occur between the upper and
middle slope sequences. The presence of red, oxidized layers was also
considered as these layers consistently occur at the same stratigraphic
levelwithin the sequence (Fig. 7). Three oxidized layerswere identified:
OX-0, located at the sea surface and corresponding to the present oxy/
redox interface; OX-1, located above the interlaminated lithofacies
and recognized on the middle-slope cores only; and OX-2, located
below the interlaminated facies and recognized on both the upper-
slope cores and middle-slope core SV-04, that contains a continuous
stratigraphic sequence back to 25 ka. The oxidized layers contain abun-
dant Fe-oxides (mainly hematite), generating a sharp peak on the MS
profile and on the green-red spectrum of sediment color (index a,
Fig. 4A, C).

According to our chronostratigraphic reconstruction, the studied
sediment cores record the post-LGM sedimentary sequence reaching, in
some cases, the acoustic Unit C corresponding to themiddleWeichselian
interglacial MIS-3 (Pedrosa et al., 2011; Lucchi et al., 2012). A main strat-
igraphic discontinuity was identified in core EG-01, recovered from a
minor gully of the upper slope (Fig. 4B), in which an erosive boundary
separates interglacial MIS-3 sediments (32,792 cal. a BP) from intergla-
cial MIS-1 sediments (ca 14 cal. ka BP). Other possible stratigraphic dis-
continuities were recorded at the top of the upper-slope core SV-03
between the interlaminated facies and the overlying bioturbated-IRD-
rich sediments (inconsistency of depositional rates between the upper
part of core SV-03 and the corresponding trigger core SV-03tc) and at
the base of cores SV-03, SV-05, and SV-04 (sharp changes of physical
and/or compositional characteristics).

An outstanding feature of the correlation scheme is that the upper
slope sequence includes an extremely expanded interval corresponding
to a short-lived sedimentary event represented by the interlaminated
lithofacies.

The correlation scheme finds a good agreementwith the stackedMS
record produced for the West Svalbard margin by Jessen et al. (2010)
and with the acoustic units identified by Pedrosa et al. (2011). The
acoustically transparent Unit B is therefore formed by the stiff-massive
diamicton lacking internal sedimentary structures. The laminated pat-
tern of the acoustic facies A2 is due to the presence of sandy layers
and layered IRD of the interlaminated and IRD-rich facies determining
a strong reflectivity contrast within the bulk sediments. The youngest
acoustic transparent facies A1 is associated with the homogeneous
characteristics of the heavily-bioturbated and crudely-layered sedi-
ments of Holocene age (Fig. 7).

5. Discussion

5.1. Sedimentary processes on the Storfjorden and Kveithola TMFs

The presence of two distinct sedimentary sequences between the
upper and middle-slope areas separated by only 35 km of distance, and
the differences observed between the northern and southern parts of



Fig. 7. Core correlation between the SVAIS and EGLACOMcores based of the agemodel generated by Sagnotti et al. (2011), lithofacies stratigraphy and the presence of the oxidizedmarker
beds OX-1 and OX-2 (see text for discussion).
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the middle-slope sequences, point to a strong across- and along-slope
variability of the Storfjorden–Kveithola depositional system. The sedi-
mentation on the upper slope appears strongly dominated by the input
of continental derived sediments (Corg/Ntot ratio always ≫10). On the
middle-slope area, most of the sedimentary record contains marine-
derived organic matter and abundant bioclasts. Fig. 8 summarizes the
physical and compositional characteristics of the lithofacies. A recon-
struction of the recent depositional history of the Storfjorden–Kveithola
TMFs depositional system is presented based on the recognized sedimen-
tary processes whose onset appears closely tied to specific climatic
conditions.
5.1.1. LGM and early deglaciation
The over-consolidated, stiff-massive diamicton recovered at the base

of core SV-02, characterized by uniform physical and compositional
characteristics without internal sedimentary structures, corresponds
to a glacigenic diamicton (sensuDowdeswell et al., 2000). In agreement
with Laberg and Vorren (1996), Vorren and Laberg (1997), and Pedrosa
et al. (2011), the presence of this type of deposit on the upper slope im-
plies that the ice sheet was grounded at the shelf edge during the LGM.
Contrarily to the glacigenic debris flows described by Laberg and Vorren
(1995, 2000) and Laberg et al. (2012) on the middle-slope area of the
Storfjorden and Bear Island TMFs that are characterized by medium-
low shear strength, the high density and undrained shear strength mea-
sured on the stiff-massive diamicton of core SV-02 suggest little sediment
remolding during the down-slope transport that possibly occurred as a
rigid plug at least in the upper part of the slope where the deposit was
retrieved.
The glacigenic diamicton represents episodes of fast deposition oc-
curred during a very short period. The LGM stadial in thewestern Barents
Sea is thought to have lasted a few thousand years, with chronology vary-
ing according to the data sets used: 24–23.5 cal. ka (Jessen et al., 2010);
23–19 cal. ka (Mangerud et al., 1998); 20–15 cal. ka (Svendsen et al.,
2004); 19–15 cal. ka (Landvik et al., 1998). The thickness of the glacigenic
diamicton, represented by acoustic Unit B, varies along the Storfjorden
TMF from about 20 m off the southeastern Lobe III to over 45 m off the
northwestern Lobe I. Assuming an average duration of 3 ka, the 45 m
thick LGM diamicton was emplaced with an average sedimentation of
1.5 cm a−1.

Other types of MTDs recovered in the area include water-rich, low-
density debris flow/slumps (cores SV-04 and SV-05) that appear coeval
with oxidized layer OX-2, suggesting slope instability occurred at the
beginning of deglaciation, after the LGM.

The oxidized layer OX-2 is located at the base of the coarse-massive-
IRD facies, just above the LGM glacigenic diamicton representing a wide-
spread event recognized on the upper-slope andmiddle-slope sequences.
Similar layers described from other areas of the Arctic Ocean are thought
to derive fromnear-seabed oxidation of detrital Fe under interglacial well
ventilated conditions (März et al., 2011).We therefore considered the ox-
idized layer OX-2 to mark the inception of deglaciation with release of
fresh oxygenated waters ventilating bottom oceans in the Storfjorden
area. According to dating, the onset of deglaciation on the Storfjorden
TMF occurred around 20 cal. ka BP (core SV-05) and no later than
18 cal. ka BP (core SV-02), confirming the ages of 20–19 cal. ka BP sug-
gested by Rasmussen et al. (2007) and Jessen et al. (2010).

Similarly to the stiff glacigenic diamicton, the coarse-massive-IRD
facies overlying the LGM deposits contains organic-rich black shale
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Fig. 8. Synthesis of themain lithofacies physical and compositional characteristics with inferred depositional mechanisms and relative timing of emplacement (see Discussion section for
details). The values are reported as averages if not differently indicated. White/light-grey hues in the radiograph images correspond to high-density deposits.
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fragments directly related to subglacial erosion. Differently, the pres-
ence of smectite in the clay mineral assemblage suggests increased
influence of Atlantic waters on sedimentation. We associated the
coarse-massive-IRD subfacies with a massive glacimarine diamicton
(sensu Dowdeswell et al., 2000) derived from increased calving rates in
a warming environment (Clark et al., 2009). According to Zwally et al.
(2002), the effects of climate warming on ice-sheets result in ice stream
thinning and acceleration by subglacial melting with consequent in-
creased calving rates. The presence of a foraminifera-rich interval located
just above oxidized layer OX-2, characterized bymarine-derived organic
matter (Corg/Ntot b 10), suggests renewed productivity under warmer,
oxygen/nutrient-rich environmental conditions.

The onset of deglaciation on the Storfjorden glacial trough was
shortly followed by a relatively cold period characterized by glacial
stillstands or even ice streams re-advance to the outer areas of the
glacial troughs (Pre-Bølling period) (Vorren and Plassen, 2002; Knies
et al., 2007). Rüther et al. (2011) andWinsborrow et al. (2010) indicat-
ed afirst ice stream re-advance on the neighboring Bjørnøyrenna glacial
trough during 16.6–17.1 cal. ka BP. According to Jessen et al. (2010),
evidences of such cold period on the West Spitsbergen are indicated
by low sedimentation rates with low to moderate IRD concentrations.
We associated the IRD-rich layer observed above the early deglaciation
massive glacimarine diamictonwith Heinrich layer H1 (16.8 cal. ka BP)
(Heinrich, 1988; Hemming, 2004), correlated among most of the cores
and outlined by a peak of MS (Fig. 7).

5.1.2. Onset of the main deglaciation phase: extensive meltwater release
The textural and compositional characteristics of the interlaminated

facies recovered on the Storfjorden–Kveithola TMFs suggest deposition
occurred from prevailing subglacial meltwater plumes (plumites, sensu
Hesse et al., 1997) with contour currents reworking of fines. The clay
mineral analyses indicate a common continental origin for the laminated
mud and the sandy layers with assemblages dominated by illite (across-
slope transport) and only traces of smectite (along-slope advection). The
percentage of smectite increases up-sequence anddown-slopewithout a
clear direct correlation with the distribution of the sandy layers or the
laminated mud. A predominant across-slope continental input against
lateral sediment advection is also supported by the high Corg/Ntot ratio
and the presence of shelf derived glauconite in the sandy layers. The
presence of layered IRD within the laminated mud is incompatible
with across-slope deposition under turbidity currents due to the rapid
emplacement mechanism of turbidites even thought to derive from
low-density, distal turbidity flows (c.f. Wang and Hesse, 1996; Lucchi
et al., 2002), and the regular, rhythmic recurrence of the sandy layers
in the interlaminated sequence is inconsistent with turbidity currents
associated with submarine slope instability. Contrarily, the co-existence
of dispersed or layered IRD with sandy layers and/or the laminated
mud, and the up-sequence and down-slope textural characteristics
of the interlaminated facies are compatible with sedimentation from
a retreating ice-front, similarly to the mechanism described for
lacustrine glacial varves' formation (e.g., Breckenridge et al., 2012) or
inner continental shelf terrigenous laminites/rhythmites/cyclopels (e.g.,
Mackiewicz et al., 1984; Stevens, 1990; Cowan et al., 1997, 1999;
Cofaigh and Dowdeswell, 2001; Curran et al., 2004; Zajczkowski,
2008). Subglacial meltwater effluxes occur at the glacial grounding line,
generating twomain coupleddensity currents: a high-density underflow
formed by the coarser-grained/heavier fraction that moves on the sea-
floor, having hydraulic characteristics of a hyperpycnal flow (Mulder
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et al., 2003; Tripsanas and Piper, 2008), and a low-density buoyant
overflow/inflow (hypopycnal flow) that spreads laterally, fan-shaped,
on, or just below, the sea surface.

In core SV-02 from the upper slope, at 7 km from the shelf break, the
sandy layers are initially 1–2 cm thick, very closely spaced, with mas-
sive or slightly graded sands over a sharp base. The grain size spectra in-
dicatemoderate to good sortingwith unimodal spectra on the very-fine
sand (cluster C1) suggesting a flow regime typical of relatively proximal
areas (Mackiewicz et al., 1984; Cowan and Powell, 1990). The sandy
layers' thickness, recurrence, and grain-size progressively decrease up
the sequence, with textural characteristics indicating a progressive
loss of flow competence, and sorting efficiency typical of more distal
flow regimes (clusters C2, C3). Similarly, the laminated mud fines up-
sequence having textural characteristics consistent with muddy
contourites in the uppermost part of the sequence (poorly sorted, mul-
timodal grain size spectra, Fig. 6). Higher percentages of smectite in the
claymineral assemblage confirm increased contribution of contour cur-
rents lateral advection of sediments. The interlaminated sediments re-
covered on the mid slope, at about 42 km from the shelf break, are
only 15 cm thick (core SV-04), with textural and compositional charac-
teristics similar to the upper part of the upper-slope sequence (clusters
C4, C5), that is compatiblewith themodern distal plumites described by
Mackiewicz et al. (1984) in the Muir inlet of Glacial Bay, Alaska, at
50 km away from the outflow.

Themeter-thick sequence recovered on the upper slope thus records
the progressive retreat inland of the ice sheet with seasonal delivery of
coarser sediments (sandy layers) from relatively proximal to distal depo-
sitional conditions. The centimeter-thick sequence on the middle slope
only records distal depositional conditions. The fine laminations ob-
served in the sequence, are related to sediment reworking by persistent
contour currents whose effect on sedimentation is initially completely
overcome by the greater continental input by the turbid meltwaters.

Reduced IRD occurrencewithin the interlaminated sequencemay be
associatedwith the presence of extensive, multi-year sea ice preventing
iceberg drift. On the middle slope, the interlaminated sequence is
sharply overlaid by coarse-massive-IRD and bioturbated-IRD-rich sedi-
ments (Fig. 7). We associated the coarse-massive-IRD facies with the
disintegration of the multi-year sea ice and further retreat of the
Storfjorden ice stream. The predominance of Cassidulina reniforme and
Cassidulina teretis in the benthic foraminifera assemblage of the
coarse-massive-IRD interval confirm glacimarine conditions with rela-
tively warm Atlantic water input (Hald and Korsun, 1997; Jennings
et al., 2004). In the bioturbated-IRD-rich facies, the progressive fining-
up of the bulk sediments and reduced occurrence of IRDwas associated
with distal glacimarine conditions (retreated calving line)with reduced
continental sediment input by erratic icebergs. The oxidized layer OX-1
is recorded in this palaeoenvironmental scenario. According to our age
model, the age of this sediment interval spans between 12.5 and
11.9 cal. ka BP, which conforms with the Younger Dryas cold pulse
(12.9–11.7 cal. ka BP) (Broecker et al., 2010). The resolution of our
analyses cannot solve the origin of the oxygenated waters responsible
for this interval, which can, therefore, be either related to the inception
of the Younger Dryas event (Keigwin and Jones, 1995; deVernal et al.,
1996; Teller et al., 2002; and Broecker, 2006) or to its termination
with release of meltwater similarly to oxidized layer OX-2. In either
case, the little fine-grained IRD distribution in the correspondent sedi-
ments indicates the possible re-advance of the glacial terminus in the
area, if any, did not affect the middle-slope sedimentation.

5.1.3. Holocene contour current sedimentation
Following the Younger Dryas cold event, the sedimentation on the

middle-slope area, gradually changed to diatomaceous mud and ooze
(crudely-layered lithofacies), indicating environmental conditions
favorable to the primary productivity (Marchal et al., 2002; Martrat
et al., 2003). This change is marked by the sudden appearance of the
benthic foraminifera Cibicidoides wuellerstorfi, indicating a strong influx
of theNorth Atlanticwaters (Rasmussen et al., 2007; Jessen et al., 2010).
Crude bedding with sinusoidal laminations and unimodal grain size
spectra suggests deposition under shear motions by low-energy
currents. The bioturbation,mostly visible through radiographs, progres-
sively increases up the sequence to become pervasive in the uppermost
foraminifera bearing heavily-bioturbated facies. This latter facies con-
tains sparse silty mottles and large burrows that completely obliterate
the primary depositional structures with multimodal grain size spectra
(Fig. 6). The consistent sediment texture throughout the sequence, the
sediment composition with mixed hemipelagic-glaciomarine compo-
nents, barren of shallow water bioclasts, and the high smectite content
suggest deposition under hemipelagic conditions, with lateral sediment
advection by Atlantic waters. Intense bioturbation and low Corg suggest
strong benthonic bioactivity associated with well-oxygenated and
nutrient-rich conditions compatible with contour current related
environments (Stow and Holbrook, 1984; Chough and Hesse, 1985;
Wetzel et al., 2008). This hypothesis is also supported by the highest
benthic foraminifera diversity and concentration. We believe the de-
scribed sequence corresponds to the intensively bioturbated muddy
contourites described by Stow and Holbrook (1984) in North Atlantic
sediments and Laberg and Vorren (2004) in the Lofoten contourite
drift. Similarly to the latter, the possible origin of these contouritic sed-
iments is due to along-slope sediment transport and deposition from in-
termediate water masses like the deep branch of the WSC (Blindheim,
1990; Beszczynska-Möller et al., 2012).

The lack of clear geophysical evidences of contouritic deposits on the
present record of the Storfjorden apron is related to the reduced thick-
ness of these deposits (1–2 m) that cannot be resolvedwith detail in the
sub-bottom profiler data. The lack of contouritic deposits in the ancient
record is related to episodic removal of interglacial sediments during
the glacial stages, with massive glacigenic sediment input that obliter-
ate previous slope morphologies. Slope-climbing sediment drifts were
observed on the northern edge of the Storfjorden TMF in an area
protected from episodic glacigenic diamicton input (Bellsund and
Isfjorden drifts) (Rebesco et al., 2013). The origin of such deposits was
related to combined along-slope Norwegian Sea deep waters episodi-
cally ventilated by relatively dense and turbid shelf waters from the Ba-
rents Sea, similar to the brine-enriched shelf waters presently forming
on the Storfjorden inner area (Skogseth et al., 2005).

5.1.4. Recent emplacement of widespread gravity-mass deposits
The presence of isolated sandy turbidites in the uppermost part of the

upper-slope sequence indicates episodes of slope instability in which the
mechanisms of sediment re-deposition did not affected themiddle-slope
area. According to AMS 14C dating at the base of the sandy interval in core
SV-03tc, the event occurred later than 2543 ± 73 cal. ka BP. Sandy beds
with a clear erosive base and containing broken shell debris were de-
scribed from many cores along the neighboring Kveithola shelf, thought
to have a regional distribution (Rüther et al., 2012). Erosional surfaces as-
sociated with stratigraphic hiatuses were observed also on the north-
western part of the outer Storfjorden shelf (core SV-06) (Sagnotti et al.,
2011) having similar timing to those described in the Kveithola shelf
and thus sustaining the widespread, regional character of such features.
Rüther et al. (2012) speculate that the recorded hiatuses and the bases
of the sand units are time correlated with recognized large tsunami-
triggering landslides documented in the Norwegian–Barents Sea.

5.2. Stratigraphic and morphological structures associated to deglaciation

The lithostratigraphic characteristics of the upper-slope cores sug-
gest that deglaciation on the Storfjorden–Kveithola glacial troughs
was driven by grounded ice lift-off with consequent rapid ice stream re-
treat from the continental shelf edge. The effects of deglaciation left two
important imprints on the continental slope morphology and deposi-
tional architecture: the incision of a dense network of gullies developing
from the upper slope and the deposition of a thick interlaminated
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sequence. Both features were related to extensive, powerful, release of
subglacial turbid meltwaters.

5.2.1. Gullies formation
High-energy subglacial jet-flows consisting ofmixed freshmeltwater

and glacial sediments released under highhydrostatic headnear thebase
of the water column (Syvitski, 1989; Powell, 1990) were responsible for
localized substrate erosion at the ice streams' terminus. Studies conduct-
ed on themodern tidewater glaciers' fjords depositional systems indicate
that the erosive efficiency of these jet-flows is maximum near the efflux
area (grounding line) and rapidly decreases with distance from the ice
terminus as the dynamic and physical characteristics of the flows change
from high-density, laminar flows to progressively lower density, tur-
bulent flows due to ambient fluid entrainment. According to Powell
(1990), the coarsest bed-load settles close to the efflux area, generating
transverse sediment ridges during the ice sheet retreat (e.g., grounding-
zone wedges of Kveithola Trough) (Rebesco et al., 2011), while gravel
and sands are transported further away through hyper-concentrated
flows that move in contact with the seafloor generating bottom scour
features. The runoff distance of jet-flows is a function of their initialmo-
mentum, the sediment load concentration, and density differenceswith
the ambient fluid. Maximum erosive efficiency of the jet-flows on the
upper slope must have occurred at the very beginning of the deglacia-
tion when the ice streams were still grounded at the shelf break and
the low sea level produced the highest hydrostatic head. Differently
from modern fjord systems characterized by almost flat bathymetry,
the runoff distance on the Storfjorden and Kveithola TMFs was possibly
enhanced by the over-steepened uppermost slope formed by amalgam-
ated till deltas with high friction angle (Pedrosa et al., 2011). The main
stratigraphic discontinuity observed in core EG-01 is associated with
sediment erosion and/or non-deposition within a upper-slope gully
(Fig. 4b). The presence of a scoured boundary between acoustic Unit C
(32.8 cal. ka BP) andUnit A (14 cal. ka BP) suggests thatmeltwater ero-
sion during early deglaciation removed not only the glacial sedimenta-
tion, but also part of the older sequence, preventing deposition of the
sediments associatedwith themain deglaciation phase (interlaminated
facies). The sub-bottom profiler record indicates that numerous gullies
were excavated through the stiff glacigenic diamicton, suggesting high
efficiency of this erosive process on the upper slope (Pedrosa et al.,
2011).

5.2.2. Stratigraphic significance and environmental impact of massive,
rapid glacimarine sedimentation

The high sedimentation rate calculated for the interlaminated
sequence on the upper slope suggests that deposition occurred from a
high discharge meltwater system in which the coarser fraction rains
out from the buoyant vertical plume generating anhyperpycnalflow re-
sponsible for the deposition of a veil of coarser sediments (sandy layers)
while fines rise to the level of neutral buoyancy forming a hypopycnal
flow from which particles flocculate to settle vertically (Powell, 1990;
Mugford and Dowdeswell, 2011). Over 4.5 m of interlaminated sedi-
ments were deposited in less than 150 years, at 7 km from the shelf
break (core SV-03), suggesting a massive sediment input accompanied
by a huge flux of freshmeltwater. Equivalent postglacial interlaminated
deposits have been reported along theWest Svalbard continental slope
and outer shelf dated 14.7–14.4 cal. ka BP (Elverhøi et al., 1995;
Rasmussen et al., 2007; Jessen et al., 2010) in the Kveithola through
(Rüther et al., 2012) and in the southern Barents Sea (Vorren et al.,
1984), representing a nearly synchronous regional event.

We propose that the interlaminated sediments recovered on the
Storfjorden TMF slope represent the high-latitude marine record of
meltwater pulse 1a (MWP-1a), representing one of the most dramatic
ice melting events of the last deglaciation responsible for an abrupt
sea level rise of about 20 m within a few hundred years (Fairbanks,
1989; Clark et al., 1996; Hanebuth et al., 2000; Clark et al., 2002a;
Alley et al., 2005; Peltier, 2005; Rinterknecht et al., 2006).
Such a huge, nearly instantaneous meltwater event recorded in our
sediment cores, is constrained by an excellent palaeomagnetic and
stratigraphic correlation with the sedimentary sequences described
west of Svalbard and neighboring glacial trough depositional systems
(Jessen et al., 2010) where radiocarbon ages fits with the timing of
MWP-1a (Deschamps et al., 2012). The slightly older ages determined
in our cores with respect to the established timing for MWP-1a can be
related to underestimation of the local regional reservoir correction
applied to radiocarbon dating calibration. In fact, regional reservoir cor-
rections are determined for surfacewaters whereas our samples includ-
ed a large part of benthic fauna. According to Sarnthein (2011), deep
waters between the LGM and Heinrich Stage 1 (HS1) were, on average,
1000–2000 y older than they are today, leading to a higher local reser-
voir age.

There is still an open debate on the trigger mechanism(s) and the
source area for MWP-1a (e.g., Clark et al., 2002b, 2009; Weaver et al.,
2003; Rinterknecht et al., 2006; Stanford et al., 2006; Weber et al.,
2011; Kopp, 2012); however, there is consensus on a significant southern
hemisphere contribution for such outstanding global sea level rise.
According to Clark et al. (2009), the enhanced northern insolation was
the primary mechanism for triggering the onset of the northern hemi-
sphere deglaciation (21–19 cal. ka BP). The loss ofmass of the Laurentide
and Fennoscandian ice-sheets and the mountain glaciers melting in the
northern hemisphere produced large volume of meltwater with deposi-
tion, on the northern continental margins, of a thick laminated sequence
(ca. 21–18 cal. ka BP) (Lekens et al., 2005; Tripsanas and Piper, 2008).
This initial phase of deglaciation was responsible for a first abrupt sea
level rise (19 ka-MWP, 10–15 m) (Clark et al., 2004; Rinterknecht et al.,
2006) triggering the lift-off and subsequent melting of the marine-
based grounded ice streams in theWeddell andAmundsen Seas,with de-
position of a thick terrigenous laminated sequence underneath the corre-
spondent Antarctic ice-shelves (Weber et al., 2011). According toWeaver
et al. (2003), meltwater release from the Western Antarctic Ice Sheet
would have strengthened the Atlantic meridional overturning circulation
accelerating the climate warming of the North Atlantic region (onset of
the Bølling–Allerød warm interval). At the same time, Antarctic freshwa-
ter release forcing sea level rise was responsible for lift-off of some
shallower marine grounded ice streams in the northern margins includ-
ing the Storfjorden and Kveithola ice streams, with their consequent
rapid melting and retreat to an inner grounding line, contributing signif-
icantly to the sea level rise during MWP-1a. Palaeoceanographic studies
indicate, and confirm, that a strong correlation exists between the dy-
namics of the Svalbard–Barents Sea Ice Sheet and the flow of NAC over
the Svalbard margin (Martrat et al., 2003; Rasmussen et al., 2007;
Jessen et al., 2010). Subglacial inflow of warm North Atlantic waters
forced rapid melting and retreat of the Storfjorden ice stream after its
lift-off, similarly to meltwater forcing effects of sub-ice-shelf warm cur-
rents in Antarctica (Shepherd et al., 2003).

The thickness of the Storfjorden interlaminated facies varies not only
with distance from the shelf break but also along the slope. Sub-bottom
profiler records revealed thicker laminated acoustic facies in the recent
and older sequence of the SE area of the Storfjorden (lobe III) and
Kveithola TMFs with respect to the central and northeastern area of
Storfjorden (Lobes II and I) (Pedrosa et al., 2011). According to Hesse
et al. (1997), the seaward limit for plumites is on the order of a few
tens of kilometers from the ice-sheet terminus, which would imply a
prolonged residence of the southeast ice streams' terminus at or nearby
the shelf break during the ice sheet retreat after LGM.

On the Storfjorden Trough a first ice sheet stabilization line was pre-
liminarily identified from regional bathymetric data at about 75 km east
of the shelf break (Fig. 9 and Bathymetric Step, BS in Fig. 3 of Pedrosa
et al., 2011), whereas on the Kveithola Trough the two deeper GZWs
are located at only 20 and 37 km east of the shelf break (Fig. 9). A com-
bination of factors probably allowed the ice stream to persist longer in
the area close to the shelf break in the southwestern Storfjorden and
Kveithola Troughs: i) The bathymetric characteristics of the two troughs,



Fig. 9. Conceptual scheme of the ice stream retreat on the Storfjorden (A) and Kveithola (B) troughs. (C) Bathymetric map as in Fig. 2, indicating the location of the two cross sections of
figures (A) and (B) and the location of the Grounding Zone Wedges (GZW) where the ice-streams stepped during the retreat.
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being the Kveithola shallower and steeper than the Storfjorden through;
ii) The proximal location of the ice catchment area of the southwestern
Storfjorden originating from the local Spitsbergenbanken ice cap (Fig. 2
in Pedrosa et al., 2011); and iii) The flow path of warm surface Atlantic
currents being possibly deflected offshore by the Spitsbergenbanken
promontory (no traces of WSC-derived smectite in the Kveithola shelf
sedimentary sequence, indicating minor influence of Atlantic waters in-
flow) (Rüther et al., 2012). A stronger influence of Atlantic waters to the
northern Storfjorden area with respect to the southern part is supported
by the consistently higher values of smectite throughout the former sed-
imentary sequence (Figs. 4A, C, 8), and the Holocene nannofossil distri-
bution on the middle-slope sediment sequence confirm that ice-free/
seasonal conditions occurred earlier in the northern area with respect
to the southern part (Fig. 7).

The different bathymetric characteristics of Storfjorden and Kveithola
Troughs likely determined a different amplitude of the initial ice stream
lift-off, with a more inland, retreated location of the northwestern part
of the Storfjorden grounding line with respect to that of Kveithola
(Fig. 9). Turbid meltwater plumes released at glacial terminus located
some 60–70 km inland could not reach the continental slope, depositing
on the continental shelf (Fig. 9).

It is also possible that the Storfjorden Lobe III slope received additional
suspended sediments from the ice melting of the adjacent Kveithola ice
stream or the marine-based Spitsbergenbanken ice dome. According to
Rüther et al. (2012) and Bjarnadóttir et al. (2013), the ca 100 m long
Kveithola trough was deglaciated by the end of MWP-1a (14.2 cal. ka
BP), and thus it is likely that the retreat of the Kveithola ice stream re-
leased a large amount of sediment during the main phase of meltwater
pulse 1a. The turbid meltwater plumes could have drifted to the
Storfjorden area by the surface West Spitsbergen Current, similarly to
the modern Nordaustlandet tidewater ice cap outflow system in which
summer suspended turbid plumes extend about 15 km perpendicular
to the glacier outlet and approximately 60 km away along the ice front
being deflected and transported by surface currents (Pfirman and
Solheim, 1989). Fohrmann et al. (1998), indicate the SE area of
Storfjorden slope (lobe III) as depocentre for the sediment-enriched
brines that periodically spill over the Kveithola shelf break and are
drifted north-eastwards by the local current's pattern.

6. Conclusions

Sedimentation in Storfjorden and Kveithola TMF area changed with
time and space being related to bathymetric, glaciological, and oceano-
graphic factors whose interaction determines drastically different styles
of sedimentary architecture within the same TMF.

Five main sedimentary facies were associated with onset of climati-
cally driven depositional mechanisms including (1) massive transport
of high-density, low shear strength glacigenic debris flows (stiff-
massive diamicton), which gives an indication of ice streams grounded
at the shelf edge duringmaximumglacial advance; (2)massive delivery
of IRD-rich sediments associated with initial climatic warming with en-
hanced calving rate; (3) massive sediment input associated with rapid
ice stream melting and retreat (interlaminated sediments, plumites);
(4) crudely-layered; and (5) heavily-bioturbated sediments deposited
by contour currents during progressively ameliorated climatic/environ-
mental conditions favorable to the biological productivity.

Two intervals of red, oxidized sediments were associated with
release of cold oxygenated waters, marking, in the studied cores, the
post LGM inception of deglaciation, and the Younger Dryas climatic
interval.

According to chronostratigraphic and sedimentological characteris-
tics, the thick plumite sequence recovered on the upper slope repre-
sents an extreme depositional event associated with an outstanding
glacial meltwater phase. We propose such deposits to likely represent
the high-latitude marine sedimentary record of MWP-1a.

Different bathymetric and oceanographic conditions controlled the
localmode of glacial retreat duringMWP-1a, resulting in different thick-
ness of plumites along the Storfjorden upper slope. It is possible that the
southern part of Storfjorden TMF received additional sediments from
the deglaciation of the neighboring Kveithola ice stream.

image of Fig.�9
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