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Abstract

Gravity core HH18-1500GC retrieved from the Hinlopen Trough, Arctic Ocean, has been
investigated in order to reconstruct the climatic evolution and ocean circulation over the last
16 000 years. The core was taken at the edge of the trough on the northern Svalbard shelf in
order to be certain to reach into till, with the intent of dating the retreat of the ice sheet. The
Fram Strait is located between Greenland and Svalbard, and is the main gateway for water
and heat exchange to the Arctic Ocean. Reconstructing paleoceanography and
paleoenvironmental changes in relation to climate change is important to predict future

climate changes, as changes occurring in this area probably will affect the whole Arctic.

The core was divided into 5 lithological and stratigraphic units based on grain size
distribution, magnetic susceptibility, ice-rafted debris data, benthic and planktonic
foraminiferal analysis and content of total carbon, total organic carbon and calcium carbonate.
An age model was constructed based on AMS-1“C dates and correlation with other studies.
The core contains sediments from pre-Bglling (> 16 100 cal years BP), the Bglling-Allergd
interstadials (16 100 — c. 13 000 cal years BP), the Younger Dryas stadial (c. 13 000 —c. 12
000 cal years BP) and the Holocene (< ¢. 12 000 cal years). The most recent sediments are c.
6500 cal years BP, indicating erosion or non-deposition due to strong bottom currents activity
on the shelf. Five distinct pinkish layers were discovered within the Bglling-Allergd interval,
correlating to increasing spectre of lightness, decreasing magnetic susceptibility and
decreasing IRD content. Pink sediments were probably derived by melt water run-off from

retreating glaciers, under high surface temperatures and at high sedimentation rates.
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1 Introduction

The climate has been constantly changing throughout the Earth’s history, and to predict how
the climate may change in the future, it is important to have knowledge about the past climate
(Marshall and Plumb, 2008).

Glacials and interglacials have occurred in regular intervals of 100 000 years over the last 800
000 years (Marshall and Plumb, 2008). 90 % of the last 800 000 years, Earth has been in a
glacial environment (Marshall and Plumb, 2008). Today, we are in an interglacial period.
Over the past 200 years, and especially the last 50 years, the amount of carbon dioxide in the
atmosphere has increased due to human activities (Houghton, 2009). Decreasing sea ice
cover, increased atmospheric and oceanic temperatures, and thawing permafrost, for example,
are evidence of global warming in the Arctic (Overland, 2009). Chapman and Walsh (2007)
stated that most climate models indicate that the warming in the Arctic will be greater than the

temperature increase at more southern latitudes.

The western and northern Svalbard margins are an interesting area of study regarding climate
changes because it is where warm and cold surface water masses meet (Kristensen et al.,
2013). The main gateway for water masses to the Arctic is through the Fram Strait (Saloranta
and Haugan, 2001). That is why, the Fram Strait is vulnerable to climate changes, and
changes occurring here may affect the whole Arctic (Serreze and Francis, 2006). In fact, the
sea ice distribution and the quantity of glaciers and ice caps in the Arctic will be affected by

changes in the water masses (Kristensen et al., 2013).

In this work, benthic and planktonic foraminiferal concentrations, ice-rafted debris data,
magnetic susceptibility and sedimentological data will be used to reconstruct the climatic
evolution and ocean circulation on the northern Svalbard margin over the last 16 000 years.

This will be correlated with data from other studies for a larger regional perspective.



1.1 Foraminifera

Foraminifera are marine organisms widely used as microfossil proxies (Armstrong and
Brasier, 2005). Javaux and Benzerara (2009) defined microfossils as “the microscopic

remains of organisms”.

Foraminifera are single-celled protozoa living on the sea floor or in the water column.
Foraminifera build a shell or test around their cytoplasm. These shells or tests can consist of
calcium carbonate (CaCO3), organic material or mineral particles (Armstrong and Brasier,
2005). When foraminifera die, they fall down to the seabed and accumulate into “carbonate
ooze”. These “carbonate oozes” cover approximately half of the seabed (Kimoto, 2015).
Because foraminiferal shells are easy to identify, have good preservation capability and are
found world wide, they are ideal as research of climate variability. When studied, the
skeletons can give information about the temperature, ocean fertility and chemostratigraphy
of the ocean when the sediments were deposited (Armstrong and Brasier, 2005).

Foraminifera can be divided into benthic and planktonic foraminifera, based on their habitat
(Armstrong and Brasier, 2005). There are found 6000 different species of foraminifera in the
world (Jones, 1994), and only 40-50 of these species are planktonic (Schiebel and Hemleben,
2005).

Planktonic foraminifera live in the surface to sub-thermohaline layer of the ocean (Schiebel
and Hemleben, 2005), to a maximum depth of about 1000 m (Kimoto, 2015). They first
occurred in the mid-Jurassic, and during the mid-Cretaceous they were found all over the
World’s Ocean (Schiebel and Hemleben, 2005). The different species are living in different
environments, based on season, water depths, and water masses (Schiebel and Hemleben,
2005). Neogloboquadrina pachyderma, Turborotalita quinqueloba and Globigerinita uvula
are the three most common planktonic foraminiferal species in polar oceans (Figure 1;
Kimoto, 2015; Pearson et al., 2018) (Schiebel and Hemleben, 2005).



Figure 1. Images of the most common planktonic foraminiferal species in the Arctic: Neogloboquadrina
pachyderma, Turborotalita quinqueloba and Globigerinita uvula. The scanning electron microscopy (SEM) images
of N. pachyderma and T. quinqueloba are taken from Kimoto (2015), while the SEM images of G. uvula are taken
from Pearson et al. (2018). The white lines are scale bars, indicating 100 ym.

Benthic foraminifera live at all depths in the ocean, and are found in most marine
environments (Kimoto, 2015). Benthic foraminifera are affected by the water depth, sediment
characteristics, food supply, predation and competition with other fauna (e.g. Snelgrove and
Butman, 1994; Kendall, 1996). Nonionella labradorica, Elphidium clavatum, Cassidulina
neoteretis, Quinqueloculina arctica, Cibicidoides wuellerstorfi and Oridorsalis tener are the

most common benthic foraminiferal species in the Arctic (Figure 2; Barrientos et al., 2018).
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Figure 2. Image of the most common benthic foraminiferal species in the Arctic: Nonionella labradorica, Elphidium
clavatum, Cassidulina neoteretis, Quinqueloculina arctica, Cibicidoides wuellerstorfi and Oridorsalis tener. The
pink images are foraminifera with added Rose Bengal. The grey-scaled images are SEM images. The picture is
taken from Barrientos et al. (2018).



1.2 Ice-rafted debris (IRD)

Dowdeswell (2009) defines ice-rafted debris (IRD) as “sediment of any grain size that has
been transported by floating ice and released subsequently into an aqueous environment”. The
sediment can be transported by icebergs or sea ice, or derived from glaciers or ice sheets to
marine environments (Dowdeswell, 2009). IRD can also be found in lakes (Dowdeswell,
2009). The grain size of IRD can span from fine silt to large boulders (Dowdeswell, 2009).

IRD are used as palaoceanographic proxies, as they give information about the ice sheet
history and evolution in a specific area (Dowdeswell, 2009). In the Northern Hemisphere IRD
have been used to reconstruct and explain climatic variations as a response to Earth’s orbitals
variations, the ocean-atmosphere interaction, continental movement, and decreasing heat
transport to the north (Liu et al., 2018).

The quantity of IRD in marine sediments is equivalent to changes in iceberg distribution
(Bond and Lotti 1995; Voelker et al., 2002). During interstadials the value of IRD is lower
compared to the values during stadials (Bond and Lotti, 1995; VVoelker et al., 2002). This is
because the production of icebergs is higher during interstadials then during stadials (Bond
and Lotti, 1995; Voelker et al., 2002).






2 Regional settings

2.1 Svalbard

Svalbard is an Arctic archipelago located between 74° and 81° N, surrounded by the Barents
Sea, the North Atlantic and the Arctic Ocean (Figure 3; Dallmann, 2015). The archipelago
consists of six large and several small islands (Dallmann, 2015). The total land area is 60 667
km? (Dallmann, 2015). Glaciers, fjords and mountains dominate the landscape of Svalbard

(Dallmann, 2015).

The largest island of Svalbard is Spitsbergen (37 503 km?), followed by Nordaustlandet (14
320 km?), Edgegya (5009 km?) and Barentsgya (1279 km?) (Dallmann, 2015).

Figure 3. Map of the Svalbard archipelago (Dallmann, 2015).



2.2 Oceanography

Svalbard is located in the Arctic Mediterranean Sea (Figure 4; Rudels et al., 2014), which
consists of the Arctic Ocean and the Nordic Seas (Aagaard et al., 1985). The Nordic Seas are
the Greenland, Iceland and Norwegian Sea, also commonly abbreviated to the GIN Sea
(Hopkins, 1991). The GIN Sea contains two main water masses: the Polar Water and the
North Atlantic Water. The Polar Water derives from the Polar Sea, and the North Atlantic
Water derives from the North Atlantic (Hopkins, 1991). The Polar Water is cold and has a
low salinity, while the North Atlantic Water is warm and saline (Hopkins, 1991). Sea ice is
common on the north, east and south side of Svalbard, where the Polar Water prevails
(Dallmann, 2015).
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Figure 4. Bathymetric map of the Arctic Mediterranean Sea (Rudels et al., 2014).



The Fram Strait is located between northeastern Greenland and Svalbard, (Rudels et al.,
2014), which has a maximum water depth of 2600 m (Aagaard et al., 1985). The main heat
and water exchange to the Arctic Ocean is through this strait (Saloranta and Haugan, 2001).
West Spitsbergen Current (WSC) and the East Greenland Current (EGC) (Figure 5) are the
two main currents flowing through the Fram Strait (Saloranta and Haugan, 2001). The EGC is
the main outflow source, travelling from north to south on the western part of the Fram Strait
(Saloranta and Haugan, 2001). The EGC export the largest amount of sea ice from the Arctic
Ocean (Saloranta and Haugan, 2001). The WSC is the main inflow source, travelling from
south to north, carrying warm water from the Atlantic into the Arctic on the eastern part of the
Fram Strait (Aagaard and Greisman, 1975). The WSC keeps the west coast of Svalbard free
of sea ice (Dallmann, 2015).
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Figure 5. Map showing the main currents around Svalbard. The core site HH18-1500GC and the CTD site are also marked. Modified from Slubowska et al. (2005).
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When the WSC travels from south to north, some of it stays in the Fram Strait before it is
transported southwards by the EGC together with Polar surface water and Arctic Atlantic
Water from the Arctic Ocean, as the Return Atlantic Current (RAC) (Figure 5). The rest of the
WSC continues to the Yermak Branch, north past the Yermak Plateau, or along the northern
Svalbard to the Svalbard Branch (Figure 5). The northward flow in the WSC is estimated to
be 6,6 Sv (1 Sv = 1-10°m3s™1) (Beszycynska-Moller et al., 2012). 3,0 Sv of this flow has a
temperature above 2 °C (Beszycynska-Moller et al., 2012). The southward flow in the EGC is
larger than the northward flow in the WSC. The EGC transports water of 8,6 Sv
(Beszycynska-Modller et al., 2011). This gives a net outflow through the Fram Strait of
2,0+2,7 Sv (Beszycynska-Moller et al., 2011).

The flow through the Barents Sea, which is situated between Svalbard, Russia and the
Norwegian main land, also contributes with heat and water in and out of the Arctic Ocean
(Figure 5) (Rudels et al, 1999). The heat exchange is of less importance compared to the Fram
Strait, but the volume supply from the Barents Sea to the Arctic Ocean is important (Rudels et
al, 1999). The inflow though the Barents Sea almost compensates for the net outflow though
the Fram Strait (Rudels et al., 2014).

A CTD (conductivity, temperature, depth) profile (Figure 6) was taken at 80.23.836 °N and
16.11.919 °E (Figure 5) during the AMGG cruise 31 of August 2018 to the 12" of
September 2018. The CTD correlates with water masses, where the water masses are divided
by certain temperature and salinity. On the surface there is a mixed layer of generally cold
and fresh water (Hopkins, 1991). Underneath the mixed layer, Polar Water is usually
discovered (Slubowska et al., 2005). Subsurface Atlantic water of higher salinity flows below
the Polar Water (Slubowska et al., 2005). The mixed layer is within the upper few meters of
the water column.The Polar water is believed to be found at < 75 m depth, and the Atlantic

water > 75 m depth (Figure 6).
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Figure 6. CTD profile taken on the AMGG cruise. The profile shows the measured fluorescence, salinity,

temperature and density by depth at the site.



2.3 Overall geology

The geology of Svalbard contains rocks from all the main geological periods of the Earth
(Figure 7; Dallmann, 2015). The bedrock geology of northern Spitsbergen consists of
Mesoproterozoic, Neoproterozoic, Devonian, Carboniferous and Permian, and
Triassic/middle Jurassic rocks. Some Paleoproterozoic granitic and dolerite rocks are also
found. Southern Spitsbergen is mainly Paleogene and Neogene, middle Jurassic/early
Cretaceous, and Neoproterozoic rocks. Carboniferous and Permian, Neoptroterozoic,
Mesoproterozoic, and granitic rocks are the most common rocks on Nordaustlandet.
Triassic/middle Jurassics rocks and dolerite prevail on Edgegya. On Kvitgya,
Mesoproterozoic rocks are the most common (Dallmann, 2015). The Neoproterozoic,
Mesoproterozoic and Paleoproterozoic rocks are pink, which is quite common for the

sediments around Svalbard (Rasmussen and Thomsen, 2013).
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Figure 7. Bedrock geology of Svalbard (Dallmann, 2015).
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2.4 Past climate and paleoceanography of Svalbard

The marine isotope stage 3 (MIS 3) was dated 60 000-25 000 years BP, and consisted of
approximately 15 sudden temperature oscillations (Rasmussen and Thomsen, 2013). These
temperature oscillations are the Greenland interstadials and stadials (Rasmussen and
Thomsen, 2013). An interstadial-stadial event is commonly known as a Dansgaard-Oeschger
(DO) event (Dansgaard, 1985). During these DO events, the temperature over Greenland

could increase with over 10 °C just within a few years (Dansgaard et al., 1993).

A study from Rasmussen et al. (2006) indicated that the Atlantic water has been present on
the southwestern Svalbard shelf over the last 20 000 years. From 15 000 to 10 000 *4C years
BP, the Atlantic water flowed below polar surface water, as a subsurface water (Rasmussen et
al., 2006). This period includes the Heinrich event H1, the Bglling-Allergd interstadials and
the Younger Dryas stadial (Rasmussen et al., 2006). Studies have shown that during the
Balling-Allergd interstadial, the first flow of warm subsurface Atlantic water after the Last
Glacial Maximum took place (Slubowska et al., 2005). Cold and polar conditions were
dominating during the Younger Dryas, which is dated c¢. 11 000-10 000 years *C BP
(Rasmussen et al, 2006). Svalbard has been highly glaciated since the Pleistoscene
(Dallmann, 2015). During the early Holocene, there was an inflow of more saline and cold
Atlantic water, which made the biological productivity stronger seasonally (Slubowska et al.,
2005). After that, during the mid-Holocene, the inflow of the Atlantic water declined
(Slubowska et al., 2005). 7000-8000 years ago the glaciation was at a minimum, while the
glaciation was at a maximum c. 2500 years ago, and during the end of the Little Ice Age
(~1870 — 1920) (Dallmann, 2015). The inflow of Atlantic water have increased the last ~
1000 years (Slubowska et al., 2005).

In many marine sediments in the Arctic, pink clay has been discovered (Rasmussen and
Thomsen, 2013). The pink clay is from sediments from the Devonian Red Beds (Figure 8;
Rasmussen and Thomsen, 2013) that were transported in suspension by melt water during
warm periods (Rasmussen and Thomsen, 2013) Normally, greenish silt was deposited during

interstadials (Rasmussen and Thomsen, 2013).
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Figure 8. Location map showing the Devonian Red Beds on Svalbard. The pink arrows illustrates where the MIS
3 melt water are carrying the pink sediments. The pink striped areas are showing sediments of probable Bglling
age, while the pink crossed areas are showing sediments of early Holocene. The Hinlopen Trough is located
where there are found pink sediments of Bglling age (Rasmussen and Thomsen, 2013).
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3 Study area

The Hinlopen Strait is located between the two largest islands of Svalbard: Spitsbergen and
Nordaustlandet (Dallmann, 2015). The strait is 110 km long (Ottesen et al., 2007), and was
formed by large ice streams (Dallmann, 2015). The Hinlopen Trough is north of the Hinlopen
Strait, extending towards the shelf edge (Figure 9; Batchelor et al., 2011). The trough is 5-10
km wide (Ottesen et al., 2007). The maximum water depth of the Hinlopen Strait and Trough
is 400 m (Pfirman and Milliman, 1987). Several shelves are dividing the Hinlopen Strait into
a number of separated basins (Pfirman and Milliman, 1987). The basins can consist of
sediments that are more than 60 m thick. The first 1-5 m of these sediments are of Holocene
age, while the sediments below are usually of late Quaternary age (Pfirman and Milliman,
1987).

Arctic Ocean

Eurasian
Basin

Sophia
Basin

3
Hinlopen Slide sczﬁ)("

S

Figure 9. Bathymetric map of Hinlopen Trough found in Batchelor et al, 2011. The inset is marking the area of
study within Svalbard.
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On the continental slope, there has been identified a giant, submarine landslide (Vanneste et
al., 2006; Winkelmann et al., 2008). The Hinlopen Slide is one of the largest landslides in the
world, with a sediment volume of 1350 km® (Vanneste et al., 2006). The age of the slide is c.
30 000 years BP (Winkelmann et al., 2008).

Studies have indicated that an ice stream covered the Hinlopen Trough during the Last
Glaxial Maximun and the deglaciation (Ottesen et al., 2007; Winkelmann et al., 2008).
Drumlins and ice-sculpted bedrock on the sea floor indicate previous presence of ice cover.
Dark grey diamict is discovered in megaflues, which is believed to be subglacial till. The
deglaciation in the Hinlopen Trough is assumed to be rapid due to lack of grounding-zone
features (Batchelor et al., 2011). Since the subglacial bedforms are following the same
direction as the known flow direction of the ice stream, the ice-stream flow is considered fast
(Clark, 1993; Stokes and Clark, 1999). The rates of debris delivery are calculated to be of 5-
7.5 m per thousand years, indicating that the Hinlopen Trough was a major route of transfer
of ice and debris during the Last Glacial Maximun and the delgaciation (Batchelor et al.,
2011).

Koc et al. (2002) indicate that the ice in the Hinlopen Strait disintegrated between 13 700 and
13 900 C years BP. 12 600 *C years BP the subsurface Atlantic waters entered the area, and
10 800 *C years BP the sea ice cover retreated together with the opening of the surface

waters.
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4 Material and methods

4.1 Fieldwork

Core HH18-1500GC was investigated for this study. It was retrieved from the Northern
Hinlopen Trough, northern Svalbard, at 80.27.603 °N and 15.52.759 °E (Figure 10). The core
was collected during the AMGG cruise from 31% of August 2018 to the 12" of September
2018. The water depth at the core site was 378 m. The length of the core is measured to be
476 cm.

Figure 10. Location map of the core site HH18-1500GC. The photo was taken from Google Maps with the satellite
function, on the 29th of May 2019.
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4.1.1 Gravity coring

The core was retrieved using a gravity corer. A gravity corer can be used in water depths up
to 3 km, and can collect sediments up to 6 m in thickness. When the gravity corer reaches the
ocean floor, it penetrates through the seabed and captures the sediments inside. The force of
gravity pulls down the gravity corer. The gravity corer consists of a steel barrier with a plastic
tube inside, which is called the core liner. The core cutter, at the end of the gravity corer, is
what cuts through the sediments. The core catcher makes sure that the sediments are trapped
within the core liner, and the core cutter, at the end of the gravity corer, is what cuts through
the sediments. When the gravity corer had collected the sediments, it was lifted up to the
vessel again. The core liner was cleaned, measured and labelled before cut into sections of
one meter each. The sediments inside the core catcher and the core cutter were stored and
labelled.

4.1.2 Magnetic susceptibility

Before the core was split in two, the magnetic susceptibility was measured using a GEOTEK
loop sensor (Figure 14). The magnetic susceptibility was measured every third centimetre.
These measurements allow establishing a preliminary chronological framework of the core

since the signal often is correlated with glacial-deglacial events.

4.1.3 Splitting the core
The core was split into two halves using a saw and an osmotic knife. The halves were cleaned
so that the surfaces were smooth and even. The half that was most perfect was labelled as the

archive part, and the other as the work part.
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4.2 Laboratory work on land

The laboratory work took place in the Department of Geoscience at the University of Tromsg.

The core was stored in a cooling room with a temperature around 4 °C when not worked on.

4.2.1 GEOTEK Multisensor Core Logger

The GEOTEK Multisensor Core Logger in the Geology laboratory at UiT was used to
measure the length of the open core while measuring the magnetic susceptibility and the
colour scale every centimetre (Figure 11, Figure 14). Since the work haft of the core was
sampled on the cruise, the archive half was used. The core was taken out of the cooling room
24 hours before the logging, so that the temperature of the material could be of room
temperature. This was done to avoid any reflections from the surface of the core. Before the
logging, the surface of each section was cleaned using plastic cards. The magnetic
susceptibility was measured using a point sensor. The colours were given in Munsell values,

CIE values, and as spectrophotometer reflectance.

4.2.2 Avaatech XRF core scanner

Avaatech XRF core scanner was used to get colour images with high resolution of the five
sections (Figure 12). The core was taken out of the cooling room 24 hours before the XRF
core scanner was used; i.e. the core needed to be of room temperature and the surface of the
core was cleaned. The images from the XRF core scanner show the different features and

colouring in the core.
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4.2.3 GEOTEK X-ray Core-imaging system

The GEOTEK X-ray core-imaging system was used to get grey-scaled X-ray images of the
five sections in the core (Figure 13). The core was prepared the same way as for the XRF core
scanner; i.e. the core needed to be of room temperature and the surface of the core was
cleaned. The grey levels of the images are equal to the density of the core, and the images can
be used to determine different sedimentary characteristics, lithological facies, and physical
and biological structures (Migeon, et al., 1998).

4.2.4 Subsampling and sample preparation

45 sediment samples of 1 cm each were collected from the core. The samples were wet
weighed, before they were freeze-dried for 24 hours using Alpha 1-4 LSC plus at the Geology
laboratory at UiT. Then the samples were dry weighed. 2-3 g dry sediment was taken out of
each sample for TC/TOC analysis (further described in section “1.2.7 TC/TOC”). The
samples were washed and sieved using three different sieves of 500 um, 100 um, and 63 pum,
and then dried within filter papers at 40 °C for 24 hours. The sediments in the filter papers
were transferred to drams glasses. The drams glasses were weighed before and after the
sediments were transferred, so that the weight of each residue size could be calculated. The
empty plastic bags were also weighed so that the total weight of the sediments could be

calculated.
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4.2.5 Grain size analysis
Knowing the weight of the total dry sediment and the weight of each residue size (63-100 pm,
100-500 um, and >500 pum), the percentages of the different residue sizes in each sediment
sample (Figure 15) could be calculated using this procedure:

weight of 63 — 100 um residue

0 -1 = -10009
% 63 00 pim total dry weight of sediment sample 00%

weight of 100 — 500 um residue
total dry weight of sediment sample

% 100 — 500 um = -100%

weight of > 500 um residue

% > 500 =
o K =% otal dry weight of sediment sample

-100%

Weight of < 63 umresidue
= total dry weight of sediment sample
— [(weight of 63 — 100 um residue) + (weight of 100
— 500 um residue) + (weight of > 500 um residue)]

weight of < 63 umresidue

% < 63 =
o s total dry weight of sediment sample

-100%

These calculations are important because the particle size distribution correlates with changes
in sedimentary environment. Due to the Udden-Wentworth scale sediments with particle size
<63 um is defined as silt or clay; particle size 63-100 um is very fine sand; particle size 100-

500 um is fine to medium sand; and >500 pum is coarse sand, gravel or boulder (Wentworth,
1922).
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4.2.6 Water content
The water content (in %) of each sediment sample (Appendix 3, Figure 15) was calculated
using:

wet sediment weight — dry sediment weight

Water content = - - -100%
wet sediment weight

water weight

wet sediment weight

4.2.7 TC/TOC

The LECO machine at the Geology laboratory at UiT was used to measure the total carbon
and total organic carbon (Figure 15). 2-3 g dry sediment from each sample was put into small
steel cups. The steel cups were measured and labelled by depth. The sediments were crushed
using an electrical mortar. The crushed sediments were put in ceramic crucibles together with
an accelerator and then weighed. After weighing, the crucibles were put in the oven so that
the sediment could burn. When the sediments burn, carbon releases and reacts with oxygen,
and makes CO and CO». These are transported to the carbon cells for measuring. CO> absorbs
infrared energy of a known wavelength. The cells consist of an infrared source, and a harrow
filter that stops all wavelengths except the wavelength of CO2. When the gasses pass through
the cells, they absorb infrared energy and prevent it from reaching the detector. The reduction

of energy measured by the detector, is a measure of the concentration of CO2 (Hald, 2017).

To measure total carbon, one analyses the dried sediments directly. When measuring the total
organic carbon, one must first add hydrochloric acid to the sediments so that all non-organic
carbon is dissolved (Hald, 2017).

The percentage of calcium carbonate (CaCO3) was also calculated (Figure 15). This was done
using (Espitalié et al., 1977):

(%TC — %TOC) - 8,33
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4.2.8 Foraminifera picking and analysis

From each sample 200-250 benthic foraminifera and all planktonic foraminifera were picked.
The samples were usually split one or two times to make the counting easier. The counts were
used to estimate the total foraminifera in each sample, the percentage and the concentration of
benthic and planktonic foraminifera, and the planktonic/benthic foraminiferal ratio (Appendix
1, Figure 16).

The estimation was found using:

number of forams counted - 45 (number of squares)
number of splits

counted squares - (7)

The concentration of foraminifera (number/g dry weight sediment) was found using:

equation 1

total dry weight of sample [no./]

The planktonic/benthic foraminiferal ratio was calculated using:

concentration of planktonic foraminifera

concentration of benthic foraminifera

4.2.9 IRD count
The number of IRDs in all of the 45 sediment samples (fraction >500 um) was counted. The

number of IRD per gram (Appendix 2, Figure 16) was calculated using:

number of IRD counted

total dry weight of sample [no./g]
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4.2.10 Radiocarbon dating

Three shells were picked from 188 cm depth, 238 cm depth and 414 cm depth. From the
sediment sample at 51.5 cm depth, approximately 700 benthic foraminifera were picked. Each
sample was first weighed, then wrapped and sent to CHRONO14 laboratory at Queen
University in Belfast, United Kingdom for dating. The years given from Belfast were
radiocarbon years. Calib 7.2 Radiocarbon Calibration Program, Marine 13 was therefore used
to calibrate the ages into calendar years before present (cal BP) (Table 1).
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4.2.11 Sedimentation rate
Knowing the calibrated radiocarbon dates at a given depth, the sedimentation rate can be

calculated. One must assume that the rates are linear. The sedimentation rates are therefore

given by:

depth of second calibrated radiocarbon date—depth of first calibrated radiocarbon date [cm/y]

second calibrated radiocarbon date—first calibrated radiocarbon date

The age at a desired depth between two of the calibrated dates can be estimated by:

desired depth for age estimation—depth of first calibrated date

+ first calibrated date

sedimentation rate between first and second calibrated date

If the desired depth is before the first calibrated date or after the last, one must assume that the
sedimentation rate is the same as the calculated sedimentation rate between the two closest

datings.

Using this, the age at a desired depth above the first calibrated radiocarbon date can be

estimated by:

depth of closest date — desired depth
sedimentation rate between the two closest dates

age of closest date —

The age at a desired depth below the last calibrated radiocarbon date can be estimated

following by:

desired depth — depth of closest date
sedimentation rate between the two closest dates

+ age of closest date
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4.2.12 Flux calculations
The flux is given by the concentration multiplied with the mass accumulation rate. The

calculation of flux of planktonic and benthic foraminifera, and IRD (Appendix 3, Figure 17)

was carried out by following procedure:

The sediment samples were approximately 1 cm thick. The sediment samples are half

cylinders, and the volume of the sediment samples are therefore given by:

volume of a cylinder r?h
2 2

volume of wet sediment [cm3] =

where r is the radius (in cm) and h is the height/thickness (in cm) of the sediment samples.
The diameter of the core is 10 cm, giving a radius of 5 cm. The mean thickness was 1 cm.
This gives a mean volume of 39.267 cm?.

The volume of the sediment samples were used to calculate sediment porosity, wet bulk

density and furthermore the dry bulk density:

. . wet sediment weight—dry sediment weight water weight
sediment pOT‘OSlt_‘y [ g ] = g Y SIS g

cm3 volume of wet sediment volume of wet sediment

wet sediment weight

. 3 —
wet bulk density lg/cm”] volume of wet sediment

dry bulk density [g/cm3] = wet bulk density — sediment porosity
The dry bulk density is used to calculate the mass accumulation rate, which is given by:

The flux of planktonic and benthic foraminifera, and IRD was calculated. The flux is given

by:
MAR = linear sedimentation rate (LSR) [cm/ky] - dry bulk density [g/cm3]
where linear sedimentation rate is found by:
LSR = sedimentation rate [cm/y] - 1000

The reason why the sedimentation rate is multiplied by 1000 is because the linear

sedimentation rate is the sedimentation rate every thousand year (cm/ky).
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The final equation for flux is given by:

Flux [no./cm?ky~1]

= concentration [no./g] - mass accumulation rate (MAR) [g/cm?ky 1]
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5 Results

The lithological log with correlating XRF and X-ray images is presented in Figure 11. The
XRF images and the X-ray images are additionally presented in Figure 12 and Figure 13,
giving a more detailed observation.

Magnetic susceptibility, lightness and redness are presented together with the XRF images,
X-ray images and the lithological log in Figure 14. The magnetic susceptibility was measured
by loop sensor on-board of R/V Helmer Hanssen, and by point sensor at the UiT Geology
Laboratory (Figure 14). The graphs show the same tendency throughout the core. This
demonstrates that the loop sensor give a good indication of the magnetic susceptibility, which
may be important when splitting the core. The values of magnetic susceptibility in the result
part will be the values given by the point sensor. At the section ends, the sensors measure
extremely low or high values of magnetic susceptibility. This is an error, and the values at
these depths are therefore not taken into consideration. This also goes for the redness and

lightness, as they are measured by the same point sensor as the magnetic susceptibility.

The grain size fraction, the water content, and the percentages of total carbon, total organic
carbon and calcium carbonate are combined with the lithological log in Figure 15. Figure 16
presents the benthic and planktonic foraminiferal concentration, the planktonic/benthic
foraminiferal ratio, and the number of IRD per gram sediment together with the lithological
log. The flux of benthic foraminifera, planktonic foraminifera and IRD are combines with the
lithological log in Figure 17. Table 1 presents the three shells and one assemblage of benthic
foraminifera that were dated by AMS radiocarbon. The dates were calibrated to calendar

years before present.
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Figure 11. The lithological log together with corresponding XRF and X-ray images. The core is divided into 5
units. The colour of the core is given in Munsell values.
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Figure 12. Images of the five sections of the core taken with Avaatech XRF core scanner. The ruler shows the
length (in mm) of the different sections.
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Section 1 (0-100 cm)

Figure 13. Images of the five sections in the core taken with the GEOTEK X-ray core imaging system. The ruler
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Figure 14. X-ray and XRF images together with the lithological log, magnetic susceptibility measured by loop sensor (yellow graph) and by point sensor (blue graph), red scale
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and lightness of the different unit
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Figure 15. X-ray and XRF images together with the lithological log, grain size distribution, water content, percentage of total carbon (TC), total organic carbon (TOC) and
calcium carbonate (CaCOg) of the different units.
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Figure 16. X-ray and XRF images together with the lithological log, the concentration of benthic and planktonic foraminifera, the planktonic/benthic foraminiferal ratio, and the
number of IRD per gram sediment of the different units.
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Figure 17. X-ray and XRF images together with the lithological log, the flux of benthic and planktonic foraminifera, and the flux of IRD of the different units.
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Depth Material type | Sample Radiocarbon | Cal years Cal years
weight years BP BP mean

51.5cm Benthic 26.40 mg 7054146 7578-7491 7534.5
foraminifera

188 cm Bathyarca 102.9 mg 9400£30 10253 -10 10 220.5
glacialis 188
(bivalve)

238 cm Bathyarca 62.80 mg 9740+31 10683 -10 |10634.5
glacialis 586
(bivalve)

414 cm Unknown 15.70 mg 13245+45 15 384-15 15 290.5
(bivalve) 197

Table 1. The four radiocarbon datings of core HH18-1500GC. The ages are calibrated using Calib 7.2
Radiocarbon Calibration Program, Marine 13.
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5.1 Unit 1 (476-445 cm depth)
Unit 1 is found from the bottom of the core to a depth of approximately 445 cm (Figure 11).

This unit consists of unsorted, matrix supported gravel and sand, typical of ‘till” or material
deposited in front of an ice-grounding zone (Nielsen and Rasmussen, 2018). The colouring
changes from 5.0YR 4/1 at the bottom of the unit, to 7.5YR 4/1 and 10.0YR 4/1. These colour
values are all named brownish grey, there 5.0YR is slightly redder than 10.0YR. In the upper
part of the unit, thin laminations are discovered (Figure 11). The dark spots in the X-ray

images indicate drop stones and coarse material (Figure 13).

The highest values of magnetic susceptibility are measured in unit 1 (Figure 14). At 467 cm
depth the value is 97.1*10° SI, and at 464 cm depth the value is .92.2*10° SI. From this

point, the magnetic susceptibility decreases toward the unit above.

Higher values in the redness graph may indicate pink layers (Figure 14). At 470 cm depth, the
redness is at its lowest, ignoring the values measured at the section ends, being approximately
6 %. The highest value of redness is measured to be 13.32 %. This value is found at 460 cm
depth. The lightness follows the exact same pattern as the redness, varying from
approximately 28 % at the lowest, to 41.47 % at the highest (Figure 14).

The only two sediment samples taken out from unit 1 were located in the upper part of the
unit. This makes the results regarding water content, total carbon, total organic carbon,
calcium carbonate (Figure 15), IRD (Figure 16 and Figure 17) and foraminifera (Figure 16
and Figure 17) sparse. At 453 cm depth, the water content is approximately 30 % (Figure 15).

From 453 to 448 cm depth, the water content decreases to 20 %.

The percentage of total carbon at 453 cm depth is approximately 2 (Figure 15). From this
depth, the percentage decreases to 1.5 at the top of the unit, which is the lowest percentage of
total carbon measured in the core. The percentage of total organic carbon follows the same
pattern as the total carbon, decreasing from 0.5 to approximately 0.35 % (Figure 15). The

calcium carbonate content decreases from approximately 14 % to 9.5 % (Figure 15).

The number of benthic and planktonic foraminifera per gram dry weight sediment is

approximately 0 (Figure 16). The number of IRD per gram sediment increases from 0 to 16,
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before it decreases towards unit 2 (Figure 16). The IRD flux follows the same pattern as the

IRD/g, increasing from 2 to 334 no./cm?k* (Figure 17).
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5.2 Unit 2 (445-420 cm depth)

Unit 2 consists of clay (Figure 11, Figure 15). Thin laminations are discovered within the
whole unit. The colour changes between 10.0YR 4/1 and 7.5YR 4/1 (brownish grey) (Figure
11). The water content increases from approximately 21 % at the bottom of the unit, to 34 %

in the upper part (Figure 15).
The magnetic susceptibility in unit 2 is relatively low (approximately 20*10° S) (Figure 14).

The redness of unit 4 is relatively stable, being around 13-14 % (Figure 14). The lightness
varies between 40 and 41% (Figure 14). At approximately 430 cm depth, both graphs peak
values of 15.47 % redness and 43.3 % lightness. At this depth, the lithological log combined
with the X-ray and XRF images, there is discovered a pinkish layer (Figure 11, Figure 14).

The percentages of total carbon and calcium carbonate are relatively high in unit 2, being
respectively approximately 2.3 and 13-15 (Figure 15). The percentage of total organic carbon
is, on the other hand, relatively low. The total organic carbon decreases to 0.5 % (Figure 15).

The number of benthic and planktonic foraminifera per gram dry weight sediment is
approximately 0 (Figure 16). The number of IRD per gram sediment decreases from 5 at the
bottom, to more or less zero (Figure 16). The IRD flux decreases from 80 no./cm?k to

approximately 0 (Figure 17).
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5.3 Unit 3 (420-225 cm depth)

Unit 3 consists mainly of clayey silt (Figure 11, Figure 15). From approximately 310 to 290
cm depth, there is a subunit consisting of sand (Figure 11, Figure 15). At approximately 260
cm depth, a sand lens is detected (Figure 11). Drop stones are discovered sporadically within
the unit (Figure 11, Figure 13). At 414, 288.5 and 238 cm depth, shells are discovered (Figure
11, Figure 12). The bivalve shells at 414 and 238 cm depth, was sent for dating (Table 1). The
colouring at the bottom of the unit is 10.0YR 4/1 (Figure 11). Further up it shifts to 7.5YR
4/1. From approximately 388 to 360 cm depth, there appears to be a layer of predominantly
pink sediments (Figure 14). The Munsell value of this layer is 5.0YR 4/1 (Figure 11). After
this, the colouring changes between 10.0YR 4/1 and 7.5YR 4/1. In the upper part of the unit,
the colour shifts to yellowish grey (2.5Y 4/1). The water content is varying from 33 to 43 %

(Figure 15). The water content reaches its highest value just below unit 4.

The magnetic susceptibility varies between lower and higher values (Figure 14). At 326 cm
depth, the magnetic susceptibility is 58.1*107° SI, which is the third highest measured value in
the core. At 307 cm depth, the magnetic susceptibility is 3.7*107°, which is one of the lowest
values measured. From approximately 250 cm depth, the magnetic susceptibility is more

stable (approximately 20*107° SI).

The redness in unit 3 is varying from 11-14 % (Figure 14). The value of red is relatively
higher at 395-385 cm depth, 380-360 cm depth, 350-340 cm depth, 315-310 cm depth and
290-260 cm depth. These higher values of red are corresponding with the pinkish layers
shown in the XRF images (Figure 12). The lightness shows the same tendency, varying from
36-41 % (Figure 14).

In unit 3, the percentages of total carbon, total organic carbon and calcium carbonate all
increase gradually from the bottom of the unit towards the top, except at approximately 320-
270 cm depth (Figure 15). In the 320-270 cm depth interval, the total carbon and the calcium
carbonate content increase notably, while the total organic carbon decreases. The total carbon
and the calcium carbonate peak to values of 2.9 % and 19.6 %, receptively. The total organic

carbon reaches a value of 0.45 % at its lowest.

The concentration of benthic foraminifera increases from 0 at the bottom of the unit to 75 no.

per gram sediment at 320 cm depth (Figure 16). The benthic foraminiferal flux increases from
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570 no./cm?k* at bottom to 1300 no./cm?k™® (Figure 17). Toward the top the unit, the benthic
foraminiferal concentration varies between 75 no./g to 478 no./g (Figure 16). The benthic
foraminiferal flux from 320 to 260 cm depth is varying from 1300 no./cm?k* to 5600
no./cm?k’* (Figure 17). Toward the top of the unit, the benthic foraminiferal flux increases to
a value of approximately 12 000 no./cm?k™®. The planktonic foraminiferal concentration is
more of less stable, varying from approximately 0 to 11 no./g (Figure 16). At 290 cm depth,
the concentration peaks to 30 no./g. The planktonic foraminiferal flux graph does not indicate
large variations (Figure 17). The flux is varying from 10 to 100 no./cm?k™, except at 290 cm
depth where the flux peaks to 570 no./cm?k2.

The planktonic/benthic foraminiferal ratio is generally varying between 0 and 0.03 (Figure
16). The ratio indicates how many planktonic foraminifera there are per benthic foraminifera.
When the ratio is below 1, there are more benthic than planktonic foraminifera. The ratio
peaks at the bottom of the unit, at 390 cm depth and 290 cm depth, being respectively 0.27,
0.24 and 0.1.

The number of IRD per gram sediment is mainly varying between 1 and 9 (Figure 16). At 300
cm depth, the number reaches 41, which is the highest value throughout the core. The IRD
flux is generally varying from approximately 12 to 64 no./cm?k™ (Figure 17). Exceptions are
at 265 and 300 cm depth, where the IRD flux reaches 164 no./cm?k™ and 944 no./cm?k,

respectively.
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5.4 Unit 4 (225-35 cm depth)

Unit 4 consist of silty clay (Figure 11, Figure 15). Two shells are discovered at 205 and 188
cm depth (Figure 11, Figure 12). The bivalve shell at 188 cm depth was sent for dating,
together with a collection of benthic foraminifera (Table 1). The lower part of this unit is
yellowish grey (2.5Y 4.1) (Figure 11). Then the colouring shifts to olive black (5.0Y 3/2).
Further up it changes to brownish black (2.5Y 3/1), before it changes back to olive black
(5.0Y 3/2) again. The water content in unit 4 is varying occasionally between 31 and 53 %
(Figure 15). At 88 cm depth, the water content is at its highest throughout the core, being 53
%. From this depth towards unit 5, the water content is decreasing.

The magnetic susceptibility is relatively stable in this unit, being approximately 20*10= Sl
(Figure 14).

The redness is more or less stable in unit 4, being 8-11 % (Figure 14). The lightness varies
between 33-36 % (Figure 14). The graphs show notably higher and lower spectre of red and
light at approximately 200 and 100 cm depth, but these are assumed to be measurement

errors.

The percentages of total carbon, total organic carbon and calcium carbonate increase slightly
towards the top of the unit (Figure 15). At the bottom of the unit, the percentage of total
carbon is about 2.3. The total organic carbon is 1 %, and the calcium carbonate is 11 %. At
approximately 50 cm depth, the total carbon decreases from 2.9 % to approximately 2.2 %,
and calcium carbonate decreases from 13.8 % to approximately 9 %. The total organic carbon
is about 1.2 % at the top.

Both the benthic and planktonic foraminiferal concentration are generally increasing towards
the top of the unit (Figure 16). The benthic foraminiferal concentration varies between 93
no./g and 1718 no./g. The benthic foraminiferal concentration peaks at 50 cm depth (with
1718 no./g), The planktonic foraminiferal concentration is varying between 1 and 135 no./g.
The benthic foraminiferal flux varies between approximately 2100 and 44 607 no./cm?k!
(Figure 17). The planktonic foraminiferal flux is varying between 60 and 3943 no./cm?k’*
(Figure 17). The planktonic/benthic foraminiferal ratio is approximately 0 from the bottom of

the core to 160 cm depth (Figure 16). Further up, the ratio varies between 0.03 and 0.13.
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The number of IRD per gram sediment is approximately 0 (Figure 16). The IRD flux is low
and stable (Figure 17). The flux is mainly varying from 0 to 9 no./cm?k™, except at the bottom
of the unit and at 190 cm depth, where the values are 31 and 21 no./cm?k.
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5.5 Unit 5 (35-0 cm depth)

Unit 5 consist of clayey silt (Figure 11, Figure 15). The colouring of this unit is more or less
homogeneous, being brownish black (2.5Y 3/1) (Figure 11). The water content in the lower
part of unit 5 is approximately 37 % (Figure 15). Towards the most recent sediments, the
water content is decreasing. As in unit 1, there are only a few sediment samples within unit 5,

making the results limited.

The magnetic susceptibility is relatively stable in this unit, being approximately 20*10= Sl

(Figure 14). Except at approximately 35 cm depth, where the value is almost 40*10™ SI.

The redness and lightness vary more in unit 5 compared to unit 4 (Figure 14). The redness
varies between 8 and 11 %, while the lightness varies between 32-39 %. The redness and the
lightness are peaking at approximately 25 and 11 cm depth, but the values are relatively low
compared to the rest of the core. The XRF image does not reveal any pinkish layers in this
unit (Figure 12).

The benthic foraminiferal concentration varies from approximately 250 to 540 no./g (Figure
16). The benthic foraminiferal flux varies between 4600 and 12 000 no./cm?k* (Figure 17).
The planktonic foraminiferal concentration is relatively low within unit 6, being 5-16 no./g
(Figure 16). The benthic foraminiferal flux varies from 90 to 400 no./cm?k™ (Figure 17). The

planktonic/benthic foraminiferal ratio is also relatively low, being 0.02-0.04 (Figure 16).

The number of IRD per gram sediment is approximately 1 (Figure 16), while the IRD flux is
relatively high, varying from 8 to 31 no./cm?k* (Figure 17).
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6 Interpretation and discussion

6.1 Construction of age model

The sedimentation rates between the calibrated radiocarbon dates are calculated to be 50.819
cm/ky (k=1000, y=year) (between 51.5 cm depth and 188 cm depth), 120.773 cm/ky (between
188 cm depth and 238 cm depth), and 37.801 cm/ky (between 238 cm depth and 414 cm
depth).

Assuming that the sedimentation rates are the same outside of the given calibrated
radiocarbon dates, the top of the core is estimated to be c. 6522 cal years BP. The till is found
in unit 1 (476-445 cm depth). The age of the till is calculated to be >16 111 cal years BP,
indicating the age of the sediments at the bottom of the core. The construction of the age
model (Figure 18) is based on these datings and calculations.
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Figure 18. Age-depth model based on the materials dated, and the estimated age of sediments outside the
calibrated radiocarbon dates.
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The last 16 000 years can be divided into separate climate intervals: pre-Bglling interval, the
Balling-Allergd, the Younger Dryas and the Holocene. The glacial till implies that the pre-
Balling is > 16 100 cal years BP (> 445 cm depth). The Bolling-Allergd is interpreted to be
from 16 100 to c. 13 000 cal years BP (445 — 325 cm depth) and the Younger Dryas from c.
13 000 to c. 12 000 cal years BP (325 — ¢. 300 cm depth). The transition from Younger Dryas
to early Holocene is marked by rapid increase in IRD content at c. 300 cm depth, indicating
an increase in iceberg and sea ice distribution. The Holocene is therefore c. <12 000 cal years
BP (c. <300 cm depth). The most recent sediments are calculated to be c. 6500 cal years BP.
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6.2 Magnetic susceptibility

The magnetic susceptibility of marine sediments is affected by changes in oceanography,
glacial activity, provenance and grain size of sediments (Jessen et al., 2010). Highly magnetic
material or non-magnetic material can be transported from its origin by ice rafting (Andrews
and Tedesco, 1992; Grousset et al., 1993; Robinson et al., 1995; Stoner et al., 1996; Pirrung et
al., 2002), mass transportation (Robinson et al., 2000; Kuijpers et al., 2001; Rasmussen et al.,
2007) or melt water (Lekens et al., 2005; Rasmussen et al., 2007). Alteration in bottom
currents and deep-water formation in the Nordic Seas influence the magnetic susceptibility in
the North Atlantic and southern Norwegian Sea (Rasmussen et al., 1998; Kissel et al., 1997;
Moros et al., 2002).

Sediments from the Last Glacial Maximum and the beginning of the deglaciation are
characterized by higher and more variable magnetic susceptibility (Jessen et al., 2010).
During the beginning of the early Holocene, the magnetic susceptibility increased (Jessen et
al., 2010). Following that, the magnetic susceptibility gradually decreased towards the most

present sediments (Jessen et al., 2010).

The magnetic susceptibility reaches its highest value in unit 1 (Figure 14). In unit 2, the
magnetic susceptibility is low. The magnetic susceptibility is high and variable is in unit 3,
while it is stable and low in unit 4 and 5. This indicates that the sediments in unit 1 and 3 are

more magnetic compared to the rest.
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6.3 Ice-rafted debris

As mentioned in the introduction “1.2 Ice-rafted debris (IRD)”, the quantity of IRD in marine
sediments is equivalent to changes in iceberg distribution (Bond and Lotti 1995; Voelker et
al., 2002).

In unit 2, 4 and 5, the amount of IRD is relatively low and stable (Figure 16 and Figure 17). In
unit 1, the number of IRD per gram sediment reaches 16, which is the second highest value
throughout the core (Figure 16). In unit 3, the concentration and flux are high and variable.
The highest number of IRD per gram sediment is at c. 300 cm depth, being 41 no./g. The flux
is measured to be 944 no./cm?k! (Figure 17). This indicates higher iceberg distribution in unit
1and 3.
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6.4 Pink layers

The spectre of red might indicate pink layers. Rasmussen and Thomsen (2013) stated that
pink clay in marine sediments on Svalbard correlates to interstadials. They are transported by
melt water, and are deposited during high surface temperatures and at high sedimentation
rates (Rasmussen and Thomsen, 2013). Forwick et al. (2010) implied that reddish clay

possibly could be transported by melt water run-off from retreating glaciers.

Due to the redness graph (Figure 14), the sediments are believed to be redder from
approximately 405 to 250 cm depth. The highest spectre of red are found at 460 cm depth
(unit 1), 430 cm depth (unit 2), 395-385 (unit 3), 380-360 cm depth (unit 3), 350-340 cm
depth (unit 3), 315-310 cm depth (unit 3) and 290-260 cm depth (unit 3). The pink layers
indicated by the redness graph are also visually found in the XRF images, except the one at
460 cm depth (Figure 12). The pink layers discovered are presented in Figure 19. A common
denominator for these layers is that the magnetic susceptibility is either low or decreasing
(Figure 19). The IRD content also decreases in these pink layers (Figure 19). Decreasing
content of IRD suggest decreasing iceberg production and increasing melt water production.
This strengthens the contention that pink sediments are correlating to interstadials
(Rasmussen and Thomsen, 2013). The lightness follows the exact same pattern at the redness

(Figure 19), indicating that the pink layers are corresponding with higher values of lightness.

The lightness of the sediment correlates to the amount of chalk (Hancock, 1984). Chalk
findings in Arctic sediments are explained by ice rafting from areas south of 59°N, typically
from the North Sea and the Baltic regions (e.g. Lehman, 1991; Hebbeln et al., 1994). During
the Last Glacial Maximum and the deglaciation, these areas were covered by ice (e.g.
Lehman, 1991).

Forwick et al. (2010) found that the pink sediments consisted of ankerite/dolomite, calcite,
epidorite and phyllosilicates. Illite and mica were the most common phyllosilicates.
Phyllosilicates give darker sediments, while ankerite/dolomite and calcite give lighter
sediments (Forwick et al., 2010). High percentage of ankerite/dolomite and calcite may

therefore explain the relationship between lightness and redness.
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Figure 19. Indication of the pink layers found in core HH18-1500GC. The pink layers, indicated by red scale and XRF images, are correlated with the lithological log, lightness,
magnetic susceptibility and number of IRD per gram. The climate intervals are marked.

54



6.5 Abundance of planktonic and benthic foraminifera

Low concentration and flux of planktonic foraminifera combined with high percentage of
total organic carbon and low percentage of calcium carbonate are characteristic for cold
conditions at the sea surface (Zamelczyk et al., 2014). Presence of Arctic surface water and
seasonal sea ice correlates with cold conditions (Zamelczyk et al., 2012, 2013, 2014). During
warmer conditions, the flux of planktonic foraminifera and the relative abundance of subpolar
species are higher (Zamelczyk et al., 2014). Warmer conditions are often implied with a
stronger advection of Atlantic water, which give a greater preservation of calcium carbonate
(Zamelczyk et al., 2014). During cold conditions, the preservation of calcium carbonate shells
is often poor (Heinrich, 1998; Huber et al., 2000).

The benthic foraminiferal concentration in core HH18-1500GC varies from 0 to
approximately 1700 foraminifera per gram, while the planktonic foraminiferal concentration
varies from 0 to approximately 135 foraminifera per gram (Figure 16). The concentrations of
benthic and planktonic foraminifera follow similar trends, where the concentrations are
greatest in the upper 150 cm of the core. The benthic foraminiferal flux increases from 0 at
the bottom of the core to approximately 44 600 no./cm?k™ at 50 cm depth, before it decreases
(Figure 17). The planktonic foraminiferal flux follows the same pattern, reaching
approximately 3500 no./cm?k™ at 50 cm depth. The planktonic/benthic ratio foraminiferal is
below 0 throughout the whole core, indicating that the conditions were in favour of benthic

foraminifera (Figure 16). This is typical for shelf areas.

The total organic carbon is increasing gradually upwards in the core, except at approximately
300 and 100 cm depth (Figure 15). The percentage of total organic carbon is relatively high at
approximately 445 cm depth, while calcium carbonate it low. The flux of planktonic and
benthic foraminifera are extremely low at this depth. These results combined are
characteristic for colder conditions at the sea surface. In unit 2, the calcium carbonate is
relatively high, where the total organic carbon is low. The flux of planktonic and benthic
foraminifera is, on the other hand, low in this unit (Figure 17). At 300 cm depth, the
percentage of calcium carbonate is at its highest. The flux of planktonic and benthic
foraminifera show a rapid increase at this point (Figure 17), indicating warmer conditions.

Presence of Arctic surface water may be discovered in unit 5. The total carbon percentage is
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at its highest, while the calcium carbonate is notably low. The flux of benthic and planktonic

foraminifera are also decreasing.
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6.6 Regional perspective

Slubowska-Woldengen et al. (2008) studied past ocean circulation changes on the continental
shelves in the Nordic and Barents Seas. This was done collecting data from 12 studies. Figure
20 (Slubowska-Woldengen et al., 2008) illustrates the different study sites. In this paper, the
last 16 000 cal years BP was divided into five sections: the late glacial (16 000-15 000 cal
years BP), the Bglling-Allergd (14 500-13 500 cal years BP), the Younger Dryas (12 500-11
500 cal years BP), the early Holocene (9500-7500 cal years BP) and the late Holocene (4000-
2000 cal years BP).
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Figure 20. Location map of all the core sites used in Slubowska-Woldengen et al. (2008).

Comparing the results presented in Slubowska-Woldengen et al. (2008) with the results from
HH18-1500GC, the focus will be on the data from HM107-05, 8903/28-03, B 305, JM02-
460GC, JM02-440 (Slubowska-Woldengen et al., 2007) and NP94-51 (Slubowska et al.,
2005). Core HM107-05 was retrieved north of Iceland, 8903/28-03 from the northern North
Sea, B 305 from the southeastern part of the Barents Sea, JIM02-460GC from southern
Svalbard, JM02-440 from western Svalbard, and NP94-51 from northern Svalbard
(Hinlopen). The different benthic foraminiferal species have not been identified in core
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HH18-1500GC. Even though, the results concerning the relative abundance of benthic
foraminifera and IRD content in Slubowska-Woldengen et al. (2008) can be used to determine
some of the previous ocean conditions in the Hinlopen Trough.

In the late glacial, the relative abundance of the benthic foraminiferal species E. excavaturn
and C. reniforme was high in the northern North Sea, on northern Svalbard/Hinlopen and
western Svalbard, indicating cold conditions with relatively fresh water, and presence of
Arctic water (Slubowska-Woldengen et al., 2008). The abundance of C. neoteretis was 47 %
on northern Iceland (Knudsen et al., 2004). High abundance of C. neoteretis corresponds to
saline, cool Atlantic water (e.g. Wollenburg et al., 2004).

During the Bglling-Allergd interstadial, the abundance of C. neoteretis and C. reniforme was
high in the northern North Sea and around Svalbard (Slubowska et al., 2005; Slubowska-
Woldengen et al., 2007). This combination of species indicates an intrusion of saline, cool
Atlantic water, and a transformation from polar to subarctic conditions (Slubowska-
Woldengen et al., 2008). In the southeastern part of the Barents Sea, I. norcrossi and E.
excavatum dominated (Polyak and Mikhailov, 1996), which implies polar conditions
(Slubowska-Woldengen et al., 2008). Polar conditions were also found on northern Iceland
(Knudsen et al., 2004).

Due to the relative abundance of the different species, the conditions during the Younger
Dryas were polar in the northern North Sea, around Svalbard, and the southeastern Barents
Sea (Slubowska-Woldengen et al., 2008). High IRD concentrations north of Iceland, in the
northern North Sea and south of Svalbard support a polar climate with higher distribution of
sea ice and/or icebergs (Slubowska-Woldengen et al., 2008). The concentration of IRD in
HH18-1500GC was increasing during the Younger Dryas (Figure 22), which correlates to the

results seen in Slubowska-Woldengen et al. (2008).

In the early Holocene, the abundance of E. excavatum was relatively low (0-10 %) in all
cores. C. reniforme and N. labradorica dominate around Svalbard (Slubowska-Woldengen et
al., 2007). As mentioned before, C. reniforme indicates strong advection of cool, saline
Atlantic water. High abundance of N. labradorica indicates proximity of the Arctic and the
Polar Front proximity (Slubowska-Woldengen et al., 2006). In the southeastern Barents Sea

and northern Iceland, M. barleeanum dominated, which indicate high salinity waters and
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strong biological production (e.g. Hald and Steinsund, 1996). M. barleeanum also implies a
stronger advection of Atlantic water (Slubowska-Woldengen et al., 2008). The amount of IRD
in the whole study area was low during the early Holocene (Slubowska-Woldengen et al.,
2008), correlating to the IRD content of HH18-1500GC during the early Holocene (Figure
22).

In the late Holocene, the diversity among the benthic foraminifera was higher compared to the
previous climate intervals. Around Svalbard, the abundance of E. excavatum increases (JMO02-
460GC, JM02-440, NP94-51) together with the abundance of C. reniforme (JM02-460GC,
JMO02-440). As seen in the last glacial, the combination of these foraminifera indicate colder
conditions with relatively fresh water, and presence of Arctic water. The top sediments of
HH18-1500GC are calculated to be c. 6500 cal years BP, indicating that the core is not

consisting of sediments from the late Holocene.

Core NP94-51 was retrieved close to HH18-1500GC, outside the mouth of the Hinlopen
Strait, at 80.21.411 °N and 16.17.942 °E (Figure 20; Slubowska-Woldengen et al., 2008)
(Slubowska et al., 2005). The core length was approximately 7 m. NP94-51 did not contain
any till, making it hard to determine the timing of the retreat of the ice sheet. Slubowska et al.
(2005) interpreted that in the glacial and deglacial interval (17 000 to 11 000 cal years BP),
the abundance of planktonic and benthic foraminifera were very low, which indicate low
biological productivity. During the early and the mid Holocene, the number of IRD was low,
while the abundance of planktonic and benthic foraminifera are relatively high (Slubowska et
al., 2005). They stated that these parameters implied no or very few icebergs during this
period, together with conditions in favour of benthic foraminifera (Slubowska et al., 2005).
These results are illustrated in Figure 21 (Slubowska et al, 2005). Slubowska et al. (2005) are
using an old calibration method, meaning that the new calibration methods applied in core
HH18-1500GC might not correlate to the old method.

Comparing the results from HH18-1500GC (Figure 22) with the results in Slubowska et al.
(2005) (Figure 21), a predominant difference is that HH18-1500GC reaches into till, while
NP94-51 does not. Both cores are taken from Hinlopen, and the age of the till in HH18-
1500GC indicate when the ice retreated from the area. The age of the till is calculated to be c.
16 100 cal years BP. The top of the core HH18-1500GC is estimated to be c. 6500 cal years
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BP, while NP94-51 contains sediments from late Holocene. The core HH18-1500GC was
taken at the edge of the trough in order to be certain to reach into till, therefore in the last

7000 there can have been erosion or non-deposition from stronger bottom current activities.
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Figure 21. This figure provided data from Slubowska et al. (2005). The number of planktonic foraminifera per
gram (concentration of planktonic foraminifera), the number of benthic foraminifera per gram (concentration of
benthic foraminifera) and number of IRD per gram versus the interpreted calibrated years BP and the geological
periods. YD is an abbreviation for the Younger Dryas stadial. B-A means the Bglling-Allergd interstadial. 1 and 2
indicates the first and second step of the alteration between Younger Dryas and the Holocene.
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Figure 22. This figure shows the concentrations of planktonic foraminifera (green graph) and benthic foraminifera (blue graph), and the number of IRD per gram sediment

(orange graph) together with the grain size distribution changing with depth in core HH18-1500GC. The calibrated radiocarbon datings at 51.5 cm, 188 cm, 238 cm and 414 cm
depth are indicated with stippled lines.
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Nielsen and Rasmussen (2018) studied gravity core HH12-1212GC (Figure 23; Nielsen and
Rasmussen, 2018) retrieved from Storfjorden in southern Svalbard. They interpreted that the
core consisted of glacial till, sediments from the Bglling interstadial (c. 15 600 to 15 300 cal
years BP), the Allergd interstadial (<14 500 cal years BP), Younger Dryas and the Holocene
(<11 700 cal years BP) (Rasmussen and Thomsen, 2015). The lithological log of HH12-
1212GC is presented with number of IRD per gram, benthic foraminiferal concentration and
calibrated age (Figure 23; Nielsen and Rasmussen, 2018). This record was calibrated with an
updated program, and the timing is therefore slightly different from Slubowska et al. (2005)
and Slubowska-Woldengen et al. (2007, 2008).
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Figure 23. The lithological log of core HH12-1212GC combined with the number of IRD per gram (>0.5 mm) and
the number of benthic foraminifera per gram versus the calibrated years BP and the geological periods. Bg is an
abbreviation for Bglling, AL is for Allerad, YD is for Younger Dryas, EH is for the early Holocene, MH is for the mid
Holocene and LH is for the late Holocene. The grey bars indicate the glacial till (Nielsen and Rasmussen, 2018).

Since Nielsen and Rasmussen (2018) results are based on the new calibration program, it is
more expected to compare well to the results from HH18-1500GC (Figure 22). However, the
start of Bglling interstadial in HH12-1212GC is dated to c. 15 300 cal years BP (Nielsen and
Rasmussen, 2018). The IRD concentration in HH12-1212GC was at its highest in the pre-
Balling interval (Figure 23; Nielsen and Rasmussen, 2018). This correlates with the peak in
the glacial till at c. 450 cm depth in HH18-1500GC (Figure 22). The age of this peak is
calculated to be c. 16 100 cal years BP, implying that the Balling-Allergd interval in Hinlopen
dates older than in Storfjorden. The cause for this is probably differences in reservoir ages
between the two areas — the northern Svalbard margin at the edge of the Arctic Ocean is

expected to have increased reservoir ages compared to the southern position of HH12-
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1212GC directly affected by strong flow of Atlantic Water. The benthic foraminiferal
concentrations of HH18-1500GC and HH12-1212GC were low within Bglling-Allergd
interval. From the beginning of the early Holocene and in the mid Holocene, the benthic
foraminiferal concentration of HH12-1212GC was relatively high and variable (Figure 23;
Nielsen and Rasmussen, 2018). This is also indicated in NP94-51 (Figure 21; Slubowska et
al., 2005) and HH18-1500GC (Figure 22).

Slubowska-Woldengen et al. (2007) studied the gravity core JM02-440GC that was retrieved
in the Bellsund Trough, western Svalbard (Figure 20; Slubowska-Woldengen et al., 2008).
Slubowska-Woldengen at al. (2007) has used the same calibration program as Slubowska et
al. (2005) due to lack of data on reservoir age differences between the two localities.
Slubowska-Woldengen et al. (2007) have been looking at the flux of IRD, and the flux of
benthic and planktonic foraminifera (Figure 24; Slubowska-Woldengen et al., 2007).
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Figure 24. This figure provides data from Slubowska-Woldengen et al. (2007). The planktonic foraminiferal flux
(e), the benthic foraminiferal flux (d) and the IRD flux (a) versus the interpreted calibrated years BP and the
geological periods. The abbreviations are the same as in figure 16.

Slubowska-Woldengen et al. (2007) found that the flux of IRD was highest during the pre-
Balling, together with exceptionally low flux of planktonic and benthic foraminifera. These
parameters correlate to cold conditions on the ocean floor and sea ice cover (Slubowska-
Woldengen et al., 2007). The IRD flux decreased in the Bglling-Allergd interval. During the
Younger Dryas, the IRD flux increased slightly. The benthic foraminiferal flux peaked, while
the planktonic foraminiferal flux was low. In the beginning of the early Holocene, the IRD
flux peaked. The benthic foraminiferal flux was relatively high, and showed large variations.
The planktonic foraminiferal flux was at its highest, with a value of 2000 number of species
per square centimetre per thousand years, at ¢. 9000-10 000 cal years BP. At c. 7000 years
BP, both the planktonic and benthic foraminiferal flux were relatively high. High flux of
benthic and planktonic foraminifera imply warmer conditions, with influence of Atlantic

water.
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Figure 25. This figure shows the planktonic foraminiferal flux, the benthic foraminiferal flux and the IRD flux combined with the grain size distribution varying with depth in core
HH18-1500GC. The calibrated radiocarbon datings at 51.5 cm, 188 cm, 238 cm and 414 cm depth are indicated with stippled lines.
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At c. 300 cm depth in HH18-1500GC, the IRD flux peaks, the foraminiferal fluxes slightly
increase, and the grain size distribution show higher percentage of particles above 100 um
(Figure 25). Using the age-depth model (Figure 18), the estimated age at 300 cm is c. 12 275
cal years BP. Due to JM02-440 (Figure 24; Slubowska-Woldengen et al., 2007) this is within
the Younger Dryas stadial. Thus, the foraminiferal fluxes are slightly increasing at this depth
(Figure 25); the sediments at 300 cm depth in HH18-1500GC are therefore believed to be of
the beginning of the early Holocene. In the beginning of Holocene, there was an inflow of
more saline and cold Atlantic water, which made the biological productivity stronger
(Slubowska et al., 2005). The ice retreated and sea ice melted, causing increased melt water
run-off, providing higher IRD fluxes. The characteristics of HH18-1500GC at 300 cm depth
(Figure 25), correlating to the peak of benthic foraminiferal concentration and IRD content in
HH12-1212GC in the early Holocene (Figure 23; Nielsen and Rasmussen, 2018). In HH18-
1500GC the planktonic foraminiferal flux peaks at c. 150 cm depth, combined with a high
benthic foraminiferal flux (Figure 25). Using the age-depth model (Figure 18), the estimated
age at 150 cm depth is c. 9500 cal years BP. The highest planktonic foraminiferal flux in
JM02-440 was also c. 9500 cal years BP, combined with a notably high benthic foraminiferal
flux (Figure 24; Slubowska-Woldengen et al., 2007). At 7500 cal years BP the foraminiferal
fluxes peak in both cores. These peaks indicate events with warmer conditions where the

advection of Atlantic water is stronger (Zamelczyk et al., 2014).
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6.7 Interpretation

The till in unit 1 is estimated to be >16 100 cal years BP. This indicates that the sediments
below 445 cm depth are glacial. The high magnetic susceptibility (Figure 14) in unit 1
supports this interpretation (Jessen et al., 2010). Thus, the percentage of total organic carbon
is relatively high, combined with low percentage of calcium carbonate and foraminiferal
fluxes indicate Arctic conditions (Zamelczyk et al., 2012, 2013, 2014) and poor biological
productivity (Slubowska et al., 2005).

The magnetic susceptibility is varying extremely from higher to lower values from
approximately 445 cm depth to approximately 300 cm depth (Figure 14), which is common
for sediments from the deglaciation (Jessen et al., 2010). Due to this, the deglaciation is
interpreted to be c. 16 100 — c¢. 12 000 cal years BP. The deglaciation can be divided into the
Balling-Allergd and the Younger Dryas (Jessen et al., 2010).

The first inflow of Atlantic water after the Last Glacial Maximun was during the Bglling-
Allergd interstadial (Slubowska et al., 2005). The interval is just above the till, meaning that
the start of the Balling-Allergd is dated to be c. 16 100 cal years BP. During the Bglling-
Allergd, the number of IRD per gram and the IRD flux of HH18-1500GC (Figure 22 and
Figure 25). This is seen in several studies (Slubowska et al., 2005; Slubowska-Woldengen et
al, 2007; Nielsen and Rasmussen, 2018).

At approximately 325 cm depth, the flux of IRD and benthic foraminifera slightly increase
(Figure 25), indicating the transitioning to the Younger Dryas stadial (e.g. Slubowska-
Woldengen et al., 2007). At 325 cm depth, the age of HH18-1500 is c. 13 000 cal years BP.

The deglaciation contains five distinctive pink layers (Figure 20). Pink layers are correlating
to warmer conditions, when ice melts back and run-off of turbid meltwater is high
(Rasmussen and Thomsen, 2013). The presence of pink layers is mostly within the Bglling-

Allergd interval (Figure 20), indicating at least five interstadial-stadial events.

The transitioning to the early Holocene is indicated by the rapid increase in IRD flux at c. 12
000 cal years BP (c. 300 cm depth) (Figure 25). The magnetic susceptibility is stable with
small variations (Figure 14). The amount of IRD per gram decreases after the rapid increase at

approximately 300 cm depth (Figure 22). The planktonic and benthic foraminiferal
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concentrations and flux increase towards 50 cm depth (Figure 22 and Figure 23), implying
stronger advection of Atlantic water. The upper 240 cm of the core consists of mainly clay
(Figure 11, Figure 15), except from unit 5 where the sediments are of clayey silt. This
indicates stronger ocean currents. From c¢. 7500 cal years BP (c. 50 cm depth), the
foraminiferal and IRD flux decrease (Figure 25). This may indicate a transformation
concerning colder conditions. The most recent sediments in HH18-1500GC are calculated to
be 6522 cal years BP, implying that the core does not contain sediments from the late

Holocene, due to erosion or non-deposition from stronger bottom current activities.

The core consists of mainly fine-grained sediments (Figure 11, Figure 15), except from
section below c. 445 cm depth. Therefore, it is reason to believe that the upper 445 cm of the

core was deposited under undisturbed circumstances.
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7 Conclusion

The sediment core HH18-1500GC retrieved in the Hinlopen Trough, northern Svalbard, has

been investigated to reconstruct the climatic evolution and ocean circulation over the last 16

000 years. Climatic changes occurring on the western and northern margins of Svalbard may

affect the whole Artic, making it a particularly interesting area of study. The core was taken at

the shelf edge of the trough in order to be certain to reach into till, with intent of dating the

retreat of the ice sheet.

The retreat of the ice sheet was dated c. 16 100 cal years BP in the Hinlopen Trough,
northern Svalbard. The glacial sediments revealed Arctic conditions with low
biological productivity.

The deglaciation occurred from c¢. 16 100 cal years BP to c. 12 000 cal years BP.
Sediments from the Bglling-Allergd interstadials (c. 16 100 — 13 000 cal years BP)
and the Younger Dryas stadials (c. 13 000 — 12 000 cal years BP) were found. Pink
sediments are discovered in distinct layers deposited mostly during the Balling-
Allergd interval. The pink layers are correlated to decreasing magnetic susceptibility
and IRD content, characteristic for warmer conditions. These layers indicate at least
five interstadial-stadial events, commonly known as Dansgaard-Oeschger (DO) event
(Dansgaard et al., 1984).

The early Holocene began c. 12 000 cal years BP presented by increasing IRD and
foraminiferal content, implying retreating ice sheet and melting of sea ice, causing
increased melt water run-off. The conditions during the early Holocene were in favour
of benthic foraminifera; implied by presence of Atlantic water. Approximately 7500
cal years BP, there is interpreted a transition towards polar conditions as the
foraminiferal fluxes decreased and the IRD flux increased. The most recent sediments
are c. 6500 cal years BP, indicating erosion or non-deposition due to strong bottom

currents activity on the shelf edge.
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