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Abstract Palaco-bottom current strength of the West
Spitsbergen Current (WSC) and the influence of the
Svalbard-Barents Sea Ice Sheet (SBIS) on the depositional
environment along the northern Svalbard margins are poorly
known. Two gravity cores from the southern Yermak Plateau
and the upper slope north of Nordaustlandet, covering marine
isotope stage (MIS) 1 to MIS 5, are investigated. Five
lithofacies, based on grain size distribution, silt/clay ratio,
content and mean of sortable silt (SS), are distinguished to
characterise the contourite-dominated sedimentary environ-
ments. In addition, depositional environments are described
using total organic carbon (TOC), total sulphur (TS) and cal-
cium carbonate (CaCOj3) contents of sediments. Facies A,
containing coarse SS, suggests strong bottom current activity
and good bottom water ventilation conditions as inferred from
low TOC content. This facies was deposited during the glacial
periods MIS 4, MIS 2 and during the late Holocene. Facies B
is dominated by fine SS indicating weak bottom current and
poor ventilation (cf. high TOC content of 1.2—1.6%), and cor-
relates with the MIS 4/3 and MIS 2/1 transition periods. With
an equal amount of clay and sand, fine SS and high content of
TOC, facies C indicates reduced bottom current strength for
intervals with sediment supply from proximal sources such as
icebergs, sea ice or meltwater discharge. This facies was
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deposited during the last glacial maximum. Facies D repre-
sents mass-flow deposits on the northern Svalbard margin
attributed to the SBIS advance at or near the shelf edge.
Facies E sediments indicating moderate bottom current
strength were deposited during MIS 5 and MIS 3, and during
parts of MIS 2. This first late Quaternary proxy record of the
WSC flow and sedimentation history from the northern
Svalbard margin suggests that the oceanographic conditions
and ice sheet processes have exerted first-order control on
sediment properties.

Introduction

Contourites, or sediment deposits affected by alongside bottom
currents, contain the signature of past ocean circulation and
climate (Rebesco et al. 2014). Seabed sediments are well suited
for the reconstruction of palacoceanographic and climatic var-
iability also due to their relatively continuous nature and good
age control. The continental margins of high-latitude regions
have received sediments from bottom currents and from exter-
nal sources as well. Consequently, sediments on the upper con-
tinental slope record the interplay between sea-level changes,
ice sheet dynamics on the adjacent shelf and associated sedi-
ment delivery to the shelf edge, down-slope mass transport of
sediments, along-slope sweeping of contourite currents, and
iceberg and sea ice processes. The West Spitsbergen Current
(WSC), the northward-flowing branch of the North Atlantic
Current, carries relatively warm Atlantic Water (AW) to the
Arctic Ocean via the eastern Fram Strait (Rudels et al. 2012).
The upper continental slope sectors northwest and north of
Svalbard are located along the main route of the AW flow to
the Arctic Ocean and, therefore, they are in a strategic position
for recording the palaeo-bottom current activity of the WSC
and its influence on the Svalbard-Barents Sea ice sheet (SBIS).
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Previous studies from these areas have focused mainly on
the temporal variations of water masses along the path of the
WSC using micropalaeontological and stable isotope records
(Wollenburg et al. 2001; Kog et al. 2002; Slubowska et al.
2005; Rasmussen et al. 2014a; Chauhan et al. 2014, 2015).
Hence, the information on bottom current activity on the up-
per slope and shelf is mainly based on the relative abundance
of the benthic foraminiferal species Cibicides lobatulus, an
indicator of strong bottom current activity. In addition, grain
size distribution is explained primarily based on the lithology
and ice-rafted debris (IRD) records. Sedimentological and
organo-geochemical studies have focused on the lower slope
areas of the Yermak Plateau (Birgel and Hass 2004; Howe
et al. 2008). along the northern Barents Sea margin (Knies
and Stein 1998; Knies et al. 1999) and along the western
Barents Sea margin (Lucchi et al. 2013; Jessen and
Rasmussen 2015). There is a clear gap in knowledge on the
physical characteristics of bottom currents and associated de-
positional environments in the upper slope—shelf regions of
the northern Svalbard margins. Moreover, comparisons of
published records based on other proxies (e.g. stable isotopes
and foraminiferal fauna studies) with those based on grain size
analysis to infer past bottom current activity are needed.

In this study, two cores collected on the north-western
(IM10-02GC) and northern (HH11-09GC) margin of
Svalbard are evaluated with the aim to reconstruct bottom
current variability and the associated depositional processes.
For reconstruction of bottom current activity of the WSC dur-
ing the late Quaternary, the focus is on the grain size distribu-
tion of the 10—63 wm fraction, the so-called sortable silt (SS),
which can be a proxy for near-bottom current strength
(McCave et al. 1996; McCave and Hall 2006). Numerous
studies have shown that mean SS (SS ) can reflect the flow
strength of bottom currents (e.g. Groger et al. 2003; Sternal
et al. 2014; McCave et al. 2014). However, due to mixing of
sediments from iceberg and sea ice in the study area, other
parameters such as grain size distribution and silt/clay ratios
are also considered in the interpretation of bottom current
variability. The silt/clay ratio provides information comple-
mentary to the SS proxy; e.g. a high silt/clay ratio and a coarse
SS have been shown to be indicative of relatively strong bot-
tom currents and vice versa (Prins et al. 2002). A negative
correlation between the two parameters is an indication of
transport distance; in the Arctic, for example, a coarser SS
and a low silt/clay ratio suggest that the coarser sediment
may have been supplied from sources close to a given study
site, such as nearby meltwater plumes or iceberg melt-out.

For reconstruction of the depositional environment, total
organic carbon (TOC), total sulphur (TS) and calcium carbon-
ate (CaCOs) contents in the sediments are measured. TOC
originates from marine biological productivity and/or terres-
trial sources, and is a function of sedimentation rate, sediment
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type and texture, and the conditions of bottom water ventila-
tion. The major portion of organic carbon dissolves in the
water column, at the sediment—water interface and within
the sediment (Emerson and Hedges 1988; Canficld et al.
1993; Canfield 1994). Therefore, TOC can be used to study
variations in the local bottom water ventilation, which vary
with glacial-interglacial changes (Miiller and Suess 1979;
Hedges and Keil 1995). Other than these proxies, earlier pub-
lished sedimentological and stable isotope records (Chauhan
etal. 2014, 2015) are used as supportive evidence to correlate
and interpret the depositional environments, bottom water
ventilation and the near-bottom current strength of the WSC.

Regional setting

The Svalbard archipelago is located in the north-western part
of the Barents Sea east of the Fram Strait, which is the only
deep-water connection between the Arctic Ocean and the
northern Atlantic Ocean (Fig. 1). During the last glacial max-
imum, the SBIS extended out to the shelf edge along the west-
ern and northern Svalbard margin, affecting the sedimentation
and oceanographic conditions along the continental slope
(Svendsen et al. 2004; Howe et al. 2008; Jessen et al. 2010).
Glacial lineations on the southern Yermak Plateau have been
shown to originate from marine isotope stage (MIS) 6, sug-
gesting that this was the last time when a large ice mass (ice
shelf or large icebergs) was grounded northwest of Svalbard in
a water depth of ca. 600 m (Dowdeswell et al. 2010).

The modern oceanographic system influencing the north-
western and northern Svalbard margins is dominated by the
WSC, which transports warm and saline AW to the Arctic
Ocean. Currently, in the Eurasian part of the Arctic Ocean,
heat of the AW controls the formation and stability of sea
ice (Rippeth et al. 2015). The AW flows northwards as a
surface water mass along the western Svalbard margin and
continues below the ice-covered Polar Water of the Arctic
Ocean in the northern Fram Strait. At approximately 80°N,
water masses shallower than 500 m deflect eastwards and flow
along the northern Svalbard margin as the Svalbard Branch of
the WSC (Fig. 1). The water mass below 500 m depth follows
the continental slope and flows northwards up to 81°N as the
Yermak Branch. At 81°N, the Yermak Branch turns east and
flows around the north-western tip of the Yermak Plateau
joining the Svalbard Branch (Rudels et al. 2012).
Oceanographic data from the east—west oriented linear array
of moorings in the eastern Fram Strait along 78°50'N yield an
average northward current velocity of 20 cm/s in the upper
part of the water column (Fahrbach et al. 2001; Schauer et al.
2004; Rebesco et al. 2013). Presently, the northern margin of
Svalbard is covered by seasonal sea ice.

Contourites described on the western slope of the Yermak
Plateau in the eastern Fram Strait suggest that contour currents
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Fig. 1 a Location of the Svalbard archipelago (S) and surrounding seas.
b Bathymetric map of the Fram Strait, northern Barents Sea margin and
Yermak Plateau, with locations of cores IM10-02GC and HH11-09GC

have been active there since the late Miocene (Eiken and Hinz
1993). and along the western Svalbard margin since the early
Pleistocene (Amundsen et al. 2011; Sarkar et al. 2011;
Rebesco et al. 2013). On the north-eastern slope of the south-
emn Yermak Plateau, at ca. 80°50'N, 9°20'E, a large moat ob-
served at 1,200 m water depth has been suggested to represent
an overflow channel produced by the northeast flowing WSC
(Eiken and Hinz 1993; Vogt et al. 1994).

Materials and methods

Gravity cores IM10-02GC (80°03'N, 9°50'E, water depth 501
m, core length 3.7 m) from the southern Yermak Plateau, and

(blue circles) and present-day oceanography. Background bathymetry
from the International Bathymetric Chart of the Arctic Ocean (IBCAO)
v3 (Jakobsson et al. 2012)

HH11-09GC (81°16'N, 26°13'E, water depth 488 m, core
length 4.66 m) from the northern Svalbard continental margin
north of Nordaustlandet were retrieved on cruises with R/V
Helmer Hanssen (until 2010 known as R/V Jan Mayen) in
September 2010 and 2011 respectively. The cores have been
stored in a cool room since retrieval.

Grain size analysis

For grain size analysis, approximately 2 g of sediment were
sampled at 2 cm intervals. A total of 185 samples were
analysed from core JM10-02GC, and 245 samples including
one sample from the core cutter and two samples from the core
catcher from core HH11-09GC. From both cores, every fifth
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and/or third sample was analysed twice/thrice (166 samples)
to ensure reproducibility. The standard deviation estimated
ranged between 0.007 and 0.6. The wet sediments were
freeze-dried and treated with acetic acid and hydrogen perox-
ide to remove carbonate and organic matter. Fifteen samples
from core HH11-09GC containing sponge spicules were treat-
ed with 1M sodium hydroxide to remove amorphous silica.

After each treatment the samples were washed with dis-
tilled water to neutralize and adjust pH to approximately 7.
Before grain size analysis, 1-2 drops of Calgon (2.55 g of
sodium hexametaphosphate in 25 ml of distilled water) were
added to each sample, followed by treatment in an ultrasonic
bath, the grains being dispersed by means of a magnetic stirrer.
While the samples were stirred, approximately 5 ml of solu-
tion was pipetted out and injected into a Beckman Coulter LS
13320 Laser Particle Size Analyser. The SS was calculated
geometrically on the metric scale according to the percentile
statistics of Folk and Ward (1957) using the GRADISTAT
software (Blott and Pye 2001).

In order to minimize the influence of sediments transported
by sea ice and icebergs in the bottom current strength analysis
on the slope, a statistical method proposed by Hass (2002) was
used. The IRD is considered to have been derived from prox-
imal sources and should therefore not be included in the SS
analysis for bottom current conditions.

TS and TOC measurements

TS and TOC were measured on approximately 2 g sediment
collected at 5 cm intervals. The wet sediment was dried

overnight in an oven at 104 °C and then ground to a fine
powder. Approximately 0.2-0.4 g of powdered sediment
was used to determine total carbon and TS. For TOC measure-
ment, another 0.2-0.4 g of pulverized sediment was first
decalcified using 10% hydrochloric acid, washed 8 times in
a porous crucible, again dried at 104 °C in an oven and then
analysed in a LECO-CS200 analyser.

The content of total inorganic carbon was calculated by
subtracting the TOC from the total carbon. The calcium car-
bonate (CaCOs) content was calculated using the following
equation:

CaCO;(%) = total inorganic carbon(%) x 8.333

Age model

The stratigraphic age control of cores JM10-02GC and
HH11-09GC are described by Chauhan et al. (2014,
2015). The calibrated ages and tie points extracted for
the age model are given in Table 1. The age model of
JM10-02GC is based on AMS 'C dates and correlation
of the magnetic susceptibility and 5'%0 isotope records.
Nine calibrated AMS '*C dates and six tie points are
included in the age model. In core HH11-09G, nine cal-
ibrated AMS '*C dates and five tie points are included in
the age model. The AMS '*C ages are measured on
planktic and benthic foraminifera. The MISs boundaries
are decided after Martinson et al. (1987) and Lisiecki
and Raymo (2005).

Table 1 Calendar ages and
additional tie points of cores

Southern Yermak Plateau (JM10-02GC)

Upper slope north of Nordaustlandet (HH11-09GC)

JM10-02GC and HH11-09GC

(after Chauhan et al. 2014, 2015). Depth Calendar age Comment Depth Calendar age Comment

T1I Termination II. * Basal age of (cm) (ka) (cm) (ka)

core
20 5.6 Radiocarbon age 31 1.5 Radiocarbon age
32 11.7 Tie point, MIS 2/1 57 3.7 Radiocarbon age
40 14.8 Radiocarbon age 72 11.7 Tie point, MIS 2/1
50 14.4 Radiocarbon age 75 11.9 Radiocarbon age
65 17.3 Radiocarbon age 165 153 Radiocarbon age
115 214 Radiocarbon age 220 16.9 Radiocarbon age
120 22.0 Radiocarbon age 240 22.0 Radiocarbon age
157 25.6 Radiocarbon age 260 22.0 Radiocarbon age
160 27.5 Radiocarbon age 280 28.0 Tie point, MIS 3/2
162 28.0 Tie point, MIS 3/2 286 29.4 Radiocarbon age
225 47.6 Radiocarbon age 335 31.8 Radiocarbon age
265 60.0 Tie point, MIS 4/3 405 60.0 Tie point, MIS 4/3
300 71.0 Tie point, MIS 5/4 465 71.0 Tie point, MIS 5/4
360 130.0 Tie point, MIS 6/5 468 74.0* MIS 5a
368 132.0% TII
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Additional proxies

Other proxies used for correlation are extracted from Chauhan
et al. (2014, 2015). These include lithological logs, planktic
oxygen and carbon isotope records, IRD distribution (>150
pum) and sedimentation rates (cm/1,000 years).

Results
Grain size distributions and SS
Southern Yermak Plateau

The grain size distributions of core JIM10-02GC from the
north-western Svalbard margin show that the sediments con-
sist of ca. 40-50% clay, 30—40% silt and 10-20% sand, sug-
gesting silt and clay as dominant components of the sediment
(Fig. 2a). However, a high sand content of ca. 40% is observed
at 120 cm (22 ka). Also, drop-stones (>2 mm) are observed at
300 cm (71 ka), 240 cm (52 ka) and 20-10 cm (2.8 ka). High
clay contents (ca. 55%) are found at 368-360 cm (132 ka;
Termination II), 255 cm (60 ka), 110 cm (20 ka) and 40 cm
(14 ka; Fig. 2a).

The silt/clay ratio of core IM10-02GC ranges between 0.5
and 2 (Fig. 2a). Empirically, values lower than 1.0 represent a
low ratio—for example, at 270-260 cm (MIS 4/3) and 90—
80 cm (MIS 2); values of 1.0-1.5 represent an intermediate
ratio, such as at 240-190 cm (MIS 3); values above 1.5 rep-
resent a high silt/clay ratio, at 20-0 cm (late Holocene). The
distribution of SS shows that fine to medium silt was mainly
deposited on the southern Yermak Plateau, except in the top
20 cm of the core where a high content of coarse silt is ob-
served (Fig. 2a).

SS varies between 17.5 um and 30 um (Fig. 2a). Relatively
coarse SS (>27 um) is recorded at 345 cm, 335 cm and 305
cm in MIS 5, at 280 cm in MIS 4 and at 20-0 c¢m in the late
Holocene. Relatively fine SS (<21 um) is observed at 255 cm
(60 ka) and 40 cm (14 ka).

North of Nordaustlandet

Core HH11-09GC from the northern Svalbard margin mainly
consists of clayey silt and silty clay with grain size distribu-
tions more or less similar to those of core IM10-02GC. High
sand contents of ca. 50% are observed between 265 and
230 cm (22 ka; Fig. 2b). A drop-stone occurs at 190 cm
(15.6 ka) in the last deglaciation period. Relatively high clay
contents (ca. 45%) are found at 405 cm (60 ka) and 140 cm
(14 ka).

The silt/clay ratio ranges from 0.8 to 2.8 with low ratios
(<1.25) observed at 405 cm (60 ka), 195 cm (15.6 ka) and

140 cm (14 ka). Relatively high ratios (>2.0) are observed at
420 cm (64 ka), 280 cm (28 ka), 260 cm (22 ka) and 130 cm
(15.5 ka). The SS content shows dominance of fine and me-
dium silt. Intervals with coarser SS content are present at
420 cm (64 ka), 280 cm (28 ka) and 260 cm (22 ka; Fig. 2b).

SS varies between 19 um and 33 pm on the northern
Svalbard margin (Fig. 2b). Relatively coarse SS (>28 um) is
recorded at 420 cm (64 ka), 280 cm (28 ka) and 260 cm (22
ka), and relatively fine SS (<20 pm) is recorded at 307.5 cm
(30.5 ka), 220 cm (16.9 ka) and 200 cm (15.6 ka; Fig. 2b).

To assess the effect of IRD on the silt size fractions, the
IRD-corrected SS is plotted over the original SS (um scale) in
Fig. 2a, b. The results show a weak correlation between SS
and sand (weight%), with r*=0.17 for core JM10-02GC and
1°=0.37 for core HH11-09GC. This suggests that the influence
of ice rafting on sedimentation is rather weak.

Lithological facies

Based on the lithology, grain size distribution spectrum,

silt/clay ratio, SS content and SS, five lithological facies have
been distinguished (Table 2).

Facies A

Facies A comprises sandy silt with or without laminations. This
facies has high silt/clay ratios and contains a high percentage of
coarse SS. The SS size is above 28 pm. There are laminations of
fine sand interbedded with mud in certain intervals (Fig. 2a, b).
Facies A in core JM10-02GC contains drop-stones. The facies
is interpreted to represent relatively strong bottom currents and a
relatively stable and distant sediment source.

Facies B

Facies B comprises silty clay with shell fragments. This facies is
characterised by low silt/clay ratios and high amounts of fine SS.
The SS size is below 20 pum. The high abundance of fine silt
indicates relatively weak bottom currents. Relatively high
amounts of clay could be an indication of sediment input from
meltwater plumes, most likely from a relatively distant source.

Facies C

Facies C comprises clayey-silty sand with or without organic
material and laminations. This facies is characterised by a
nearly equal amount of clay and sand together with domi-
nance of fine SS over coarse SS. SS size varies between
24 um and 18 pum. Elevated sand and clay contents imply
sediment input from proximal sources such as melting sea
ice, icebergs or nearby meltwater discharge. However, accu-
mulation of clay from icebergs and sea ice melt-out points to a
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relatively low-energy depositional environment, although sed-
imentation may have been facilitated by particle aggregation.

Facies D

Facies D comprises silty sand with reworked shell fragments.
This facies has high silt/clay ratios with high amounts of
coarse SS. The SS size is above 28 um. The grain size distri-
bution is mainly dominated by ca. 50% sand. These sediments
are interpreted as having been deposited by down-slope grav-
ity-driven mass movements such as those associated with tur-
bidity currents.

Facies E

Facies E comprises clayey silt with or without drop-stones.
The silt/clay ratio is moderate with wide and relatively uni-
form distributions of silt. The SS size is between 24 and 26
um. Facies E is interpreted to represent contourites formed by
moderate bottom current activity. Relatively low amounts of
sand and clay suggest that the supply of proximal glacial sed-
iments is minor.

TS, TOC and CaCOj; contents
Southern Yermak Plateau

On the southern Yermak Plateau, the TS content varies be-
tween ca. 0.1 and 0.4%, except for a very high value of
1.6% between 145-135 cm (24-23 ka; Fig. 3a). The TOC
content varies between 0.3% and 1.6%, with highest levels
at 260 cm (ca. 60 ka; MIS 4/3 transition), 145-135 cm (24—
23 ka) and 40 cm (14 ka; Fig. 3a). The CaCOj; content varies
from 1% to 12% with highest values at 150 cm (ca. 25 ka) and
80 cm (ca. 18 ka).

North of Nordaustlandet

The range of TS in core HH11-09GC is similar to that of core
IM10-02GC (0.1-0.4%), with higher contents of 0.3 to 0.4%
in the last deglaciation period between 210-140 c¢cm (16-14
ka; Fig. 3b). The TOC content varies between 0.3% and 1.4%
with higher values of ~1.2% at 405 cm (ca. 60 ka; MIS 4/3
transition) and 140 cm (ca. 14 ka), and 1.4% at 30-0 cm (late
Holocene; Fig. 3b). Relatively high TOC contents also occur
in intervals with high TS. The CaCOj; content varies from 2%

4 Fig.2 Age model (red AMS '*C dates and black tie points), lithological
log, clay-silt-sand contents (light to dark grey), silt/clay ratio, marine
isotope stages (MIS), sortable silt contents (SS, 10-63 pum, in %), mean
SS (SS; red and grey uncorrected and IRD-corrected SS respectively) and
lithofacies A—E in core JM10-02GC (a) and core HH11-09GC (b). Age
model and lithological logs extracted from Chauhan et al. (2014, 2015)

to 16% with highest values of 11% at 415 cm (62 ka), and
~16% at 307.5 cm (30.6 ka), 280 cm (ca. 28 ka) and 224 cm
(ca. 18 ka).

Discussion
Bottom current strength and depositional environment

In marine sediments, grain size variations can be interpreted in
terms of hydraulic parameters controlling depositional pro-
cesses (e.g. Flemming 1988; Kuijpers et al. 2003; Bourget
et al. 2010). In addition to empirical and statistical methods,
various mathematical models have been developed to analyse
the composition of sediments by partitioning into several con-
tributing components or end members (e.g. Philip and Watson
1988; Weltje 1997; Holz et al. 2004). The geological interpre-
tation of the various components or end members in terms of
their origin, supply rates and transport mechanisms, however,
is rarely straightforward because sediments from different
sources may have similar or partially overlapping grain size
properties (Prins et al. 2002; Jonkers et al. 2015). Using mere-
ly the mean of a particular grain size for interpreting bottom
currents and depositional environments is questioned by sev-
eral studies (e.g. Mulder et al. 2013; Rebesco et al. 2014).
Recent work by Jessen and Rasmussen (2015) shows that
the use of the ‘median’ of SS in place of the ‘mean’ reduces
the influence of ice rafting on the SS record considerably. In
the present study, the sediment sequence has been assessed in
terms of various grain size parameters (wide spectrum of grain
size distribution, silt/clay ratio, content and mean of SS) in
order to make inferences about the bottom current variability
and depositional processes, resulting in five distinctive
lithofacies. These lithofacies, together with TOC, TS,
CaCO; and TOC/TS signatures, form the basis for palaco-
environmental reconstruction of sedimentary environments
on the northern Svalbard margin.

Intervals of sediments of facies A with a unimodal grain
size distribution indicate strong bottom current activity. This
facies was deposited mainly during the glacial periods of MIS
4 and MIS 2 (Table 2). Moreover, this facies was also depos-
ited during the late Holocene (characterised as cooling period,;
cf. Chauhan et al. 2015) on the northern Svalbard margin. The
TOC in these intervals is low and the CaCO; content relatively
high, indicating favourable conditions for surface productivity
and well ventilated bottom waters—for example, at 420 cm
(62 ka) in core HH11-09GC (Fig. 2b). Sediments of facies B
deposited in intervals of weak bottom current strength are
recorded mainly during transition periods. The grain size dis-
tribution of facies B is unimodal with a prominent peak in the
clay-sized particle range. However, it is interpreted to repre-
sent deposition of aggregated clay particles, a common phe-
nomenon in high-latitude environments where high-salinity
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Table2 Description, grain size distribution, interpretation and examples of the five lithofacies distinguished in the two sediment cores from the north-

western and northern Svalbard margin

coarse SS

without lamination.

Clay 25%, silt 50%,
and sand 25%; high
silt/clay ratio; high
coarse silt content;

Weight (%)

1 10 100 1000
Particle diameter (um)
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A Sandy silt with or Clay Sit__ Sand Strong bottom Core JM10-02GC:
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Fig.3 Total sulphur (TS), total organic carbon (TOC) and calcium carbonate (CaCOs) contents (%) in cores IM10-02GC (a) and HH11-09GC (b). Grey

dashed lines Marine isotope stage (MIS) boundaries

seawater mixes with fresh glacial meltwater. The peak in fine-
grained material probably results from the dispersion of ag-
gregates in the process of sample preparation and is therefore
not a reliable parameter of the local hydraulic conditions dur-
ing deposition (cf. Chang et al. 2007). However, it is an infor-
mative parameter in terms of sediment source. Facies B sedi-
ments also have high contents of TOC at, for example, 260 cm
in core JM10-02GC and 405 cm in core HH11-09GC (ca. 60
ka; Fig. 2a, b). Weak bottom currents can lead to oxygen
deficiency at the seafloor and result in increased preservation
of organic matter. Similarly, high biological productivity as-
sociated with high sedimentation rates, in particular in combi-
nation with high clay contents, binds the organic matter and
preserves it from degradation (Meyers 1994; Kell et al. 1994).

Strongly mixed sediments of facies C were deposited pri-
marily during the last glacial maximum and during the last
deglaciation in MIS 2. A trimodal grain size distribution,
where the peak in the clay-sized particle range often occurs
together with an additional peak in the sand-sized particle
range, most likely represents ‘proximal’ sediment sources

from sea ice or icebergs. A few intervals of facies C with high
TS contents, such as at 145—135 cm (24-23 ka) in core IM10-
02GC and 210-140 cm (16—14 ka) in core HH11-09GC, also
show increased contents of TOC (Fig. 3a, b). Together, this
suggests either that conditions were anoxic at the core site or
that there was a high supply of terrigenous material rich in
organic carbon and sulphur, which were preserved because
of high sedimentation rates associated with the deposition of
fine-grained sediments. This interpretation is supported by the
low CaCO; contents of these intervals. Good preservation of
TOC generally indicates poor ventilation, which can be
unfavourable for CaCO; preservation. The TOC/TS ratio is
another indicator of the type of depositional environment.
Berner and Raiswell (1983, 1984) proposed that TOC/TS ra-
tios of 0-5 indicate a normal marine environment and ratios of
>10 indicate a freshwater environment. Consequently, ratios
of 5-10 can be considered to represent a brackish environ-
ment. For example, a distinctly high ratio (36) at ca. 19 ka in
core HH11-09GC implies a freshwater environment, which
coincides with the beginning of the last deglaciation
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(Fig. 4b). Raiswell and Berner (1985) suggested that TS mea-
sured in marine sediments mainly represents pyrite, which is
usually formed in situ due to anoxic conditions, or could orig-
inate from the transport of terrigenous sediment and IRD to
the core location.

Facies D is evident in core HH11-09GC between 265 cm
and 240 cm (23-22 ka). The SBIS advanced onto the northern
continental shelf during this period (Chauhan et al. 2015). and
the three distinct peaks in the sand fraction between 265 cm
and 230 cm core depths could well represent major down-
slope sediment transport events associated with ice sheet ac-
tivity (Fig. 2b, Table 2). Facies E sediments were deposited
mainly during the interglacial period of MIS 3 and MIS 5 in
both cores, and partly during the glacial period of MIS 2,
indicating moderate bottom current strength. In this facies,
the TOC and TS contents are high in the deposits of the last
deglaciation period, possibly due to high terrigenous sediment
supply (Fig. 3a, b). By contrast, during MIS 3, facies E sedi-
ments display high TOC contents and low TS contents. This
indicates that the source of TOC is most likely rooted in a high
surface productivity, as the characteristics of facies E exclude
the possibility of poor ventilation conditions. Another expla-
nation could be that, during MIS 3, sediment supply was from
different sources earmarked by lower TS contents.

Evolution during the late Quaternary

Evolution of the north-western (southern Yermak Plateau) and
the northern (upper slope, north of Nordaustlandet) margins of
Svalbard since MIS 5 is illustrated in Fig. 5. Results based on
this study (mainly, SS and TOC) are correlated with published
records of other proxies (e.g. stable isotopes and foraminiferal
faunas) extracted from Chauhan et al. (2014, 2015). Variations
in AW inflow and productivity are used as supportive evi-
dence in the discussion below and also included in the sche-
matic diagram of Fig. 5, to get a robust image of WSC flow
over the upper slope near the shelf edge and the sedimentation
history during the late Quaternary in close relation to the
growth and decay of the SBIS.

MIS 5 (13071 ka)

On the southern Yermak Plateau during MIS Se (Eemian) at
ca. 122 ka, high contents of IRD and high silt/clay ratios
reflect increased influence of terrigenous sediment supply
(Fig. 4a). The source of sediment was most likely from con-
tinuous melting of ice. In agreement with this finding, high
bottom water temperature calculated by transfer functions of
benthic foraminiferal species indicates the influence of warm
AW (cf. Chauhan et al. 2015). During the early Weichselian
from ca. 114-112 ka, TOC/TS ratios of <5 and high planktic
§'3C values point to high surface productivity and normal
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Fig. 4 Ice-rafted debris (IRD), sedimentation rate (cm/1,000 years), P>
silt/clay ratio, mean SS, carbon (5'°C) and oxygen (5'%0) isotope
records of planktic foraminifers, total organic carbon (TOC) and
calcium carbonate (CaCOs3) contents, TOC/CC ratio (CC CaCOs) and
TOC/TS ratio (7S total sulphur) of core IM10-02GC from the southern
Yermak Plateau (a) and core HH11-09GC from the upper slope north of
Nordaustlandet (b). Grey dashed lines Marine isotope stage (MIS)
boundaries. IRD, sedimentation rates and isotopic records extracted
from Chauhan et al. (2014, 2015)

marine conditions (Fig. 4a). Coarser grain size of SS implies
that bottom currents were relatively strong (facies A; Table 2).
These findings are in agreement with previous studies of sta-
ble isotopes, IRD and benthic foraminiferal assemblages
(Wollenburg et al. 2001). which were interpreted as indicating
inflow of temperate and saline AW to the northern Barents Sea
margin and to the Arctic Ocean during parts of MIS 5.

During MIS 5a at ca. 78 ka, the strength of bottom currents
increased on the southern Yermak Plateau (facies A, Table 2;
Fig. 4a). The concomitant rise in bottom water temperature
during MIS 5a has been recorded in core JM10-02GC based
on foraminiferal fauna studies (Chauhan et al. 2014). Similar
results of increased advection of AW were obtained in a core
from the central Arctic Ocean (Spielhagen et al. 2004). At 76
ka, a peak in IRD indicates increased ice rafting and melting of
icebergs, which also caused an increased supply of organic
carbon (cf. high TOC content; Fig. 4a). Burial of organic
matter was possibly supported by high sedimentation rates.
These findings correlate well with IRD originating from an
advance of the SBIS southeast of Svalbard and reaching the
Yermak Plateau during late MIS 5 (Vogt et al. 2001). At ca.
74 ka on the northern Svalbard margin, the presence of facies
B sediments and low planktic §'%0 values indicate reduced
bottom current strength and influence of freshwater at the
surface (Fig. 4b, Table 2). Micropalacontological studies of
core HH11-09GC show that warm AW advected during this
period, which may have accelerated the melting process and
supply of fresh water, causing a weakening of bottom current
strength (Chauhan et al. 2015).

MIS 4 (7160 ka)

On the southern Yermak Plateau, early MIS 4 is characterised
by deposits of facies E sediment, implying moderate bottom
current strength (Table 2). The presence of drop-stones and
peaks in IRD indicate the influence of ice rafting, which also
apparently affected the surface productivity (low planktic 5'°C
values; Figs. 2a, 4a). By contrast, on the upper continental slope
north of Nordaustlandet, sediments of facies B indicate weak
bottom current strength, whereas high planktic 5'°C values
point to high surface productivity (Table 2, Fig. 4b). In agree-
ment with this finding, Chauhan et al. (2014, 2015) suggested
that the inflow of subsurface AW was low at the southern
Yermak Plateau, and even further reduced at the northern
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Svalbard margin. Records from the Nordic Seas indicate stron-
ger influence of warm AW south of Svalbard supplying mois-
ture for ice sheet growth (Hebbeln and Wefer 1997; Hebbeln
et al. 1998). As a result, the SBIS advanced towards the shelf
edge north of Nordaustlandet at ca. 65 ka, which is marked by
an IRD peak, a high TOC content and a TOC/TS ratio >10 in
the present study (Fig. 4b). A high TOC/CC ratio indicates
decrease in CaCOs preservation due to the SBIS advance.

On the north-western and northern Svalbard margins, an

abrupt increase in SS (facies A) occurs in two short time
intervals at ca. 64 ka and 62 ka respectively (Fig. 4a, b,
Table 2). These events are interpreted to represent strong bot-
tom currents, which can be linked to (1) the formation of
dense water due to super-cooling underneath large floating
ice shelves, (2) excess heat loss in open water conditions or
(3) brine rejection during sea ice formation (cf. Rodehacke
et al. 2007). Another explanation for relatively coarse SS
could be meltwater discharge beneath an ice shelf (facies C).
In the modern oceanographic setting, shelf dense waters form
during the winter season due to excess heat loss under open
water conditions at the southern Yermak Plateau (Frank
Nilsen, UNIS, pers. comm.). It is suggested that dense water
formation best explains the sediments of facies A (Table 2).
The core interval centred at ca. 64 ka is barren of benthic
foraminifera northwest of Svalbard (Chauhan et al. 2014).
Along the northern Svalbard margin, coarser SS and facies
A are associated with high CaCOj; contents and relatively high
planktic 5'°C values (Fig. 4b). High surface productivity
could be due to open water conditions or upwelling of
nutrient-rich bottom water, which can also cause re-
deposition of sand. Based on foraminiferal fauna and isotope
studies, Chauhan et al. (2015) found indications that a polynya
was formed around 62 ka. The strong bottom current activity
and deposition of sand layers could have been associated with
brine rejection during extensive sea ice formation following
the period of high surface productivity during polynya
formation.

The MIS 4/3 transition at 60 ka is characterised by facies B
and a pronounced increase in TOC contents at both core loca-
tions (Fig. 4a, b, Table 2). Together with a very low silt/clay
ratio, these parameters indicate reduced bottom current
strength and weaker ocean circulation, which enabled excess
clay to settle from suspension. The fine sediment texture and
apparently sub-oxic conditions may have facilitated preserva-
tion of organic carbon. Low 5'%0 values, a markedly high
TOC/CC ratio, a TOC/TS ratio >10 (Fig. 4a, b) and similar
results of other studies (cf. Rasmussen et al. 2014a) support a
strong influence of meltwater at the surface, which may have
reduced vertical water exchange and prevented oxygen-
enriched water reaching the bottom layers at both the north-
western and northern Svalbard margins. The interval corre-
lates with Heinrich event H6 (Chauhan et al. 2015).
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Fig. 5 a-l Sketch illustrating the interplay of climatic, oceanographic P>
and ice sheet processes, and their effects on the sedimentary
environment of the north-western (southern Yermak Plateau) and
northern (north of Nordaustlandet) Svalbard margins at various key
time periods since MIS 5. Atlantic Water inflow and productivity data
are extracted from Chauhan et al. (2014, 2015). SBIS Svalbard-Barents
Sea ice sheet

MIS 3 (60-28 ka)

Facies E dominate in both cores during MIS 3 (Table 2). At
the southern Yermak Plateau, the stable current regime indi-
cated by facies E began at ca. 54 ka, after the deposition of
IRD from the retreating SBIS diminished (Fig. 4a). Evidence
for retreat of the SBIS during early MIS 3 has also been re-
corded in the Fram Strait, the western Svalbard margin, the
northern Barents Sea margin and the central Arctic Ocean
between 60 ka and 52 ka (Lloyd et al. 1996; Nergaard-
Pedersen 1997; Hebbeln and Wefer 1997; Darby et al. 1997;
Knies et al. 2001). Chauhan et al. (2014) suggested that the
southern Yermak Plateau was influenced by seasonal sea ice
cover throughout MIS 3. Studies show that surface productiv-
ity is generally higher at the sea ice margin and in areas of
seasonal sea ice cover (Carstens et al. 1997; Pados and
Spielhagen 2014). Increased productivity, in turn, boosts the
supply of organic carbon to the sea bottom and can result in
dissolution of CaCOj5 (Archer et al. 1989). The high TOC
content in both cores is thus interpreted to reflect periods of
marginal ice conditions (Fig. 4a, b). These intervals also cor-
relate with foraminifer-barren intervals within MIS 3, indicat-
ing dissolution (Chauhan et al. 2014, 2015).

Along the northern Svalbard margin at ca. 37 ka, a TOC/TS
ratio >10 indicates the presence of a freshwater environment.
Together with an IRD peak at ca. 35 ka, the evidence points to
decay of the SBIS (Fig. 4b). The disintegration of the SBIS
can be associated with an influx of warm AW during this
period, as shown by foraminiferal faunas (Chauhan et al.
2015). Somewhat later at 31-30 ka, an abrupt drop in SS from
medium to fine SS points to a grounding event (Fig. 4b; see
below).

Late MIS 3 grounding event

In core HH11-09GC from the upper continental slope north of
Nordaustlandet at ca. 30.5 ka (307-308 cm core depth), a
prominent IRD peak, high sedimentation rates and an abrupt
decrease in SS were recorded (Figs. 2b, 4b). Initially, SS de-
creased abruptly from 25 um to 19 um for a short interval,
followed by a distinct increase in SS to 25-28 um. This inter-
val belongs to facies C (Table 2). Deposition of a medium-
sized sand lens suggests that the sand was probably derived
from a proximal source and thus could have been deposited by
down-slope mass transport rather than by strong lateral bottom
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currents. The older radiocarbon date (35.6 ka) obtained from
the sand layer (Chauhan et al. 2015) supports this
interpretation.

The down-slope sediment mass-transport event could have
been caused by an advance of the SBIS or local sediment
failures at the shelf edge. The relative sea-level record by
Arz et al. (2007) shows that, from ca. 32 ka to ca. 30.6 ka,
the sea level gradually dropped and lasted for only a short
period (~500 years; Fig. 6). In core HH11-09GC, the
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Fig. 6 Schematic diagram (not to scale) showing conditions during late
MIS 3 at the core site HH11-09GC (red star) on the upper slope north of
Nordaustlandet. Blue curve Relative sea level (m) extracted from Arz
et al. (2007). red curve oxygen isotope record of this core during MIS 3
(60-28 ka) extracted from Chauhan et al. (2015). dark red curve SS mean
record of MIS 3 (this study). For details, refer to the Discussion section
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fluctuation in planktic §'®0 values between ca. 30.5-30 ka
supports the sea-level record (Fig. 6). Glacial landforms near
the continental shelf edge in the vicinity of the core site feature
ca. 12 km long, 20-35 m deep and 0.5-1 km wide grooves
(Noormets et al. 2012). The compact sediments recovered
from the grooves have a basal age of 30 ka (unpublished data),
which closely corresponds to the brief period of low sea-level
stand. This suggests that the falling sea level at ca. 30.6 ka
could have resulted in sediment mass failures on the upper
slope, possibly associated with ice sheet margin processes
(Fig. 6). Thin sand layers in core JM10-02GC from the south-
ern Yermak Plateau suggest that a similar event could have
occurred on the north-western Svalbard margin at approxi-
mately the same time (Fig. 2a).

MIS 2 (28-11.7 ka)

Sediments of facies E were deposited at the beginning of MIS
2 on the southern Yermak Plateau (Table 2). Surface produc-
tivity increased between 24 ka and 20 ka (cf. high CaCO;
content; Fig. 4a). This period correlates well with the timing
of AW advection and high productivity zones in the Nordic
Seas, the western Svalbard margin and the southern Yermak
Plateau (Hebbeln et al. 1994; Elverhei et al. 1995; Dokken
and Hald 1996; Hebbeln and Wefer 1997; Hald et al. 2001;
Chauhan et al. 2014). From 24-23 ka the TOC content in-
creased abruptly, correlating to a banded IRD layer
(Figs. 2a, 4a). The IRD originated from the southern
Svalbard region and from mass-wasting events along the
western Svalbard margin due to the advance of the SBIS
(Andersen et al. 1996). The event has been traced all along
the western Svalbard margin in the form of an IRD band with
decreasing thickness (Vogt et al. 2001; Jessen et al. 2010;
Chauhan et al. 2014). Moreover, sediment of the IRD layer
is characterised by facies C, suggesting that the sediment
source was proximal (Table 2).

Along the northern Svalbard margin, the environmental
conditions were slightly different. Here, sediments of fa-
cies A and high silt/clay ratios between 28 ka and 24 ka
indicate relatively strong bottom currents (Fig. 4b,
Table 2). The increase in CaCOj3 content points to good
ventilation (Fig. 4b). Knies and Stein (1998) documented
a high productivity during this period in a core from the
lower slope of the northern Svalbard margin. The TOC
content also increased at the northern Svalbard margin,
correlating in time with the deposition of the TOC-rich
IRD layer at ca. 24 ka on the southern Yermak Plateau.
The high TOC indicates decreased bottom ventilation
probably due to reduction in bottom current strength (de-
crease in SS; Fig. 4b). The period correlates with Heinrich
event H2, where a meltwater layer at the surface led to a
stratified water column (Chauhan et al. 2015).
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Above this interval at around 22 ka, sediments of facies D
with high sand and high CaCOj; contents indicate deposition
from down-slope transported sediments associated with a rel-
atively strong bottom current regime (Figs. 2b, 4b, Table 2).
The grain size distribution during this event resembles the
sediments described by Anderson et al. (1980) as “moderately
to poorly sorted ‘residual marine sediment’ consisting of
abundant marine fossils and where the fine component of silt
has been winnowed due to strong bottom currents”. Facies D
as well as foraminiferal and isotope studies suggest that the
SBIS advanced during 23-22 ka and caused re-deposition of
continental shelf sediments containing shell fragments on the
upper slope (Chauhan et al. 2015).

Last deglaciation (19-11.7 ka)

At the southern Yermak Plateau, the minimum silt/clay ratio at
ca. 19 ka indicates high input of clay either due to reduced
bottom current strength or from meltwater discharge (Fig. 4a).
However, facies C sediments and high sedimentation rates
during this period indicate that the sediment supply was from
a relatively proximal source (Fig. 4a, Table 2). Despite the
favourable conditions, TOC content was low, probably due
to high turbidity (Fig. 4a). Similarly, on the northern
Svalbard margin the SS dropped abruptly from 30 pum to 22
pum, and the TOC/TS ratios increased to around 36 at ca. 19
ka, indicating a major decline in bottom current strength and a
freshwater environment, probably due to a strong outburst of
meltwater (Fig. 4b). This period is interpreted to represent the
beginning of the last deglaciation. High turbidity due to melt-
water discharge could explain the absence of foraminifera at
the southern Yermak Plateau (Chauhan et al. 2014) and the
decline in the overall flux of foraminifers in the upper slope
sediments north of Nordaustlandet (Chauhan et al. 2015).
From 17.3 ka (north-western Svalbard margin) and 16.9 ka
(northern Svalbard margin) onwards, sedimentation of terrig-
enous sediments increased (high silt/clay ratio) in association
with high TOC and TS contents. The source of sediments and
TOC was probably from melting sea ice/icebergs (low &'*0
values; Fig. 4a, b). These periods also coincide with the inter-
val equivalent to Heinrich event 1 (Chauhan et al. 2014,
2015). At 15.6 ka on the northern Svalbard margin, facies C
sediments with a prominent IRD peak and a high sedimenta-
tion rate mark the period of major disintegration of the SBIS
and the onset of the Bolling-Allered interstadial (Table 2,
Fig. 4b). This is in agreement with findings from foraminiferal
studies (Chauhan et al. 2015). Similarly, in a sediment core
from the lower slope along the northern Svalbard margin, a
gradual increase in TOC content was recorded between
15.6 ka and 11.2 ka (Knies and Stein 1998).
Sedimentological studies from other regions also show that
the strength of the outer shelf Iberian Poleward Current

(Bender et al. 2012) and the Labrador Current (Marshall
et al. 2014) increased at ca. 15.5 ka, in turn influencing the
Atlantic Meridional Overturning Circulation. At 14-13 ka,
bottom current strength was significantly reduced at both core
locations (facies B and high TOC/CC ratios) probably due to
meltwater discharge (Fig. 4a, b). This event was recorded in
several marine records around Svalbard (Birgel and Hass
2004; Jessen et al. 2010; Riither et al. 2012; Hormes et al.
2013; Kristensen et al. 2013; Lucchi et al. 2013). The released
meltwater raised the sea level and, according to Weaver et al.
(2003). this would have strengthened the oceanic circulation
and accelerated the climatic warming during the Bolling-
Allered interstadial.

Holocene

The Holocene section of both cores consists of late
Holocene sediments, whereas early Holocene sediments
are absent (Fig. 2a, b). This is probably due to strong bot-
tom currents, which either prevented the accumulation of
sediments at that time or, alternatively, eroded sediments
deposited earlier. Recent studies from the western Barents
Sea margin indicate an influence of strong bottom currents
during the Holocene, as inferred from calcareous sands and
shell debris (Riither et al. 2012). Lau (1994) suggested that
sediment deposition also depended on water temperature,
where lower temperatures result in lower particle settling
velocities and vice versa (cf. also Krogel and Flemming
1998). Several studies have characterised the early
Holocene as a warm period associated with stronger advec-
tion of relatively warm AW to the Nordic Seas and to the
Hinlopen Strait (Polyak and Mikhailov 1996; Slubowska
et al. 2005; Aagaard-Serensen et al. 2014; Rasmussen et al.
2014b), whereas the late Holocene has been considered as
a relatively cold period with a bottom environment less
influenced by AW (Slubowska et al. 2005; Kristensen
et al. 2013).

In this study, different oceanographic regimes and sur-
face conditions were recorded at both core locations dur-
ing the late Holocene (Fig. 4a, b). On the southern
Yermak Plateau, facies A sediments, high silt/clay ratios
and low TOC contents indicate more vigorous bottom
currents (Fig. 4a, Table 2). The reason for stronger cur-
rents could have been excessive heat loss from the AW to
the atmosphere, which resulted in the formation of cold
and dense water cascading down-slope and causing strong
bottom currents and high turbidity at the bottom.
Simultaneously, on the upper slope north of
Nordaustlandet, facies E sediments and relatively low
silt/clay ratios point to moderate to weak current activity,
probably due to further reduced influence of AW and
an expansion of sea ice cover (Fig. 4b, Table 2).
Foraminiferal faunas also indicate near-perennial to
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seasonal sea ice cover (Chauhan et al. 2015). The differ-
ences in the depositional environments at the two core
locations are interpreted as resulting from different influ-
ences of southward flowing Polar Water and northward
flowing AW.

Conclusions

1. Oceanographic conditions and ice sheet processes have
exerted first-order control on sediment properties in the
contourite-dominated depositional environment on the
northern Svalbard margin during the late Quaternary.

2. Five lithofacies characteristic of different contouritic de-
positional environments were distinguished in two sedi-
ment cores. These lithofacies, based on grain size distri-
bution spectra, silt/clay ratio, content and mean of SS, can
be useful in reconstructing past bottom current activity
from similar settings worldwide. This aspect awaits con-
firmation in future research.

3. Coarsening of mean SS and strong bottom current activity
primarily occurred due to dense water formation and are
pronounced during intervals of glacial periods and the late
Holocene. Fining of mean SS with higher organic carbon
preservation and low CaCOj; content reflect limited water
exchange and reduced bottom current strength during
transitional periods, such as at MIS 4/3 (60 ka) and MIS
2/1 (14 ka). The MIS 3 interglacial period and intervals in
MIS 5 are mainly characterised by medium to fine silt and
moderate bottom current strength with presence of drop-
stones. Ice rafting is more evident during the last glacial
maximum than in MIS 4.

4. Based on grain size distribution, mean SS and other sup-
portive parameters (planktic 5'%0 values, relative sea-
level record and glacial landforms), evidence of a ground-
ing event during late MIS 3 on the northern Svalbard
margin is documented for the first time.

5. Due to the physiographic setting, sedimentation rate was
higher on the northern Svalbard margin than on the south-
em Yermak Plateau during the last deglaciation.

6. In addition to sediment input from sea ice and icebergs,
sedimentation on the southern Yermak Plateau was most-
ly influenced by contour currents, whereas on the upper
slope north of Nordaustlandet the interaction of contour
currents and down-slope mass-flow processes dominated
the environment.
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