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Preface

The present thesis is a result of a long academic journey, including seemingly endless
de-tours, decoys and dead-ends. Long lasting struggles is the acid-test for patience. My own,
my family’s, my supervisor’s (and the administration’s) has certainly been put to the test - and
beyond, more than once.

The thesis mainly builds upon cores from three education- and research cruises by the
University Centre in Svalbard (UNIS) with R/V Jan Mayen (now R/V Helmer Hanssen) to the
western Svalbard margin in may 2003, 2004 and 2005. I participated in 2003 as geology
student and oceanography responsible, in 2004 as teacher within geology and oceanography.
The possibility to use magnetic susceptibility and lithology for a new chronology (presented
in Paper I) was initially discovered during the cruise in 2003, when we retrieved three cores
from three different locations from the western Svalbard slope all showing the same patterns.
During the 2004 cruise, we expected to find the same patterns again. And so we did. Since
then, the patterns continue to show up in cores from coring stations along the western
Svalbard slope. A more life directing discovery for me also happened in 2003 in Svalbard,
when [ met my wife, Kristine. Along with the research my family has been growing steadily
into three kids, Toke, Tana and Maya (and the same amount of parental leave prolonging the
thesis writing process).

Parallel to the thesis work I have worked with science communication and public
outreach and teaching in the course GEO3111 all fall semesters 2006-2013 as assistant for the
exercises and as main teacher in 2007, 2008 and 2013. The principal public outreach was
done as part of the International Polar Year project, SciencePub. My contribution was to be
the main responsible for the marine geological part of Quaternary geology exhibition aimed at
8"-10"™ graders. This was done along with my colleagues Steffen Aagaard-Serensen and
Kasia Zamelzcyk, (both now researchers at the Department of Geology in Tromsg). I have
also been responsible for welcoming visiting high school classes to the department and
secretary for the local Tromse part of the national research school in climate dynamics
ResClim.
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1. Motivation and approaches

The main focus of the present thesis is the interplay between climate, ocean circulation
and ice sheet activity during the last 74,000 years. Glaciers and ice sheets plays a significant
role in climate, oceanography and sea level change. Previously glaciated areas can serve as
natural laboratories for studies of the dynamic of ice sheets and glaciers. The Scandinavian
landscape is shaped by the action of ice sheets and the sediments on the shelves and slope off
Norway, the Barents Sea and Svalbard are mainly deposited by ice and melt water (e.g.,
Lundqvist, 1986; Houmark-Nielsen, 1999; Mangerud, 2004). Both the geomorphology within
previously glaciated areas and the sediments deposited outside previously glaciated areas can

provide evidence of the dynamics of the glacial ice on time scales of up to millions of years.

1.1. Choice of study area and main focus
In the present thesis the interaction between climate, ocean and ice sheets on

centennial, millennial and orbital time scales is described and discussed (Papers I and III).
The ice sheet is the Svalbard-Barents Sea Ice Sheet and the study area is the western Svalbard
margin (Figure 1). This area offers a unique natural, high Arctic laboratory for the study of
ocean-climate-ice sheet interactions. The western Svalbard margin is located close to the edge
of a large former ice sheet. Today, the presence of Atlantic water at the surface provides
generally sea ice free conditions year-round, which offers relatively easy accessibility for
research vessels. The sedimentation rate is generally sufficient for high-resolution
reconstructions of environmental conditions on centennial and decadal scales (Eiken and
Hinz, 1993). Another very interesting feature of the Svalbard-Barents Sea Ice Sheet is that it
was mainly grounded below present-day sea level (e.g., Elverhei and Solheim, 1983; Landvik
et al., 1998; Siegert and Dowdeswell, 2002, 2004; Svendsen et al., 2004). This makes the
Svalbard-Barents Sea Ice Sheet the best paleo-analogue to the probably most climate sensitive

large ice mass on earth today, the West Antarctic Ice Sheet (e.g., Winsborrow et al., 2010).

1.2. Approaches

1.2.1. Reconstructing glacial history based on sediment cores from the adjacent slope
The extent, advance and retreat of the former Svalbard-Barents Sea Ice Sheet have

been subjected to more than 150 years of research (reviewed by Ing6lfsson and Landvik,

2013). The PONAM project in the 1990’s (Elverhei et al., 1998) provide a very solid

foundation for further assessing the history and dynamics of the ice sheet. This thesis is based
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on marine core records from the western Svalbard slope. According to Jon Landvik (pers.
comm.) the study of slope sediments is a kind of “remote sensing” of the behavior of an ice
sheet. A lot of good reasons can be listed for assessing an ice sheet from a remote location.
The general gain from the study of marine records contra in-situ studies from within the
previously glaciated area is a continuous and more detailed chronology and a broader
overview. In-situ evidence of one glaciations-deglaciation cycle is often overprinted by
younger events, since glaciers and ice sheets are destructive by nature, in-situ studies are often
strongly affected by the latest glacial action (e.g., Elverhei and Solheim, 1983; Landvik et al.,
2013; Ingolfsson and Landvik, 2013). Evidence once archived outside the glaciated area has a
better chance of surviving the next glaciations and the sediments eroded from a glaciated area
and accumulated outside the glaciated area serve as handy ‘remote’ archives for several
glaciations-deglaciation cycles (e.g. Elverhei et al., 1995; Andersen et al., 1996; Mangerud et
al., 1998; Vogt et al., 2001). Ocean sediments have to some extent proven easier to date than
terrestrial records based on oxygen isotope stratigraphy and '*C dates (bearing in mind the
problems of variations in the marine reservoir effect and sometimes the lack of datable
material (e.g., Bondevik et al., 2006; Polyak et al., 2008; Reimer et al., 2013). Ocean sediment
cores can provide a context for the glacial history with regards to changes in climate and
oceanography since the sediment cores often include possible climate proxies in addition to
information of the glacial movements (e.g., Bond et al., 1992, 1993; Rasmussen et al., 1996;
van Kreveld et al., 2000; Vogt et al., 2001) (Paper I, III, IV). In addition, a study area that has
been in direct contact with a big ice sheet is more likely to include significant hiatuses, since
an inactive ice sheet can block the area from receiving sediments and because an active ice
sheet is erosive. The possibility for hiatuses is also a potential problem in marine records
(some of the cores presented in this thesis include hiatuses).

Even though it is possible to list a lot of good arguments for using marine cores as
“remote sensors” for glacial activity, of course studying ice sheets from a marine record has
down sides too. A very important cost of a remote location is loss of details. Slope sediments
will only record the glacial activities that lead to sedimentation on the slope. This means
mainly the actions going on at the nearest rim of the ice sheet. The dynamics and processes of
the interior of the ice sheet can only be assessed in-situ. As for all kinds of ‘remote sensing’ a
solid ground truthing is needed to interpret the glacial history and dynamics meaningfully
from marine ocean cores. The geomorphology of the Barents Sea has now been studied in
detail for more than a decade by 3D seismic and swath bathymetry surveys (Ottesen et al.,
2005, 2007; Andreassen et al., 2008; Winsborrow et al., 2010). These have proven that the
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bed shapes of the Barents Sea are largely formed by the actions of the ice sheet at its
maximum, and by the actions of the retreating ice sheet (Andreassen et al., 2008; Riither et
al., 2011). Together with dated terrestrial studies of geomorphology and latest ice exposure
points to a much more dynamic deglaciation than previously acknowledged for Svalbard and
the Barents Sea, with series of glacial retreat phases, still stands and possibly re-advances
(Landvik et al., 2005; Alexanderson et al., 2011; Gjermundsen et al., 2013; Hormes et al.,
2013; Landvik et al., 2014). The absolute timing of glacial retreats, still stands and re-
advances is still unknown, since the marine acoustic surveys lack absolute age control. A
joint-venture between “in-situ” and “remote sensing” paleo-studies is the more effective way
to improve our basal understanding of glacier-ocean-climate interactions (e.g., Hormes et al.,

2013; Alexanderson et al, 2014).

1.2.2. Reconstructing bottom current strength from a sediment record

The thesis also targets the variations in bottom current activity over the western
Svalbard slope through the last 74,000 years. Several studies from the western Svalbard
margin and the Fram Strait has focussed on the reconstruction of paleoceanography i.e., the
presence and properties of specific water masses in the past (e.g., Jones and Keigwin, 1988;
Hebbeln et al., 1994; Dokken and Hald, 1996; Hald et al., 2001; Nergaard-Pedersen et al.,
2003; Zamelczyk et al., 2013) (Paper IV). A main contribution of Paper IV is paleo-
temperature profiles for the western Svalbard slope at 76 °N (Paper 1V, Figure 8), and the
documentation of continuous presence of Atlantic water on the western Svalbard slope also
during cold intervals. Several studies also uses benthic foraminifera as bottom current
indicators, mainly the species Cibicidoides wuellerstorfi or Cibicides lobatulus (e.g., Haake
and Pflaumann, 1989; Rasmussen et al., 1996b; Slubowska et al., 2005, Slubowska-
Woldengen et al., 2007, Skirbekk et al., 2010; Rasmussen and Thomsen, 2015) (Paper IV). In
Paper II we have studied the past variations in bottom current activity on millennial scale
based on sortable silt and magnetic susceptibility and to some extent presence of C.
wuellerstorfi. In Paper I, magnetic susceptibility is suggested to partly reflect changes in
bottom current strength as also indicated in studies from the SE Nordic seas and North

Atlantic (e.g., Rasmussen et al., 1996a; Moros et al., 1997; Kissel et al., 1999).
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1.3. Objectives

The main objectives of the thesis are:

1. To improve the late Weichselian chronology of sedimentary records form the western
Svalbard slope and to reconstruct the paleoceanography,

2. To reconstruct dynamics of the Svalbard-Barents Sea ice sheet on orbital and
millennial time scale, and

3. To reconstruct bottom current strength on the western Svalbard slope on millennial

and orbital time scales.

2. Study area

2.1. Sedimentary environments

The western Svalbard slope generally consists of late Pliocene to Quaternary
sediments characterised by a series of glacigenic Trough-Mouth Fans and inter-fan areas
overlying the bedrock. The fan and interfan areas contain the same sediment facies (Faleide et
al., 1996; Solheim et al., 1998). The Trough-Mouth Fans are mainly built by a series of mass
transported sediments deposited during full glacial conditions (Laberg and Vorren 1995,
1996; Hjelstuen et al., 1996; Vorren et al., 1998) (Paper I). Thinner mass transport deposits
are also found in the inter-fan areas (e.g., Andersen et al, 1996; Solheim et al., 1998) (Paper
I). Both the fan and inter-fan areas are draped with hemipelagic sediments (e.g., Andersen et
al., 1996; Dokken and Hald, 1996; Hald et al., 2004; Howe et al., 2008) (Papers I-1V). For at
least 3 million years, bottom current activity has generated contourite deposits along the
western and northern Svalbard margin at 1000-3000 m water depth (Eiken and Hinz, 1993).
Packages of laminated fine-grained sediments were deposited during deglaciations and are
generally interpreted as a result of fast ice retreat from intensified melting (Andersen et al.,
1996; Vogt et al., 2001; Pedrosa et al., 2011; Lucchi et al., 2013) (Papers I, IIT and IV).

Another possibility is sudden releases of water from sub-glacial lakes (Svendsen et al., 2004).

2.2. Oceanography

The upper 500—700 meters of the water column consist of warm Atlantic Water
transported in the West Spitsbergen Current overlying cold (T ~ -1 °C) intermediate and deep
water generated from convection in the Nordic Seas (e.g., Aagaard et al., 1985; Hopkins,

1991). The mean flow on the western Svalbard slope is northwards (e.g., Hopkins, 1991;
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Osinski et al., 2003; Walczowski et al., 2005). The flow of the West Spitsbergen Currents is
steered topographically over the slope (e.g., Rudels, 1987; Hopkins 1991). The flow strength
is strongest over the 800 to 2000 meter isobaths, where velocities in July 2000 and 2002
reached 40—55 cm/s in the upper 150 meter of the water column centred over the 1200 m
isobath (Osinski et al., 2003). The warmest (>7 °C in July 2002) and most saline (>35.1 in
July 2002) part of the Atlantic water is centred over the 800 m isobath (Osinski et al., 2003).
Direct current measurements show northward transport of Atlantic water along the slope of
approximately 6 to 14 Sv (1 Sv =1 Sverdrup = 1¥10° m’/s) (Aagaard et al., 1973; Fahrbach et
al., 2001; Osinski et al., 2003; Schauer et al., 2004; Walczowski et al., 2005; Marnela et al.,
2008). The main part of the Atlantic Water recirculates and flows to the south below the cold
East Greenland Current (e.g., Quadfasel et al., 1987; Rudels et al., 2000; Eldevik et al., 2009).
The net inflow of Atlantic water to the Arctic Ocean via the Fram Strait is ¢. 1 Sverdrup
(Grotefendt et al., 1998).

3. Ice Rafted Detritus - a seemingly simple proxy

This thesis mainly investigates sediments and the composition of the sediment with
great emphasis on the content of Ice Rafted Detritus (IRD). Other proxies used are grain-sizes
of sortable silt and magnetic susceptibility, stable isotopes (8'*0, 8"°C) and microfossils. IRD
in marine records is generally defined as mineral grains of sand size (e.g., Ruddiman, 1977,
Andrews, 2000; Bischof, 2000). All four papers of this thesis include IRD records. In Paper
I11, IRD is the center of attention (e.g., see Heinrich, 1988; Bond et al., 1993, 1997, 1999;
Bond and Lotti, 1995; Andersen et al., 1996; Andrews, 2000; Bischof, 2000; Moros et al.,
2004; Rervik et al., 2010). In Paper I, the main focus is on magnetic susceptibility and
lithology together with the content of IRD and the distribution of stable isotopes measured in
planktic foraminifera. In Paper II, IRD is treated as a potential problem for the interpretation
of sortable silt, 1063 pum. In Paper IV, IRD is used as an additional proxy along with a
thorough fauna study.

3.1. The simple study of IRD
The underlying concept of IRD is attractively simple. Sand-size sediments are too

heavy for current transportation by the generally modest ocean currents (e.g., Ruddiman,
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1977; Bond et al., 1993; Andrews, 2000). Thus, if coarse grains appear in deep ocean
sediments, they must have been transported there. If down slope mass wasting can be ruled
out, transportation by icebergs or sea ice is the only reasonable option.

It is also attractively simple to quantify the distribution patterns of IRD (e.g.,
Andrews, 2000). The work-load can be very small compared to for instance a study based on
microfossils. The technical part of an IRD study consists of counting of mineral sand grains in
a self-defined grain-size fraction (e.g., Grobe, 1987; Heinrich, 1988; Bond et al., 1992, 1993;
Andrews, 2000) (Papers I and IV). Or - as done in several studies - the weighing of a certain
self-defined grain-size fraction (e.g., Grobe, 1987; Hass, 2002; Aagaard-Serensen et al., 2010)
(Paper II). However, a record of distribution of IRD is probably easy to obtain, but the

interpretation can be anything but simple as shown below.

3.2. The complex interpretation of IRD
3.2.1. Theoretical problems

The process of bringing IRD out to sea and into ocean sediments at a specific study
area is basically a function of three main parameters: 1. The release of sediment-rich ice into
the ocean, 2. Transportation of the ice to or away from the study area and 3. The melting of
ice at the core site (i.e. dependent of surface water temperature on-site) (e.g., Watkins et al.,
1974; Smythe et al., 1985; Matsumoto, 1996; Bond et al., 1999). Thus, an IRD record is the
final product of a potentially long ‘production line’ involving iceberg production, sediment
entrainment in glacier ice, surface currents, subsurface currents, sea ice production, sediment
entrainment in sea ice, sea ice drift, surface water temperatures and subsurface water
temperatures - both at the coring site and along the route from ice source to the site (Andrews,
2000) (Figure 2b). A change in any of the above mentioned parameters can result in changes
in the concentration or flux of IRD and the composition of the IRD. An IRD record alone can
have several possible and probable explanations, which is why IRD is a proxy that cannot
stand alone. To make sense of an IRD study, both the study methodology and environmental
settings need to be taken into account.

High concentration or flux of IRD is often interpreted as an indicator for calving of
icebergs to the ocean. If the coring station is located near a previously glaciated margin, IRD
is most often used as a proxy for calving of local icebergs from the local ice sheet (e.g., Paper
I, IV). However, this seemingly straightforward interpretation can be an over-simplification.
Cores located directly under recently disintegrated ice shelves on the Antarctic Peninsula

contain long transported IRD from foreign sources, ‘allochthonous’ IRD (Pudsey and Evans,
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2001). Thus, without distinguishing between local and allochthonous IRD, an IRD increase in
a record can give a false impression of a more actively calving local ice sheet. IRD can also
be lacking from a sample for several reasons. It may be a probable explanation that no or very
little ice passed the station, but also the station could also have been passed by ‘clean’ ice
deprived of sediments large enough to be classified as IRD. Or ice melting at the site could be

very limited due to very cold surface and subsurface water.

3.2.1.1. Temperature effects on ice rafting

Russel-Head (1980) offers an equation for the melt-rate of ice in water as a function of
temperature (Figure 2a). According to this equation, the melting potential of Atlantic Water
west of Svalbard with temperatures of typically 2—5°C (e.g., Aagaard et al., 1985; Hopkins,
1991, Walczowski et al., 2005) is 1 to 2 orders of magnitude higher than the melting potential
of Polar Water <-1°C.

Since ice melt faster with increasing temperatures, the IRD flux is positively
correlated with the surface and subsurface water temperature directly at the coring station (the
temperature ‘on-site’) (Figure 2b). Conversely the IRD-flux is negatively correlated with the
(sub)surface water temperature along the route between the ice source(s) and the core location
(the temperature ‘en route’). A decrease in temperature ‘en route’ will increase the amount of
ice that can reach a given core site. At low latitudes ice will normally melt before reaching the
site, but if the climate gets cold enough, IRD can still travel a long distance. During North
Atlantic Heinrich Events the melt water from melted icebergs “paved” a route for the icebergs
to cross the North Atlantic from the Laurentide Ice Sheet and reach to southern Portugal
(d’Errico and Sanchez Goiii, 2003), The well dated, high-resolution core MD99-2331 west of
northern Portugal, show that during Heinrich event H4, H2 and H1, the IRD is deposited later
than the initial drop in sea surface temperature (Naugthon et al., 2007, 2009). This indicates
that cold surface water had to be in place before ice could survive the journey from North
America to Portugal. At high latitudes the melting potential of ocean water may be very
important for IRD deposition (cf. McIntyre et al., 1972; Ruddiman and MclIntyre, 1981;
Smythe et al., 1985). The water surrounding icebergs and sea ice can be too cold to melt the
ice and IRD deposition would be very limited regardless of the amount of ice and sediments
passing a coring site. Cold surface water may, however, be accompanied with a warmer
subsurface water mass, as e.g., in the Arctic Ocean today. Should an iceberg of a few hundred

m’s thickness be released into the Arctic Ocean its lower part would reach the submerged
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Atlantic water layer and melt relatively fast while smaller icebergs and sea ice would hardly

melt at all.

3.2.1.2. Climatic effects on glacier dynamics and the sediment in icebergs

Temperature also has a clear effect on glacial dynamics and thereby on the
incorporation of sediment. The sediment incorporation with a glacier bed above the pressure
melting point, ‘temperate ice’, is an order of magnitude higher than in ice frozen to the
ground, ‘cold ice’ (e.g., Alley and MacAyeal, 1994; Elverhei et al., 1998). The temperature
regime of an ice sheet depends on the geothermal heat flux, the regional temperature, and the
thickness of the ice (e.g., MacAyeal, 1993b). The thicker the ice sheet, the higher is the
likelihood for the ice to be temperate, both because of a higher pressure lowering the melting
point and because of the insolation effect. It is not only the incorporation of sediments into the
ice that is influenced by the glacial setting. Also the possibility for sediments to drop out prior
to iceberg calving can be affected. Icebergs calving from the front of ice shelves are often
‘clean’ compared to icebergs calving from tide water glaciers, because a significant amount of
sediment has dropped out from the floating ice shelf prior to calving (e.g., Dowdeswell and
Murray, 1990; Domack et al., 1998). Icebergs and sea ice trapped in land fast sea ice may
similarly release sediments, while being trapped (Andrews, 2000). Build-up of ice shelves,
icebergs being trapped in land fast sea ice and very low melt rates in the ocean are mainly

attributed to cold climate. Thus a reduced flux of IRD can also reflect climatic cooling.

3.2.1.3. Ocean temperature effects on the mineral composition of IRD

The mineral composition of IRD is independent of the water temperature ‘on-site” and
should only reflect the geology of the source area(s) and show the provenance of IRD (e.g.,
Bond et al., 1993, 1997, 1999; Bond and Lotti, 1995). However, ocean temperature changes
can affect IRD provenance and the mineral composition in IRD. The water temperature ‘en
route’ determines the possibility for sand grains from different sources to reach a specific core
site (cf. Smythe et al., 1985; Bond et al., 1992) (section 3.2.1.1). In general, warmer surface
water ‘en route’ favors the deposition of IRD from nearby sources (local IRD), because the
ice melts faster and may disappear before reaching far from its source (Figure 2¢). Colder
surface water ‘en route’ conversely allows the ice to travel longer distances before melting
completely. Accordingly, colder surface water ‘en route’ will increase the extent of potential
source areas of IRD for any core site, and thereby favor the deposition of allochthonous IRD
(Figure 2d).
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3.2.2. Practical problems

3.2.2.1. Size matters

Scientists tend to study IRD in different grain-size fractions and very often in only one
grain-size fraction (e.g., Papers I, II). Basically all sizes of sand and gravel have been used as
a definition of IRD in the literature. From very fine grained sand, >63 um (Hass, 2002; Birgel
and Hass, 2004) or 63—150 um (Bond and Lotti, 1995; Bond et al., 1997), over fine sand 150—
250 pm (e.g., Werner et al., 2013), >150 um (e.g., Bond et al. 1993, 1997; Rasmussen et al.,
1996a), >180 um (Heinrich, 1988), medium size sand grains >250 pm (e.g., Bischof, 2000;
Knutz et al., 2002a,b; Bauch et al., 2012), over coarse sand >500 um (e.g., Skirbekk et al.,
2010) and very coarse sand >1 mm (e.g., Rervik et al., 2010) to gravel >2—32 mm (e.g.,
Grobe, 1987; Andersen et al., 1996; Rervik et al., 2010). Some studies have used different
grain-size fractions for different cores (e.g., Darby and Zimmermann, 2008) (Paper IV).
When referring to previously published IRD records the used grain-size of IRD is often not
mentioned. The reasoning behind the very varying definition of IRD is the assumption that
IRD results are not significantly influenced by the chosen grain-size (e.g., Ruddiman, 1977).
However, studies including more than one grain-size fraction in the same core have shown
that this assumption is not always valid. IRD counts from the same samples in different grain-
size fractions are not always as well correlated as they should be, if IRD counts were grain-
size independent (e.g., Andrews, 2000; Weltje and Prins, 2003, 2007) (Paper III). For core
JMO03-374PC, the shared variation of IRD concentration >150 pm and IRD concentration
>500 pm is less than 50% (r*=0.49) (Figure 3a). Also for the core JM04-025PC (Paper 111,
Figure 8a) and JM03-373PC (not shown), the shared variation of IRD 150-500 um and IRD
>500 pm is in the order of c. 50%. The correlation between IRD >150 um and IRD >250 pm
in JM04-374PC is better, but still the r* is only slightly above 0.6 (Figure 3b). The correlation
between IRD >250 pum and IRD >500 pm on the other hand is good with an r* of 0.87 pm
(Figure 3c). The comparison of IRD counts in different grain-size fractions in JM03-374PC
suggests that fine-grained IRD and coarse-grained IRD on the western Svalbard slope are
affected by different transport mechanisms (Paper I1I).

Also the outcome of a study of the mineral composition of IRD will be grain-size
dependent. In core JM03-374PC, the content of mono-crystalline quartz grains in the same
samples are c. 15-20%-points higher in the fraction 150—250 um than in the fraction >250 um

(Figure 3d) (Jessen, 2005). In general, a higher relative content of quartz can be expected
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when the grain-size is fine, since quartz is chemically stable it is very hard and durable. Thus,
less stable minerals will erode and weather faster than quarts and in general, weathering can
cause dominance of quartz by removing other minerals. Though higher quartz content in the
finer grain-size fraction is consistent, the shared variation of the two data series of % quartz is
not very high (64%, Figure 3¢) supporting that different transport mechanisms can work on
fine-grained and coarse-grained IRD. In general, there are two very unlike types of ice that
can deliver sediments to the ocean, icebergs and sea ice. Bischof and Darby (1997) observed a
discrepancy between the inferred source of IRD >250 um and IRD 45-250 pm for the same
samples in cores from the interior of the Arctic Ocean. They suggest that a large proportion of
the fraction 45-250 pm is sea ice rafted. The sediment incorporation into Arctic sea ice occurs
in or adjacent to high energy environments as beaches, rivers and shallow water shelves
(Kempema et al., 1989). Sea ice IRD can also be expected to include more rounded grains
than iceberg rafted IRD (e.g., Stickley et al., 2009; Forwick and Vorren, 2009). On average,
sea ice rafted IRD consist of finer grains than iceberg rafted IRD (e.g., Bischof et al., 2000;
Weltje and Prins, 2003, 2007; Darby and Zimmermann, 2008).

3.2.2.2. Weighing or counting?

Andrews (2000) counted IRD in the size fraction >2 mm in a core from the Labrador
Sea. The size fraction was also weighed. The two methods gave quite different results.
Counting and weighing similarly gives different results for the core JIM03-373PC from 1485
m water depth on the Storfjorden fan (Figure 1) (Papers LII and IV). An IRD count of grains
>150 um, is only partly correlated with the wt% of the residue >150 um with r* of 0.43
(Figure 4b). For the coarser grain-size fraction >500 pum, the comparison of weights and
counts of IRD is even more problematic. The samples show a bi-modal distribution (Figure
4a), and thus cannot be correlated. Samples from JM03-373PC may be meaningfully grouped
according to the IRD counts and the wt% >500 pum, but to use wt% of coarse grained sand as
a proxy for IRD for the whole core would not work very well. The finer grained fraction 150—
500 wm show a much better correlation between IRD counts and wt% of the fraction. r?
reaches 0.76 (Figure 4c), so for relatively fine-grained IRD the wt% seem to work reasonably

well as an IRD proxy on the western Svalbard slope, at least for this core.
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3.2.2.3. Choice of method and size fraction

The choice of method and grain-size fraction often depends on the abundance of IRD
and also the purpose of the study and how much time the scientist(s) can allocate to counting
the IRD. To determine the presence or concentration of IRD, a relatively coarse fraction with
only a few grains pr sample might be sufficient (e.g., Grobe, 1987). For a petrological study
of mineral composition, at least 300 individual grains is needed in each sample to obtain
reasonable statistics (e.g., Bond and Lotti, 1995; Bond et al., 1997). To obtain at least 300
grains it is often necessary to choose a relatively fine-grained fraction. Some classical IRD
studies from the middle of the North Atlantic has determined IRD concentration from count
of IRD >180 um (Heinrich, 1988) and >150 um (Bond et al., 1992, 1993, 1997, Bond and
Lotti, 1995). To study mineral composition, Bond and Lotti (1995) and Bond et al. (1997) had
to use the finer grain-size fraction 63—150 um. If a core is located very near an active ice
stream or a previously active paleo-ice stream a much coarser fraction can allow a mineral
composition study. Rervik et al. (2010) studied a core located near the Vestfjorden Ice
Stream, which was very active during the last glacial maximum c. 25—17 ka. In this study, the
IRD fraction >1 mm contained enough grains for quantification of the composition of the
IRD.

3.3. Making sense of IRD data — a summary

An IRD record cannot stand alone. IRD concentration, flux or mineral composition
needs to be interpreted in combination with other proxies to gain information about regional
climatic and environmental changes. Either by proxies for water temperature and salinity,
preferably from the same core, and/or correlation with other studies from the study area.
Including both fine-grained and coarse-grained IRD can enhance the insight to the processes
involved in sand grain transportation (e.g., Bischof and Darby, 1997; Andrews, 2000) (Paper
[II). When comparing different records of IRD, the setting of the study area, the choice of

method and the grain-size fraction defined as IRD should be taken into account.
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4. Material and Methods

The foundation of the present thesis is 11 sediment cores from the western Svalbard
slope (Figure 1). In this section a brief summary on material and methods are given, more

details are presented in the respective papers.

4.1. Magnetic Susceptibility

Magnetic susceptibility is a relatively fast and non-destructive parameter to measure,
and has years ago proven a very good potential for inter-core correlation (e.g.
Radhakrishnamurty et al., 1968; Andrews et al., 1995; Robinson et al., 1995; Kissel et al,
1997). The susceptibility is measured by applying a magnetic field to the material and
recording the ability of the material to magnetize. All 11 cores were measured on board for
magnetic susceptibility using a loop-sensor connected to a GEOTEK Multi Sensor Core
Logger. The loop-sensor MS measurements give a smoothed signal compared to the hand-
held point-sensor measurements and mass specific measurements, since the loop sensor
measures a signal of not only the part of the core passing through the sensor, but also some
cm’s on both sides of the level measured.. Seven cores were also measured with a hand-held
F-probe type MS2 point-sensor from Bartington Instruments, generally every 2 cm. In two
cores, mass specific MS was measured in a discrete sample solenoid-type MS2 sensor on 8
cn’ samples in plastic boxes every 2 — 2.5 cm (JM02-463GC, Paper I and JM04-025PC,
Paper 1) .

4.2. Sampling

Selected cores were sampled in sample frequencies varying from 1 cmto 5 cm
between samples in one cm thick slices. Samples were weighed for wet weight, dried and
weighed for dry weight. Samples were separated into different grain-size fractions by wet
sieving and subsequent dry sieving. Further details and specific sample frequencies are given

in the papers.
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4.3. Stable Isotopes, 8'*0 and §"°C

Stable isotopes were measured on the polar planktic foraminifera Neogloboquadrina
pachyderma s Planktic oxygen isotopes are included in all four papers. Planktic §"°C is
includen in papers I, IT and IV. Benthic 8'*0 and 8"°C are included in Papers III (Rasmussen,

unpublished data).
4.4. Sortable silt

The grain-size of sortable silt (SS) was measured in one core to reconstruct changes in
bottom current velocity. Two different methods were used. For the part older than 24 ka, the
grain-size was measured on a Sedigraph 5100 using standard procedures (Robinson and
McCave, 1994). The part 35-0 ka was measured using a Beckman-Coulter Lazer Diffraction
Particle Size Analyzer. The overlap of c. 1 m (covering c. 9 ka) of the core was measured with
both methods, and for this overlap the two methods show comparable results (Paper II, Figure
5). The two records are compared and stacked into one record in (Paper 11, Figure 5b).
Following the argumentation by Hass (2002) neither calcium carbonate nor opal was removed

prior to the analyses due to generally very low amounts.
4.5. Ice Rafted Detritus (IRD)

IRD can be studied in many different grain-size fractions and basically all fractions
have been used in the literature (see section 3 above). This thesis is no exception. In Paper II,
IRD is defined as the weight the residue >63 um. In Paper I, III and IV IRD was counted on a
picking tray under a binocular microscope. At least 300 grains were counted. In samples with
less than c¢. 500 grains all grains were counted. In Paper I, IRD was counted in cores JMO03-
373PC2 and JM04-025PC in the size fraction >500 um. In Paper IV, IRD was counted in the
size fraction >150 pum in core JM03-373PC2 and >1 mm for the core IM02-460GC/PC. In
Paper 111, the residue >100 um was dry sieved into grain-size fractions of 150-250 um, 250—
500 um, and >500 um. The fractions 250-500 um and >500 um were subsequently counted
on a picking tray. Thereafter, the 100-500 um residue was dry sieved over a 150 um mesh
size and the IRD was also counted in the fraction 150—500 um. Mineral classes were

determined in the size fraction 250-500 pm. Twelve different mineral classes were quantified
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in the core JM04-025PC, but only the two dominant mineral classes, fragments of mono-
crystalline quartz and siltstones are used.

IRD concentrations (no/g) are calculated relative to the dry weight of the total sample
(Papers I, IIT and IV). The IRD flux in no. grains/cm?/ka is calculated as follows (Paper III)

IRD counts (no. grains/g wet weight) * wet bulk density (g/cm’) * sedimentation rate (cm/ka).

5. Abstracts

5.1. Paper I: A new Late Weichselian and Holocene marine chronology for the western
Svalbard slope 30,000-0 cal years BP

Data have been compiled from eleven sediment cores from 76° to 80°N on the western
Svalbard slope. The cores are from water depths between 630 and 1880 m and show clear
similarities in lithology and magnetic susceptibility. All cores penetrated into mass
transported sediments from glacigenic debris flow events and turbidity flow events. The mass
transport probably occurred when the ice reached the shelf edge. The deposits date between
24,080 £150 and 23,550 +185 calibrated (cal) years BP. The records also include laminated,
fine grained sediments interpreted as deposits from sediment-laden meltwater plumes dated
between 14,780 +£220 and 14,300 £260 cal years BP. In Holocene sediments a diatom rich
fine grained layer dates 10,100 =150 to 9840 +200 cal years BP. The eleven cores have been
stacked into one record with absolute age control from 35 AMS'“C dates. Together with
oxygen isotope stratigraphy and contents of ice rafted detritus the stacked record provides a
useful chronology tool for cores on the western Svalbard slope. Our study improves the age
control of earlier well documented glacial events and shows that the maximum glacial state
and the onset of the deglaciation both occurred 2500-3000 years earlier than previously
reconstructed for the western Svalbard margin. The results indicate that during the last 30,000
years advance and retreat of the Svalbard-Barents Sea Ice Sheet was closely linked to the flow

of Atlantic water and Polar water over the margin.
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5.2. Paper II: Sortable Silt Cycles in Svalbard Slope Sediments 74-0 ka

Grain-size of sortable silt (SS, 10-63 um) was studied in sediment core JIM04-025PC
from the western Svalbard slope to reconstruct the bottom current activity and intermediate
water circulation in the Greenland Sea. The SS record covers the last 74 ka and shows
consistent millennial scale oscillations in grain size. The youngest part of the record (<25 ka)
is well correlated with the few available previously published reconstructions of grain-size
from the North Atlantic Ocean and the Nordic seas. Fining of SS occurs during four well
known regional cold climatic intervals, the 8.2 ka cold spell, the Younger Dryas and North
Atlantic Heinrich Events H1 and H2, as well as during a local melt water event 14.7—14.4 ka,
possibly coinciding with the Older Dryas. Also before 25 ka, the grain-size oscillated in pace
with the Northern Hemisphere climate with finer grain-sizes during cold periods and coarser
grain-sizes during warm periods. The fining of SS indicate reduced bottom current strength
and reduced water exchange between the Greenland Sea and the Arctic Ocean during regional
climate cooling events, and probably also reduced deep ocean convection in the Greenland

Sea gyre.

5.3. Paper III: Ice rafting patterns on the western Svalbard slope 74—0 ka: Interplay between
ice sheet activity and ocean circulation

The concentration, composition and grain-size of Ice Rafted Detritus (IRD) are studied
in three cores from the western Svalbard slope (1130—1880 m water depth, 76—78°N). The
cores cover the period 74-0 ka. The aim is to provide new insight to the dynamics of the
Svalbard-Barents Sea Ice Sheet during Marine Isotope Stages (MIS) 4—1 on orbital
(glacial/interglacial) and millennial (Dansgaard-Oeschger events of stadial-interstadial) time
scales. The concentration, composition and grain-size of IRD vary on both orbital and
millennial time scales. The IRD consist mainly of fragments of siltstones and fragments of
mono-crystalline transparent quartz (referred to as “quartz”). IRD dominated by siltstones
have a local Svalbard-Barents Sea source, while IRD dominated by quartz are from distant
sources far from Svalbard. Local siltstone-rich IRD predominates in warmer climatic phases
(interstadials), while the relative abundance of allochthonous quartz-rich IRD increases in
cold phases (glacials and stadials). During the last glacial maximum 24—16.1 ka, the quartz
content reached up to >90%. In warm climate, local iceberg calving apparently increased and

the warmer conditions probably caused faster ice melting. During the glacial maxima (MIS 4

23



and MIS 2) and during cold stadials and Heinrich events, IRD was mostly allochtonous
indicative of relatively stable local ice sheets with low ablation. During ice retreat phases of
the MIS 4/3- and MIS 2/1 transitions, maxima in IRD deposition dominated by local coarse-
grained IRD occur in pulses. These maxima correlate with episodes of climate warming,

indicating a rapid, stepwise retreat of the ice.

5.4. Paper IV: Paleoceanographic evolution of the SW Svalbard margin (76°N) since 20,000
“C yr BP

Two cores from the southwestern shelf and slope of Storfjorden, Svalbard, taken at
389 m and 1485 m water depth have been analyzed for benthic and planktic foraminifera,
oxygen isotopes, and ice-rafted debris. The results show that over the last 20,000 yr, Atlantic
water has been continuously present on the southwestern Svalbard shelf. However, from
15,000 to 10,000 "*C yr BP, comprising the Heinrich event H1 interval, the Bolling—Allered
interstades and the Younger Dryas stade, it flowed as a subsurface water mass below a layer
of polar surface water. In the benthic environment, the shift to interglacial conditions occurred
at 10,000 '*C yr BP. Due to the presence of a thin upper layer of polar water, surface
conditions remained cold until ca. 9000 '“C yr BP, when the warm Atlantic water finally
appeared at the surface. Neither extensive sea ice cover nor large inputs of melt water stopped
the inflow of Atlantic water. Its’ warm core was merely submerged below the cold polar

surface water.

6. Synthesis of papers

6.1. Paper |

6.1.1. Improving the local marine chronology for the western Svalbard slope

The primary focus of Paper I is on magnetic susceptibility and lithology data to
establish an absolute chronology of events during the last 30,000 years for the western
Svalbard slope. The secondary focus is to relate the new chronology to the glacial history of
the Svalbard-Barents Sea Ice Sheet. The paper gives absolute age control for marine

sediments from c. 500 to ¢. 2000 m water depth from numerous AMS-"*C dates and wiggle-

24



matching of records of magnetic susceptibility (Figures 3—4 in Paper I). The synchronization
is further tied to three distinct lithological units found in all cores along the slope.

The magnetic susceptibility pattern displays two very distinct intervals with low
susceptibility. The upper interval consists of a fine-grained laminated layer. This interval is
interpreted as a melt water deposit, and dated to 14.7—14.4 ka. The lower interval is dark
colored and in most cores very coarse grained and interpreted as glacigenic mass transport
deposits. This unit is dated to 24.1-23.5 ka. These two low-susceptibility-intervals provide
four tie-points for the chronology. Two more tie-points are provided from the lithology as the
cores with Holocene sediments include a layer with high abundance of diatoms
(Coscinodiscus spp). The diatom layer is dated to 10.1-9.8 ka and consists of fine grained
sediments deposited by high sedimentation rate. The diatom layer is interpreted as the result
of the passing of the northward migrating Polar Front. Three other distinct patterns in
magnetic susceptibility are further used as tie-points in the chronology. A total of nine tie-
points are given absolute ages with an estimated uncertainty of c. twice the uncertainty of the
AMS'*C method (Figure 5).

If magnetic susceptibility is measured on board during a cruise, the comparison with
stacked record may give an initial age model within hours of retrieval. For the last decade our
research group has exploited this on several cruises to the western Svalbard slope. Paper I
gives other scientists the same opportunity (e.g., Pedrosa et al., 2011; Sztybor et al., 2012;
Lucchi et al., 2013, Consolaro et al., 2014).

Paper I1I presents two up-dates of the chronology. The first one is a very important
update to the chronology regarding the low susceptibility unit interpreted as glacigenic mass
transported sediments. The mass transport probably occurred when the ice reached the shelf
edge (e.g., Laberg and Vorren, 1995; Dimakis et al., 2000). Linear interpolation of the nearest
two AMS'C dated levels above the mass transport deposits in four different regions all gave
between c. 24.1-23.5 +£0.2 ka, which is a range too narrow to discriminate between the ages of
the deposits (Figure 3 in Paper I). In Paper I, we state that stratigraphically, the deposits can
be regarded as synchronous within the uncertainties of the AMS'*C dating method. In Paper
I11, this statement is strengthened. The top of the interval with low susceptibility (i.e., Tie-
point 7, Figure 5) is interpreted as a true stratigraphic marker. In Paper I1I, the top of the low
susceptibility interval is interpreted as a wide-spread deposit of ice rafted detritus blanketing
all 11 core sites on the slope. The IRD is interpreted to come from a collapsing ice stream or
ice shelf in the Storfjorden trough (see section 6.3 below). Also Paper III adds one more tie-

point to the chronology, labeled Tie-Point 6.1 (Paper 111, Figures 2,4). Tie-point 6.1 is defined
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as a combination of a steep decline in magnetic susceptibility, a local maximum in IRD-
concentration and coarsening of IRD. The calibrated age of Tie-point 6.1 is 20.17 ka

estimated from the age model of the core JIM03-373PC (Paper 111, Figure 4, Table 1).

6.1.2. Glacial history of the Svalbard-Barents Sea Ice Sheet

The history of Svalbard Barents Sea Ice Sheet has been studied in great detail
(Ingolfsson and Landvik, 2013) both from terrestrial (e.g., Svendsen and Mangerud, 1997;
Mangerud et al., 1998) and marine records (e.g. Elverhay, et al., 1995; Andersen et al., 1996;
Dokken and Hald, 1996; Landvik et al., 1998; Mangerud et al., 1998) as well as by numerical
modeling (e.g., Siegert and Dowdeswell, 1995a,b, 2002, 2004). The main contribution of
Paper I is an improvement of the marine chronology by high resolution and well-dated core

material.

6.1.2.1. Age estimation of mass transport deposits and thereby the peak glaciation

For the previous reconstruction presented by the PONAM project (Elverhei et al.,
1995; Landvik et al., 1998), only one mass transport deposit on the western Svalbard slope
was well dated, a turbidite in core NP90-21 from 2130 m water depth on the Isfjorden Trough
Mouth Fan (given a minimum age of c. 23.2 ka). We managed to provide mass transport
deposits from four different regions of the slope with absolute age estimates ranging from
23.5to 24.1 ka (section 6.1.1). The ages were estimated by linear interpolation of the two
nearest AMS'C dates above the deposits following Owen et al. (2007). In three of the regions
we also dated sediments below the mass transport deposits to obtain maximum ages of the
deposition (ranging from 24.05 £0.18 to 26.93 +0.25 ka, Paper I, Figure 3, Table 2).

Mass transport deposits are regarded as monitors of a fully glaciated shelf, and hence
the maximum extent of the ice sheet (Laberg and Vorren, 1995; Vorren and Laberg, 1997;
King et al., 1998; Dimakis et al., 2000; Dowdeswell and Elverhgi, 2002). The absolute ages of
c. 24 ka was c. 3 ka older than earlier suggested ages for the maximum glaciation of western
Svalbard (Elverhei, et al., 1995; Mangerud et al., 1998). The implication is that it appears that
the entire western margin of Svalbard was fully glaciated c. 3 ka earlier than suggested by
previous reconstructions.

Also the initial retreat from the shelf occurred several ka earlier than the previously
suggested timing of ¢. 18 ka (Elverhei, et al., 1995; Mangerud et al., 1998). The main
evidence for glacial retreat prior to 20 ka is the appearance of hemipelagic sediments on

former glaciated outer shelf areas with ages around 20 ka (e.g., Cadman, 1996; Slubowska-

26



Woldengen et al., 2007) (Paper V). The IRD record in Paper III points to that the main part

of early ice retreat occur already around 24 ka (section 6.3.1.).

6.1.2.2. A melt water plume at c. 14.5 ka

A thick package of fine-grained laminated sediments is documented all along the
western Svalbard slope (Paper I, Figures, 3—6). The age model estimates an age within the
Bolling interstadial. The deposit is thinning towards the north and towards greater water
depths from the upper part of the slope of the Storfjorden trough-mouth Fan, and with a
thicker unit on the upper slope than in a core from the shelf (Paper IV), which is inconsistent
with a local Storfjorden source. In Paper I, we suggest that the melt water came from a
southern source, probably the southern Barents Sea. Recently, Lucchi et al. (2013) has added
the southern part of the Storfjorden Trough-mouth fan and the Kvithola fan to the areas with
fine-grained laminated sediments of the same age, and their sediment distribution confirms a
source south of Storfjorden. They suggest the Kvithola ice dome as a possible source for the
melt water. Fine-grained units of c. the same age are also found in the southern Barents Sea
(Aagaard-Serensen et al, 2010; Junttila et al., 2010) and the northern Barents Sea (Lubinski et
al., 1996). The age of the melt water discharge has been refined by Lucchi et al. (2013) to c.
14.5 ka and they suggest that this event correlates with the Older Dryas cold interval and
provided a significant contribution to the so-called Melt Water Pulse 1a of the last
deglaciation (e.g., Fairbanks, 1989; Stanford et al., 2006).

6.1.2.3. A diatom layer marking the passing of the northward migrating Polar Front

The new chronology contributes to the paleoceanography of the early Holocene by
timing the northward passing of the Polar Front west of Svalbard to 10.1-9.8 ka. Establishing
the timing of the front passage at Svalbard allows an estimation of the speed of the northward
migration. In the southern part of the Nordic Seas at c. 60 °N the front passing occurred c.
1600 years earlier (Stabell, 1986; Kog¢-Karpuz and Jansen, 1992; Nees et al., 1997). A
northward migration of ¢. 16° in 1600 years gives an average front movement of ¢. 1° pr
century. The corresponding average speed of ¢. 1 km pr year shall only be regarded as a
crudely smoothed average. The migration was probably step-wise (Ebbesen et al., 2007; Hald
et al., 2007).

27



6.2. Paper Il reconstruction of bottom current strength

Paper II aims to reconstruct bottom currents on centennial time scale by studying
changes in grain-size in a long piston core record from the western Svalbard margin covering
the last 74 ka (Paper 11, Figures 5,7). Previous grain-size based bottom current reconstructions
from the western Svalbard slope and the Fram Strait has only been published from two cores,
one covering the last 17 ka (Hass, 2002; Birgel and Hass, 2004) and one core covering the last
9 ka (Werner et al., 2013). Grain-size of sortable silt is regarded the most reliable ‘paleo-
current meter’ (McCave et al., 1995; McCave and Hall, 2006). The record presented in Paper
I1 is the first in the Nordic Seas to include the entire Marine Isotope Stages MIS 4— MIS 2.
The grain-size of sortable silt seems to fit with a near peak-to-peak correlation with magnetic
susceptibility measurements in the southern Norwegian Sea (Paper 11, Figure 7). This
magnetic susceptibility signal is positively correlated with interstadial/stadial climate shifts
(e.g., Rasmussen et al., 1996a) and with a 5 ka long grain-size record from the southern
Norwegian Sea at 61°N (Ballini et al., 2006). The magnetic susceptibility signal is generally
believed to display changes in magnetic grain-size and proposed reflect bottom current
strength (e.g., Rasmussen et al., 1996a, 1998; Kissel et al., 1997, Moros et al., 1997, 2004).
Thus it seems that the bottom current dynamics on the western Svalbard slope varies in pace
with the southern Norwegian Sea and North Atlantic and the strength of outflow of deep- and
intermediate water over the Greenland-Scotland Ridge. In the paper, we argue that the grain-
size on the western Svalbard slope may reflect changes in the strength of open ocean
convection in the Greenland Sea. However, the reconstruction presented in Paper II is based
on only one core (similar to e.g., Hass, 2002; Birgel and Hass, 2004; Praetorius et al., 2008;
Werner et al., 2013), and as suggested in section 7.2 more records could - and should - be
included in the future. One important issue when using just one core is that the water masses
can migrate up-/down slope together with changes in the current strength (e.g., Thornalley et
al., 2013) or be detached from the slope (Kuijpers et al., 2002). Another possible issue is that
local down-slope currents can sort sortable silt equally well — or better — than regional along
slope currents. Both issues are potential pit-falls when analysing just one core record (e.g.,
McCave and Hall, 2006).

The core IM04-025PC seems not to be strongly affected by down-slope currents. For
instance, no clear cross-beddings are visible on X-rays. We have cores from the slope where
cross beddings are visible. These cores are from the rim of canals and are not part of this

thesis (but one of them has been studied in the course GEO3111 in 2007 with the thesis author
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as course responsible). Also it seems unlikely that the 11 cores from four different regions of
the slope should display similar magnetic susceptibility patterns if any of the cores were
affected by local down-slope currents (Paper I, and section 6.1). According to the similar
magnetic susceptibility and lithology of all the studied cores, they display regional slope-wide
signals more than local signals. The possibility of up- or down-slope current migration cannot
be solved from studies of just one core. However, even if the sortable slit record presented in
Paper II turns out to be strongly affected by up- or down slope current migration, the record

should still reflect changes in the regional bottom current dynamics on millennial scale.

6.3. Paper I1I: Ice sheet activity deduced from Ice Rafted Detritus (IRD)

Paper III targets ice rafted detritus (IRD) with the main aim to reconstruct the activity
of the local Svalbard-Barents Sea Ice Sheet on orbital and millennial time scale. Potentials
and problems related to reconstructing ice sheet activity from IRD are presented in section 3.
We use end-member modeling to extract the variability in local and coarse grained IRD and
thereby the ice rafting from local icebergs. Local siltstone-rich, iceberg rafted IRD mainly
appears in warm, interstadials climate (Paper III, Figure 10). In cold, stadial climate the IRD
is to a higher degree quartz-rich, long transported and fine grained. Possibly with a higher
proportion of sea ice rafted IRD. We suggest the millennial scale IRD pattern to reflect a
combination of 1. A more active local ice sheet in warmer climate, and 2. The fact that ice

melt closer to its source in warmer waters.

6.3.1. Ice sheet growth and decay — Timing and causation

The growth and decay of the Svalbard-Barents Sea Ice Sheet has previously been
linked to the moisture supply from the ocean, i.e., changes in accumulation of snow (Hebbeln
et al., 1994). However, the growth and decay of ice sheets depends on the balance between
accumulation and ablation. In Paper I the initial retreat is suggested to occur at 21-20 ka, In
Paper III we suggest that the retreat starts already at 24 ka. 24-20 ka was a period with very
low solar insolation (Laskar et al., 2004) where we would expect the ice to advance and not
retreat (Paper I, Figure 6). However, other factors than high solar insolation can lead to
increased ablation. A thickening ice sheet can get too thick to be stable. When a certain
thickness is reached, the combination of higher isolation and increased pressure from the ice
can lead to a switch from a cold based ice sheet to a warm based ice sheet. This switch can

trigger sliding, surging and massive ice loss (MacAyeal, 1993a). Increased oceanic heat
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transport can result in rapid ice shelf disintegration and a following activation of ice streams
(Hulbe, 1997; Hulbe et al., 2004; Shaffer et al., 2004; Marcott et al., 2011). Also a rising sea
level, for instance after a Heinrich Event, can de-stabilize an ice sheet and lead to a retreat of
the grounding line (Benn et al., 2007). At c. 23.5 ka, a widespread IRD layer was deposited
along the western Svalbard slope (Paper III, Figures 2-5). In the cores of the present thesis,
this IRD layer overlies mass transported sediments (Section 6.1). Recent studies has shown
the IRD layer is also present in records without mass transport deposits (Sztybor et al., 2012;
Zamelzcyk et al., 2013; Chauhan et al., 2014). It is likely IRD from this ice rafting event that
was found in sediments from the central Norwegian Sea by Bauch et al. (2001) (Paper I). The
widespread deposition of IRD at the time, we interpret as a result of increased ice stream
activity leading to a massive discharge of icebergs. Massive iceberg discharge means
intensified ablation. The timing correlates well with the timing of land based thinning of the
ice sheet (Gjermundsen et al., 2013; Hormes et al., 2013) and the presence of mega-scale
glacial lineations in Storfjorden Trough (Ottesen et al., 2005, 2007; Andreassen et al., 2008).
The timing is within the time frame of Heinrich Event 2 and Greenland Interstadial 2
(Zamelczyk et al., 2014; Rasmussen et al., 2014).

The build-up phase for the ice sheet is characterized by absence of local IRD on the
western Svalbard slope. This, combined with low sedimentation rates on the slope (Paper I)
points to growth of a very stable local ice sheet, not losing a significant amount of its mass.
As suggested in Paper I, this points toward a cold based ice sheet. Low IRD concentrations
and very low sedimentation rates during the glacial growth phase is also documented in a core
north of Svalbard (Knies et al., 1999). A glacial growth phase characterized by low ablation
followed by a fast high-ablation retreat phase is similar to the ‘binge/purge model’ of
MacAyeal (1993a,b).

6.4. Paper 1V Paleoceanography 24—0 ka

6.4.1. Paleo-temperature profiles over the Storfjorden Trough-mouth Fan

A main result of Paper IV is qualitative paleo-temperature profiles for the last 20,000
"C years, i.e. 240 calibrated ka (calibrated ages are derived from Paper I). The result is
based on a thorough fauna study of planktic and benthic foraminifera from two cores, JM02-
460GC/PC from 389 m and JM03-373PC from 1485 m water depth. Also stable isotopes from
planktic and benthic foraminifera is measured and IRD was counted. The fauna study

documents a continuous presence of warm Atlantic water since 24 ka. The Atlantic water was
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submerged under a layer of fresh water from H1 (c. 17 ka) until 10.1 ka in the early Holocene.
During the very cold climate interval of North Atlantic Heinrich Event 1 (H1) c. 17-15.5 ka
and Younger Dryas (YD), 12.7-11.7 ka, the melt water appears to be adverted from foreign
sources (Paper I and III). During the Bolling-Allered Interstadials (c. 15.5-12.7 ka) and early
part of the Holocene 11.7-10.1 ka, the blanketing melt water came from the disintegrating
Svalbard-Barents Sea Ice Sheet. During the Bolling-Allered interstadial, the water
temperature at 300—400 m was higher than during the Holocene (Slubowska-Woldengen et
al., 2007).

6.4.2. IRD and isotopes reflecting sea ice changes

The IRD counts in core JM03-373PC on mainly fine grained sand (>150 um, Paper
IV, Figure 5n) show high IRD concentrations around 16 and 18 "*C kyr (c. 19 and 22 ka).
These IRD maxima are not visible in the coarse sand fraction (>500 um, Papers I and III).
Probably the IRD to a high degree is delivered by sea ice from the Arctic Ocean (Paper III).
Also the Holocene IRD increase since c. 6 ka is mainly seen in the fine-grained IRD fraction,
and most likely a result of increasing sea ice cover (Papers I and III) (Werner et al., 2013). A
comparison of benthic oxygen isotopes from JM02-460GC/PC in Storfjorden Trough and a
core from Hinlopen Trough on the northern Svalbard shelf show very similar values during
the early Holocene until c. 8.9 calibrated ka (8 "*C kyr). After 8.9 ka the oxygen isotope
values in are higher in Storfjorden Trough than on the northern Svalbard shelf. The difference
increases at c. 5.8 ka (5 '*C kyr). The isotope difference is proposed to be the result of
increased sea ice production and thereby increased brine formation in Storfjorden. The
benthic fauna in cores from Storfjorden and the Storfjorden Trough similarly points to a two-
step Holocene cooling, with an initial increase in brine formation from c. 8.2 ka and further

cooling at c¢. 5 ka (Rasmussen and Thomsen, 2015).

7. Future work

7.1. An updated glaciation curve for MIS4—1

The stacked magnetic susceptibility record and the age estimation of mass transport

deposits points to a relatively uniform behavior of the ice sheet over the entire western slope.
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However, as pointed out by Ingo6lfsson and Landvik (2013) the outcome of a study of the
Svalbard-Barents Sea Ice Sheet depends on the methods used and the “point of view”.
Terrestrial studies (e.g. Alexanderson et al., 2011; Landvik et al., 2013, 2014) and seismic
studies from the Barents Sea (e.g., Ottesen et al., 2005, 2007; Andreassen et al., 2008; Riither
et al., 2011) points to different behavior of different parts of the ice sheet. The recent review
by Hormes et al (2013) is a good example of the strength in combining results from studies
within the previously glaciated area and cores from the adjacent slope. However, the reviews
by Hormes et al. (2013) and Paper I in the present thesis only reach back to 30 ka. The
apparent discrepancy between the slope records and records from within the previously
glaciated area is one question to resolve for future research (Ing6lfsson and Landvik, 2013).

Paper 111 suggests an update of the glaciation history for the northwestern part of the
Svalbard Barents Sea ice sheet 74—0 ka. The resulting glaciation curve would mainly reflect
two predominant cycles, the 41 ka obliquity cycle and the 1-2 ka interstadial/stadial cycle. To
fill in further details would require a thorough review of the data presented within the last five
years as well as a re-assessment of the data and literature reviewed in Paper I. Also other
methods for tracing IRD and melt water provenance can be included. Several trace elements
has been used to determine the provenance of glacigenic deposits from ice rafting and melt
water transportation around the polar North Atlantic (e.g., Grousset et al., 2000; Moros et al.,
2002, 2004; Jullien et al., 2006; Crocket et al., 2012, 2013). The study of clay minerology
(e.g., Vogt and Knies, 2008, 2009; Junttila et al., 2010; Lucchi et al., 2013) and a novel
method for tracing quartz grains to their source (Miiller and Knies, 2013) has been tested for
the Barents Sea and Svalbard, respectively. The counts of IRD might be done faster and more
detailed by using digital image analysis. By training software to recognize IRD, different
mineral grains and the roundedness of grains can be determined. The use of digital image
analysis may allow more records to be studied during the same amount of time. Also an image
analysis tool can be more objective than a person looking into a microscope. The roundedness
of grains is omitted from this thesis mainly because the estimation would be subjective and to
a high degree dependent on the eyes of the IRD-counter — in addition to being very time
consuming. A software tool under development has been tested for measuring circumference
and changes in angles to achieve an objective estimate of roundedness (R. Heilbronner, pers
comm.). This may improve the separation between iceberg- and sea ice rafted grains. Also the
possibility of using filters and contrast stretching might ease mineral determination. Similar to
the use of image analysis in GIS (Geographical Information Systems) the software can be

trained to do most of the analysis leaving the scientists to do mainly quality control.
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No matter which IRD provenance methods chosen, the mass transport deposits on the
western Svalbard slope, and till deposits from the shelf and fjords can serve as ‘ground truth’
for local IRD. By using digital image analysis it should be possible to train the software with
IRD from samples from all over the North Atlantic, Nordic Seas and Arctic Ocean, thereby
improving significantly the provenance studies by better determining possible end-members
for IRD composition and better distinguish between different source areas. If a sufficient
amount of well dated and inter-correlated core material is used, it should be possible to use
GIS to create maps with contour plots showing the distribution of sand from various sources
for icebergs and sea ice at specified time intervals to obtain information about calving from

different ice masses, surface current patterns and ice melting.

7.2. Towards a 4D-reconstruction of the bottom current and estimation of heat fluxes for the

western Svalbard margin.

The thesis may be used as a stepping stone towards a reconstruction of the bottom
current dynamics on the western Svalbard slope in 4D. The cores presented in Paper I
measured for sortable silt (Paper II) could provide a series of 3D reconstructions of the bottom
current strength at various water depths within time slices of c. 200 years. All cores presented
in Paper I and several cores retrieved since 2006 could be included (e.g., Sztybor, 2012;
Lucchi et al., 2013; Zamelzcyk et al., 2013; Chauhan et al., 2014). The chronology presented
in Paper I provides a foundation for a detailed study of the last 30 ka in centennial resolution.
A 4D model of the current strength may allow quantitative estimations of the volume of water
moving along the slope. Water volume transportation multiplied with the temperature gradient
will be a quantification of the heat-flux from the ocean along the western Svalbard slope.
Temperature gradients can be estimated from quantitative temperature proxies either from
fauna studies and transfer functions and/or measurements of magnesium/calcium on planktic
foraminifera and benthic foraminifera. By including material from other regions in the
Nordic seas a basin wide estimate of water and heat flux could be achieved. Paper II
correlates the western Svalbard slope to the southern Norwegian Sea, and the southern
Norwegian Sea is already correlated to the North Atlantic based on magnetic susceptibility
(e.g., Kissel et al., 1999; Eliott et al., 2001).
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Figures

Captions

Figure 1. Study area and location of investigated cores in a) 2D view (modified from Paper I)
and b) 3D view. Cores investigated in Paper II, III and IV are marked by red stars. Green star
mark the core JM05-031GC to which the cores JM04-025PC and JM03-374PC are correlated

in Papers II and III. Black dots mark cores that are included in Paper I only.

Figure 2. a) Ice melting as a function of temperature and the effect in the melting capacity of
water by a warming of 3K from the initial temperature (e.g., from -1.5 to +1.5 °C). b)
Parameters affecting IRD-flux and IRD concentration) ¢-d) Parameters affecting the relative
abundance of local (¢) and allochthonous (d) IRD, + and - indicates if a correlation is positive

or negative.

Figure 3. a-c) Scatter plots and regression analyses of IRD counts and the wt% of the same
fractions in the core JM03-373PC.

Figure 4. a-c) Scatter plots and regression analyses of IRD counts in different gran.size
fractions in the core JM03-374PC. d) Percentage of mono-crystalline quartz in the grain-size
fractions 150-250 pm and 250-500 pum in core JM03-374PC. e) Scatter plot and regression

analysis of the two quartz percentage data series in panel d.

Figure 5. Normalized magnetic susceptibility (Norm. MS) from 11 cores from the western
Svalbard slope (76° 13’ to 79° 37’ N) stacked into one record based on MS and lithology.
Absolute ages can be extracted from the Tie-points of the stacked record. Tie-Point 6.1 (in
grey) is from Paper I1I, other Tie-Points from Paper I. Original AMS'*C dates as presented in
Paper I corrected for 440 yr reservoir effect in cursive. Calendar ages are calibrated using
calib 7.02 and the Marine13 data set (Stuiver and Reimer, 1993; Reimer et al., 2013) with Ar
of 0 (data from Paper I, Figure 4). All ages are presented with one standard deviation

uncertainty.
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