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Abstract
Multi-proxy analyses of the giant piston core MD992301 (including lithostratigraphy,

physical properties and XRF-scanning) and analyses of swath bathymetry data was integrated
in order to reconstruct the glacial history and paleoenvironment of the distal parts of the
INBIS channel, located between the distal Bear Island Trough Mouth Fan and Storfjorden
Trough Mouth Fan. Based on the swath bathymetry data three main morphological features
was identified. These features are interpreted to be upper slope gullies, debris lobes, and a
larger channel identified as the INBIS channel and surrounding levees.

Core MD992301 was divided into 14 lithological units based on lithology, grain size, physical
properties and geochemical elements comprising sediments from ~166,000 — O cal yr BP. The
main sedimentary processes was sedimentation from suspension settling, mass-transport
deposits and ice rafting from icebergs and sea ice, which is interpreted to be the dominating
sedimentary processes within the area. The main sources of sediment were the Barents Sea
Ice Sheet. Based on their distribution, the gravity flow activity in the area was restricted to
periods of large-scale glaciation of the Barents Sea continental shelf.

The sedimentation rate was generally low, with the lowest values during interglacials. The
estimated average sedimentation rate during LGM was estimated to be ~27.4 cm/kyr, and 5.5

cm/kyr during the present warm period, the Holocene.

The Barents Sea Ice Sheet may to have reached the outer Barents Sea continental shelf up to
four times during the deposition of the MD992301 sediments. During these large-scale
glaciations, the INBIS channel is believed to have been an important conduit gravity flows
towards the deep sea. The onset of mass-transport within the MD992301 is hence assumed to
be directly related to the activity within the proximal INBIS channel. These intervals are
found to be during Saalian (MIS 6), Early Weichselian (5d and 5b) and Late Weichsel (MIS
2), where there is an increase in the frequency of turbidity currents during Last Glacial

Maximum.
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1. Introduction

1.1 Objectives

This master thesis was carried out at the Department of Geology, University of Tromsg - The
Arctic University of Norway from August 2015 to May 2016. In the project a giant piston
core taken on the southern channel levee of the INBIS channel system between Bear Island
Trough Mouth Fan (TMF) and the Storfjorden TMF (Vorren et al., 1998) (figure 2a) was

cored and analyzed in order to:

- Establish a lithostratigraphic log including the sediments physical and geochemical
properties, and absolute dating of the cored interval,

- Describe the cored deposits, and

- Discuss the origin of the cored sediments, the sedimentary process involved and the
paleoenvironment with focus on possible activity of the deep-sea channel.

1.2 Background

The area investigated in this study is located between the distal areas of the Bear Island TMF
and Storfjorden TMF at 74°45.13 N and 010°00.82 E (figure 2a).

This area is interesting for several reasons: 1) The shelf troughs worked as drainage routes for
paleo-ice streams of the Barents Sea Ice Sheet. Beneath the ice streams large amounts of
sediments were transported to the shelf break/upper continental slope, subsequently released
moving downslope towards the deep sea, during glacial periods (Laberg & Vorren, 1995).
Most of these sediments accumulated as a glacigenic debris flow deposits on the Trough
Mouth Fans at the mouth of troughs, 2) Some of these sediments however, were transported
longer distances through channel systems including the INBIS channel system (Vorren et al.,
1998), 3) So far, most studies has concentrated on the Bear Island and Storfjorden TMFs, very
little is known on the activity and sedimentary processes of the INBIS channel system which

is the focus of the present study.






2. Study area

The Bear Island TMF is located in front of a large transverse shelf through on the south
western Barents Sea continental margin (figure 2a). It can be followed from the shelf break
towards water depths exceeding 3000 meters where it merges with the abyssal plain in the
Lofoten Basin (Laberg & Vorren, 1996b). The fan is about 750 km long and 150-200 km
wide and covers a total area of 280,000 km?, limited by the Mohns and Knipovich spreading
ridges towards west and northwest (Vorren & Laberg, 1997). The fan is divided into three
morphological zones based on surface gradient changes; the upper fan is found from 500-
1500 meters with an average gradient of 0.8°, the middle fan is extending from 1500 - 2200
meters with a gradient of 0.5° and dominated by a hummocky surface. The lower fan, from
2200 meters water depth and down to the abyssal plain has a gradient of 0.2° and is

characterized by a slightly convex upward surface.

The Storfjorden TMF is located at the mouth of the Storfjorden Trough, at water depths of
400 — 2400 meters. This fan covers an area of ~35,000 km?, and has a radius of ~190 km
(Vorren & Laberg, 1997). It is limited by the Knipovich spreading ridge to the west, and the
Bear Island TMF to the south. The Storfjorden TMF is, like the adjacent Bear Island TMF
subdivided into three morphological parts based on gradient. The upper fan: 1.8° the middle
fan: 1.0° and the lower fan: <0.2° (Laberg & Vorren, 1996a).



Figure 2a: Bathymetry map of the western Barents Sea obtained from the grid of the International Bathymetric
Chart of the Arctic Ocean (IBCAO) (after (Jakobsson et al., 2008) (URL: http://www.ibcao.org)). Dotted red

line: Regional LGM extent from (Landvik et al., 1998) and (Vorren et al., 1989). Blue arrows: Direction of flow

of the main LGM ice streams draining the Svalbard/Barents Sea Ice Sheet according to Andreassen et al.,
(2008), Andreassen and Winsborrow (2009). Purple areas: extent of TMFs from Serjup et al., (2005): KF:
Kongsfjorden Fan; IF: Isfjorden Fan; BeF: Bellsund Fan; SF: Storfjorden Fan; BIF: Bear Island Fan. Bold
black dotted line: Inferred glacial drainage area of the Storfjorden-Kveithola depositional system. The red dot
indicates the position of the core MD992301 (74°45.13 N and 010°00.82 E).


http://www.ibcao.org/

2.1 Morphology

The Norwegian continental margin is a passive continental margin that extends from about
62° N to 82°N. The margin includes the continental shelf (with a minimum outside Lofoten
and Vesterdlen: <10 km), the continental shelf break, and the slope towards the deep sea and
the abyssal plane. The Norwegian-Greenland Sea is located west of the Barents Sea, and
holds the Lofoten Basin where the Bear Island TMF and Storfroden TMF are ebbing out, as
well as the Mohns- and Knipovich spreading ridges forcing the Laurentian and Eurasian plate

apart (figure 2.1a).

T Ridge
ohn's
.r‘,‘;{} 7

/> Lofoten Basin

Figure 2.1a: Bathymetric map and main physiographic features of the Norwegian-Greenland Sea. (TMF= Trough Mouth
Fan, JIMFZ =Jan Mayen Fault Zone, WIMFZ = western Jan Mayen Fault Zone, EJMFZ = eastern Jan Mayen Fault Zone,
CJMFZ = central Jan Mayen Fault Zone, GIFR = Greenland-Iceland-Faeroe ridge) (modified from (Gernigon et al., 2009).

The northernmost parts of the Norwegian Continental Margin holds the Barents Sea. The
Barents Sea is an epicontinental sea that covers one of the largest continental shelves in the
world (Solheim & Elverhgi, 1996). The subsurface bedrock of Jurassic, Cretaceous and
Paleogene age (Bjerlykke et al., 1978) is overlaid by glacial sediments affecting the
topography with structures made by large-scale glacial erosion throughout the late Cenozoic
(Faleide et al., 1996; Solheim et al., 1998). The bathymetry is characterized of shallow banks
at 100-200 meters water depth, separated by transverse, coast parallel troughs at water depths
up to 500 meters (Solheim et al., 1998), where the largest trough is the Bear Island Trough
extending in an E-W direction (figure 2.1b).

At the mouth of the troughs large trough mouth fans (TMFs) are formed due to large-scale
accumulations of glacigenic material, and hence works as important paleoclimate archives.

The TMFs along the continental margin are (from north to south): Kongsfjorden, Isfjorden,



Bellsund, Storfjorden, Kveithola and Bear Island TMF (Vorren & Laberg, 1997; Rebesco et
al., 2012), where the Bear Island TMF is largest (Vorren & Laberg, 1997).
Between the TMFs canyons, channels and gullies are present, making incisions into the

continental slope (Taylor et al., 2003).

Figure 2.1b Bathymetry of the western Barents Sea (Jacobsson et al., 2000) The line indicates the ice extent during LGM,
while the arrows indicates flow lines (Vorren et al., 1990; Landvik et al., 1998)

Deep-marine channels are rare along the continental margin, where the two most predominant
ones are the INBIS channel and the Lofoten Basin Channel. The INBIS channel is located
between the Bear Island TMF and Storfjorden TMF (figure 2.1c). It has been identified in
water depths of 2360-2520 meters, and has a width of 5-15 km and is 60 km long having an
east-west orientation (Vorren et al., 1998). The upper parts of the channel are buried under
debris flow deposits originated from the Kveithola Trough, located between the Bear Island
Trough and Storfjorden Trough. While the southern and deepest parts of the channel are
bordered by debris flows on the Bear Island TMF (Laberg & Vorren, 1995). The northern
flank of the channel is built up by a thicker layer of sediments and overbank deposits forming
a natural levee with a height between 10-15 meters (Vorren et al., 1998).

At the mouth of the INBIS channel a ~50 km wide fan-like accumulation called the INBIS fan
is interpreted. The flanks of the fan has sharp erosive channel incisions between 0.2-1 km
wide and 5-10 meters deep which also have natural levees flanking the channel (Vorren et al.,
1998). Submarine channels works as important conduits for mass-flows, especially turbidity
currents from the continental margin towards the deep sea where the turbidity currents

spreads out as a blanket over huge areas on the abyssal plane. The source area of the



sediments routed through the channel is anticipated to be the Kveithola Trough, the northern
Bear Island TMF and the southern Storfjorden TMF (Vorren et al., 1998; Sauli et al., 2010).
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Figure 2.1c: Major sedimentary processes along the Lofoten and Norwegian Basins. Contours are at 200. 500 and 3000
meters water depth. The red dot indicates the approximately location of MD992301. (Modified from (Taylor et al., 2002)).



2.2 Marine Isotope stages

Marine isotope stages (MIS), marine oxygen-isotope stages, or oxygen isotope stages are

alternating warm and cold periods in earth’s paleoclimate based on oxygen isotope data

reflecting changes in temperature derived from either ice cores or, as in this study from

marine deep sea cores (Lowe & Walker, 1997).

Present is numbered as MIS 1, and by working backwards even number represents colder

glacial periods with a higher oxygen-18 (*¥0), while odd-numbered stages with lower 20

values represents interglacials. The material used to collect data for sampling these values are

called proxies, and may be pollen, foraminifera etc. Over 100 stages have been identified

going back approximately 6 million years, where some of the stages are divided into sub-

stages ex. MIS 5a and MIS 5b, where a, c, e are warmer periods and b, d and f represents

colder intervals.
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Figure 2.2a: to the left the division of the different systems/periods during the last 6 Ma years are shown, in the middle the
interglacial and glacial periods with the given marine isotope stages for the last 140,000 years B.P. and to the right the
subdivision into stadials and interstadials during the last ice age (modified from Lowe and Walker (1997)).



2.3 Oceanography and paleoceanography

The present oceanography along the Norwegian continental margin and the western Barents
Sea is under the influence of three main water masses, the North Atlantic Surface Water, the
Norwegian Costal Current and the Arctic Surface Water (figure 2.3a). The inflow of warm
and saline North Atlantic Surface Water (NAW) (>35 %o) regulates the climate in the region,
releasing heat into the atmosphere (Blindheim, 1990). Offshore Norway, at the Barents Sea
Margin, the flow branches into two, one that can be followed into the southern Barents Sea
and one continues northward following the Barents Sea slope north of Svalbard and into the
Arctic Ocean under the pack-ice cover (Henrich et al., 1989; Hansen & Osterhus, 2000;
Rudels & Friedrich, 2000; Slubowska-Woldengen et al., 2008).

Through the Fram Strait there is inflow of cold polar surface water (salinity <34%o an
temperatures <0°C (Swift, 1986)) and sea ice as the East Greenland Current (EGC). This
current occupies a broad area along the eastern margin of Greenland and can be followed
through the Denmark Strait (Henrich et al., 1989). In the area between the NAW and EGC, in
the center of the Greenland-Iceland Sea, the formation of Arctic Surface Water (ASW) is
initiated. The water mass has a variable temperature and lower salinity than the NAW, and

defines the Oceanic Polar Front in the Norwegian-Greenland Sea (Henrich et al., 1989).

A lower salinity water (<35 %o) with variable temperature flows northward along the coast of
Norway as the Norwegian Costal Current (NCC). The NCC is formed when the Atlantic
water experiences a higher degree of input of continental drainage, freshening the saline
Atlantic Water masses. The light costal water spreads out in a wedge-form above the heavier
underlying water. Mixing of the North Atlantic Surface Water and costal current will reduce
the density difference between the two adjacent water masses, creating a thermohaline

structure preventing sea ice formation during winter (Setre & Ljgen, 1972).



Figure 2.3a: Ocean circulation in the North Atlantic and Nordic Seas (adapted from (Watts, 2010))
The Norwegian Costal Current (NCC) is not marked on the map, but is located between the Norwegian coast and the
Norwegian Atlantic Current (NAC)

2.3.1 Deep water formation

In the high northern latitudes between Svalbard and Jan Mayen the Arctic Surface Water
locally becomes so dense due to surface cooling that there is formation of deep water in the
Norwegian-Greenland Sea. This cold, dense water sinks and fills the abyss of the Norwegian-
Greenland Sea. The convention is thought to be one of the main driving forces in the global
overturning cell in the world’s oceans (Aagaard & Coachman, 1968). It is hence recognized
that the magnitude and consistency of the North Atlantic Current (NAC) that transports warm,
saline water into the Greenland-Iceland-Norwegian Sea through the Faeroe-Shetland channel
(figure 2.3.1a), is important to the thermohaline balance and circulation patterns at high
latitudes. Hence any changes in the North Atlantic are therefore likely to affect the
thermohaline circulation and the climate in the region (Simonsen & Haugan, 1996).

During winter, a regional overturning cell with dense surface water and less dense deep water
in the Greenland-Iceland Sea may result in deep or intermediate convection and hence
contribute to deep-water formation in the Norwegian-Greenland Sea (Johannessen, 1986;
Swift, 1986).

The newly formed deep water leaves the Norwegian-Greenland Sea through the Denmark
Strait and over sills between Iceland and Shetland, contributing to North Atlantic Deep Water
(NADW) (Worthington, 1970). The sediments on the sea bottom reflects the circulation
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pattern in the region (Kellogg, 1975), where coastal areas of Norway and Greenland are
dominated by terrigenous clays and sands winnowed of the fine fraction by bottom current
activity. While most of the sediments deposited on the shelf consist of relict Pleistocene

material deposited by ice rafting or till (Vorren et al., 1984).

During cold glacial periods a weakening of the NAC, forces the watermass to become a
subsurface water mass below the polar surface water masses (Rasmussen et al., 2007;
Slubowska-Woldengen et al., 2008). The decrease in heat input initiates ice formation
resulting in a southward shift in the convection and a southward expansion of the Arctic Ice.
While an increase in the NAC leads to an increase in heat transportation to the northern
latitudes and a decrease in ice cover (Aagaard & Coachman, 1968).

Due to the large income of Atlantic Water and cooling, the Barents Sea represent a heat and
salt “sink” in the northern region. The heat loss and brine formation are causing an increase in
density of the Atlantic Waters in the Barents Sea, and to the formation of deep water. The
newly formed modified Atlantic Water enters the Arctic Ocean through an opening between
Novaya Zemlya and Franz Josef Land, and enters the Kara Sea. While the outflow of the
dense, cold bottom water back into the Norwegian-Greenland Sea takes place in the northern
parts of the Bear Iceland Trough (Blindheim, 1989).

2.3.2 Paleoceanography
Paleoceanographic reconstructions done by Hebbeln et al., (1998) propose three different
circulation modes in the Norwegian - Greenland Sea:

1) Interglacial circulation (like present) with a broad inflow of Atlantic waters.

2) Weak interglacial mode with only a narrow inflow.

3) Glacial mode with an isolated cold circulation cell in the Nordic Seas without

influence of Atlantic water making a perennial sea ice cover.

The glacial mode covered most of the last 180 ka, with exception of Marine Isotope Stage
(MIS) substages 5e, 5¢, and 5a, 3 and 1 (Kellogg, 1980; Svendsen et al., 2004).

Further evidence were later collected, pointing on extensive periods with seasonally ice free
waters in the Norwegian — Greenland Sea (Henrich et al., 1989; Gard & Backman, 1990;
Hebbeln & Wefer, 1991; Hebbeln et al., 1994; Henrich et al., 1995; Hebbeln & Wefer, 1997;
Hebbeln et al., 1998). A continuous meridional current system importing waters from the

Atlantic Ocean and Arctic Ocean to the Nordic Seas were found, making up Arctic Water
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masses (mix of Atlantic and Polar Waters), where the formation indicates a seasonally ice free
conditions (figure 2.3.2a).

During MIS 6 and 2 under severe onshore glaciations some evidence of Arctic surface waters
are found in cores from the central western Norwegian — Greenland Sea (figure 2.3.2a: b-c, f-
1) . The Arctic Waters are in this periods fed by cool temperate Atlantic Waters, entering
trough the southeastern Norwegian — Greenland Sea submerged beneath glacial derived
meltwater plumes (figure 2.3.2a: e-f).

Based on the previous paleoceanographic reconstruction in the Norwegian sea, an
interpretation of a smaller ice sheet in Fennoscandia during Late Weichselian (MIS 2) than in
Middle Weichselian (MIS 4 and 3.3) or Saalian (MIS 6) ice sheets are purposed (Hebbeln et
al., 1998).

In MIS 5e a low carbonate and coccoliths accumulation indicated colder conditions, even
though the substages are comparable to the warmer MIS 5a and Holocene (Kellogg, 1980).
The possible explanation for this are interpreted to be a strong westward advection of Atlantic
waters from the main inflow in the eastern Nordic Seas (Larsen et al., 1995). The migration is
most likely due to intensification of the central gyres between Iceland and Greenland, leaving
the entering Atlantic Water circulating between 66 - 76°N during MIS 5e by comparing the
global pattern, MIS 5e was the warmest stage recorded the last 180 ka (CLIMAP, 1976, 1984)
in the Nordic Seas. During Northward advection of the warm Atlantic waters transportation of
subpolar plankton and iceberg from the North Atlantic and from the North Sea was
transported as far north as 80°N. During these events, the open water provided huge amounts
of moisture in the area. Combined with a cold environment, a growth of the ice sheets were
initiated (Hebbeln et al., 1998), followed by an increase in the input of ice rafted debris (IRD)
(Henrich events), reflecting a growth of the ice sheet.
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Figure 2.3.2a: Paleoceanographic reconstruction for the Nordic seas for selected time slices. The till masses indicates the
water mass distribution during the different marine isotope stages. (Modified from Hebbeln et al., (1998).
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In summary: In the last 180,000 years the western Barents Sea margin repeatedly experienced
influx of warm Atlantic Water. The period of influx were characterized by an increased
production of biogenic carbonate production and sub-polar water species, indicating
seasonally open water. This periods seems to be synchronous in the North Atlantic and Arctic
Ocean the last 60,000 years. In periods of year-around sea-ice cover and sluggish circulation
the income of Atlantic water was reduced or absent. From the IRD content within cores the
retrieved fluxes of meltwater can be correlated to the main glacial history in western
Scandinavia and in the southwestern Barents Sea (Mangerud, 1991; Landvik et al., 1998).
During deglaciation high productivity terminated, indicating a reduction in the polar North
Atlantic forced by salinity. In general, advection of Atlantic Water partly correlate to the
build-up and maximum phases of glaciation and partly to deglaciations. Deglaciation is hence
initiated by the combination of heat supplied by Atlantic Water and insolation maximum
(Hald et al., 2001) (figure 2.3.2b).
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Figure 2.3.2b: Figure explaining the main oceanographic shifts and related glacial history from land via the continental
margin to the deep ocean during the last interglacial-glacial cycle. A) Ice-sheet build up and thermohaline convection, B)
major deglaciation phases with meltwater draining from the retreating (calving) ice sheet and reduced thermohaline
convection, C) Cold phases with extensive sea-ice cover and reduces thermohaline convection. (Modified from Hald et al
(2001))
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2.4 Pre-glacial tectonic and stratigraphic evolution of the Barents Sea
continental margin

Prior to the formation of the Norwegian-Greenland Sea in early Cenozoicum the sea area
outside Norway was a part of an epicontinental sea between Fennoscandia, Svalbard and
Greenland. In early Cenozoicum the seafloor was affected by extension, followed by seafloor
spreading and the formation of the Norwegian-Greenland Sea from ca. 55 Ma BP
(Gudlaugsson et al., 1998; Faleide et al., 2008).

In the start of the Oligocene there was a reorientation of the tectonic plates, making the
movement of the Greenland-plate shift to a more westward direction, leading to seafloor
spreading and the formation of new ocean crust along the mid-ocean ridge west of Svalbard.
When older crust was cooled the increase in density makes the crust sink leading to deeper
basin and deposition of thick sediment packages of the eroded material from the eastern
(Barents Sea/Svalbard) isostatic rebounded parts (Faleide et al., 1996; Faleide et al., 2008).

The opening of the Norwegian-Greenland Sea made the Barents Sea drift away from
Greenland due to the formation of two transform faults along the western margin, the
Hornsund and Senja fault zones (Faleide et al., 2008). Movements along these zones lead to
the formation of a transpressionzone, the West-Spitsbergen Fold Belt of western Svalbard.
Magmatic activity was initiated between the two plates due to thinning, called the Vestbakken
Volcanic Province. The eruptive activity was coeval with normal faulting and deposition of

massive Eocene volcanic strata in the southwestern Barents Sea (Faleide et al., 2008).

2.5 Glaciation history

2.5.1 The driving forces for the glacial fluctuations at the Barents Sea

Glacial fluctuations are the result of an interplay between climate, insolation, precipitation,
ocean currents and other processes. Where the glaciers grows due to accumulations (mainly
precipitation) and/or if ablation (melting and calving) decreases. A colder climate has a lower
moisture, hence the annual precipitation in the area becomes limited. This has for longer
periods been considered the main attribute restricting ice sheet growth in the Arctic region
(Boulton, 1979). In long periods during Weichselian, the cold climate lead to precipitation as
snow even during summer (Mangerud & Svendsen, 1992). As the equilibrium line is
submerged below the sea, the snow covered the land surface. Regression of the sea due to

heavy glaciations participated in exposing shallower parts of the Barents Sea shelf for further
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ice accumulation (Denton & Hughes, 1981).
The source of moist and waves in the area is reconstructed by (Dokken & Hald, 1996; Hald et
al., 2001), which states that significant proportions of the Nordic Seas were seasonally ice

free during MIS 4 and MIS 2, and may hence have contributed with moist to the region.

The main driving force, forcing fluctuation between glacial-interglacial periods are changes in
the orbital configuration (Milankovitch theory) (Lowe & Walker, 1997) and the major glacial
advances follows the obliquity cycles (Mangerud et al., 1992; Mangerud et al., 1996).
Glaciers expanded in periods of low tilt of the earth axis. By comparing the Milankovitch
cycles and previous glaciations: glacial maximum were delayed behind minimum tilt, and the
deglaciation was initiated just before maximum tilt. However, the climatic response has
several errors, with feedback loops and delay mechanisms, the expansion of the ice hence is
assumed to be in periods with low summer insolation and the aerial dominance of

ablation/accumulation in the area (Mangerud & Svendsen, 1992).

2.5.2 Glaciation prior to the Weichselian

High latitudes are affected by repeated episodes of glacial activity, effecting the nature and
rates of all sedimentary processes (Taylor et al., 2000). An increase in glacial activity leads to
large contributions of glacial meltwater, influencing the ice stream motion, lubrication and
also affects the behavior of mass wasting processes (Eyles, 2006). The glaciated continental
margin of the Barents Sea have been prograding to its present position, and has a variable
relief with both depositional and erosional structures. In glacial periods the Barents Sea was
covered with ice bulldozing and deposit huge amounts of glacigenic material on the outer
continental shelf and the upper part of the continental slope. Due to the rapid depositional rate
these deposits are highly unstable, and the glacial derived material may result in excess pore
pressure within the sediments underlying the glacigenic package (Laberg & Vorren, 1995;
Elverhgi et al., 1997; Elverhgi et al., 2002).

Based on analyzed ice rafting debris (IRD) the oldest indications of glaciations in the northern
hemisphere are interpreted to have been on Greenland during middle- to late Miocene (Thiede
et al., 1998). In the Barents Sea glacial activity was restrained until ~2.7 Ma (Knies et al.,
2002). At this period the presence of IRD within cores indicated the appearance of the larger,
regional ice cover in the area for the first time, the Barents Sea Ice Sheet (Landvik et al.,
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1998). Prior to this, the ice cover in the region was restrained to continental areas only
(Solheim et al., 1998).

At ~2.6 - 2.3 Ma there was a marked increase in length and frequency of the glaciations,
corresponding to stadial-interstadial cycles (Faleide et al., 1996; Butt et al., 2000). In this
period fluvial and glaciofluvial erosional processes dominated the region (Laberg et al.,
2012). By interpreting the deposited sediments from this time interval, clear indications of a
warm, tempered and dynamic ice were found by Laberg et al., (2010). Although the ice sheet
did not extended all the way out to the continental shelf edge during this period, huge
amounts of erosional products were deposited along the continental margin (Butt et al., 2000;
Laberg et al., 2010). By interpreting the seismic stratigraphy and IRD deposits from various
cores, it has been inferred that the ice sheet reached the shelf break for the first time around
1.6 Ma (Shipboard Scientific Party, 1996).

In late Pliocene/early Pleistocene an net erosion of the Barents Sea continental shelf of 170-
230 meters are estimated, leaving an erosional rate of 0.15-0.2 mm/yr (Rasmussen &
Fjeldskaar, 1996). On the Bear Island TMF the estimated sedimentation rate is assumed to be
16-22 cm/kyr (Laberg et al., 2012), giving a total volume of ~235 x 10° (Vorren et al., 1991)
or 99 x 10° (Faleide et al., 1996) sediments with an assumed source areal of 567,000 km?
(Vorren et al., 1991).

At the end of early Pleistocene (1.5-0.7 Ma) the climate turned colder, resulting in the extent
of a larger ice cover over the Barents Sea continental margin (Andreassen et al., 2007).

Due to the onset of a larger ice cover, the net erosion increased to 220-420 meters, at a rate of
0.4-0.5 mm/yr (Laberg et al., 2012). The total amount of erosional material is hence assumed
to be 242 x 10 km? (Vorren et al., 1991) or 191 x 10 km? (Faleide et al., 1996), deposited
along the shelf and upper slope resulting in several mass wasting events and the formation of

erosional channels (Piper et al., 1999).

One of the largest ice covers recorded from the Barents Sea was initiated during middle
Pleistocene (240,000 — 130,000 cal yr BP.), the Saalian glaciation (Mangerud et al., 1998)
(figure 2.5.2a). Ice advance started in this area at 180,000 cal yr BP and reached the
maximum expansion at ~155,000 cal yr BP (Lambeck et al., 2006). The maximum expansion
was followed by retreat and readvance during the Saalian, which ended ~130,000 cal yr BP.

The net erosion in this period is estimated to 440-530 meters, with an rate of 0.6-0.8 mm/yr
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(Laberg et al., 2012). An estimated amount of 87 x 10° km® (Vorren et al., 1991) or 106 x 10°
km?3 (Faleide et al., 1996) of sediment was deposited within this period.

&0°N 70°N 80°N 80°N

Figure 2.5.2a: Extent of the last two major glaciations of the Scandinavian Continental Ice and The Barents Sea
ice Sheet. White line shows extent during Saale ~130.000 years ago. In red is the maximal extent of the ice
during Weichsel, with green is the outermost line where the ice didn’t reach in Saalian. The yellow dot indicates
the approximately location of core MD992301. (Modified from (Svendsen et al., 2004))

2.5.3 The last Ice Age — the Weichselian glaciation (117-11.5 ka)

During the last 117 ka. three glacial maximum of the Eurasian ice cover has been suggested:
1) Early Weichselian (117,000-74,000 cal yr BP: MIS 5d), 2) Mid-Weichselian (74,000-
24,000 cal yr BP: MIS 4), and 3) Late-Weichselian (24,000 -11,500 cal yr BP: MIS 2)
(Mangerud et al., 1998; Mangerud, 2004; Svendsen et al., 2004) (figure 2.5.3a).

The early Weichselian at ~117,000 — 74,000 cal yr BP was dominated by an eastern ice sheet
in the Kara Sea with a smaller ice cover in Scandinavia. This period hence defines glacial
maximum in the east (Svendsen et al., 2004).

In Mid-Weichsel there were two prominent advances of the ice sheet (Larsen et al., 2006).
The first one, occurred from 74,000 — 59,000 cal yr BP. In this period the Barents Sea Ice
Sheet was connected to the Scandinavian Ice Sheet. The second advance has been dated to
55,000 - 45,000 cal yr BP.

During Last Glacial Maximum (24,000 — 11,500 cal yr BP) the ice reached its full extent over
Scandinavia and the Barents Sea (Siegert et al., 2001) (figure 2.5.2.3a). It is suggested that the
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ice sheet reached the shelf break two times during this period (Laberg & Vorren, 1995).
The first maximum was at ~22,000 cal. yr. BP (calibrated years before present) and the

second after ~19,000 cal. yr. BP (Vorren & Laberg, 1996).
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Figure 2.5.3a: Time-distance diagram showing the growth and decay of the Barents Sea Ice Sheet the last ~150,000 kyr.
(modified from (Mangerud et al., 1998))

2.5.4 Deglaciation of the Barents Sea

The glacial geomorphology indicates spatial and temporal variations in the ice dynamics,

where there are evidences of both active ice streaming and frozen-bed conditions at both

maximal glacial extent and during phases of deglaciation (Winsborrow et al., 2010).

The deglaciation of the Barents Sea has been subdivided into 5 stages which represent the last

glacial maximum and the following deglaciation (Winsborrow et al., 2010) (figure 2.5.4a).

1) Stage one represents the Late Weichselian glacial maximum. In this period the ice sheet

covered the entire Barents Sea Shelf, and the Bear Island ice stream was one of the main

draining conduit in the area (Andreassen & Winsborrow, 2009; Winsborrow et al., 2010)

(figure 2.5.4a: a).
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2) The first phase of the deglaciation began at ~17,500 cal. yr. BP (Vorren & Laberg, 1996)
with significant retreat of the ice margin in the western Barents Sea followed by a re-advance
within the Bear Island Ice Stream (figure 2.5.4a: b). The ice stream were fed by land derived

tributaries (Winsborrow et al., 2010).

3) During stage three there was a change in the ice dynamics of the ice sheet. The center of
the maximum ice volume shifted to a more eastern position (figure 2.5.4a: c), making most of
Tromsgflaket and the Bear Island Trough ice free (Winsborrow et al., 2010), while the
Djuprenna Through Ice Stream and the Nordkappbanken-east that were fed by ice flowing
north from the Kola Peninsula remained active and had a readvance (Winsborrow et al.,
2010). This stage is dated to ~16,000 cal. yr. BP (Winsborrow et al., 2010).

4) Stage four was dated to ~15,000 cal. yr. BP (Winsborrow et al., 2010) based on dates
indicating glaciomarine conditions by 14,900 cal. yr. BP north of the Kola Peninsula (Polyak
et al., 1995). In this stage the southern Barents Sea was ice free and the new ice margin was

now located in the outer-fjord areas in northern Norway (figure 2.5.4a: d).

5) A significant westward ice retreat on the Kola Peninsula, while the ice margin continued
southwards in northern Norway was dominating in the fifth step of the glaciation

(Winsborrow et al., 2010). This stage has been compared with the Tromsg-Lyngen moraine
and esitimated to an age of ~12,500 cal. yr. BP (Vorren & Plassen, 2002) (Figure 2.5.4a: e).
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Figure 2.5.4a: Illustration over the stepwise deglaciation of the Barents Sea Ice Cover. (Modified from Winsborrow et al.,
2010)
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2.6 Deep sea sedimentary Processes and depositional environment
In the following subchapter the sedimentary processes and depositional environment in the

deep sea will be described.

2.6.1 Deep sea sedimentary processes and depositional environment

Depositional environment or sedimentary environment describes the combination of physical,

chemical and biological processes within a specific area. Deep sea processes incudes
processes along the continental slope: mass-wasting events, suspension fall out and

glaciomarine sedimentation (figure 2.6.1a).
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Figure 2.6.1a: Principal illustration over the main sedimentary processes found in a deep sea environment.

Due to extensive glaciation of the Norwegian continental margin most of the sediments
deposited in the sedimentary basins are of glacial origin. The glacial derived material is
primary deposited along the continental shelf break before it is transported further and

redeposited as mass transport deposits. On the Barents Sea slope, a number of debris flows

containing glacial material have been identified (Laberg & Vorren, 1996a). In addition, some

sandy turbidites, interrupted by glaciomarine sediments containing IRD (Svindland & Vorren,

2002).
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2.6.2 Controlling factors on deep-water systems

Sediment staging areas or source area are defined as the shelf and/or upper slope location
where mass flows may originate. The sediment found in the stage area is delivered by fluvial,
aeolian, and longshore drift in low latitudes. While at high latitude, as the Norwegian
continental margin most of the sediments were probably derived from an ice sheet at or near
the shelf break during full glacial conditions. In this study the Barents Sea ice sheet is
believed to be the main contributor (Vorren et al., 1998; Svindland & Vorren, 2002).

Following the release of sediments onto the outer shelf, canyons and slope channels acts as
conduits for sediments from the shelf edge towards the deep sea (Gales et al., 2013;
Amundsen et al., 2015). Canyons and channels are erosive features made by four main
processes 1) as a consequence of hyperpycnal subglacial meltwater at or near the shelf break
(Pedrosa et al., 2011), 2) by erosion from mass-flows (Piper et al., 1999), 3) by cold bottom
currents derived from a nearby ice cap during glaciations (Pedrosa et al., 2011), or 4) formed
during interglacials by cold water from the shelf (Vorren et al., 1989).

Based on mode of confinement and levee formation channels and canyons are separated. A
canyon fully confine a flow and hence don’t have any levee formations, while a slope channel
only partially confine the flows, and provide levees. If a flow is fully confined further erosion
into the substrate is more easily achieved (Nichols, 2009). Low-latitude canyons are typically
river-fed during low sea-level stand, while high-latitude canyons has their main sediment
input away from large-river system mostly and derives reworked glacial material (VVorren et
al., 1998; Laberg et al., 2007) .

2.6.3 Sediment transportation
Gravity is the main driving force for downslope sediment movement, both in sub arid and
subaqueous settings. Under the influence of gravity unstable sediments will be able to travel

to an area of higher stability, depositing material both on the continental slope, continental

rise, and abyssal plane (Nichols, 2009).
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Density differences plays an important role in sediment transportation (Nichols, 2009). When
it comes to water, heavier water masses (lower temperature and increased salinity) will move
along the bottom downslope, while lighter water masses will end up in a plume on the top of
the water. The density of water is also influenced by the load of sediment, where a higher load
will increase the density and hence increase the acceleration rate downslope (e.g. turbidity
currents). If a hypopycnal plume (less dense) i.e. glacial meltwater plumes contains sediments
they will fall out of suspension due to a rapid decrease in acceleration as the plume enters still
water, and settle on the bottom (Mulder & Alexander, 2001).

Icebergs and sea ice incorporates huge amounts of sediment, both from scouring the
underlying bedrock, redeposition of sediments, rock fall and by aeolian activity. This
processes are mostly active during glacial periods where sediments are deposited as IRD
along the continental margin and deep sea. Due to the distal location and high-latitude
position of the studied core, iceberg and/or sea ice transportation and deposition is thought to

be an important transportation method of the sediments and clasts seen within MD992301.

2.6.4 Re-sedimentation processes

Various re-sedimentary processes are active in the marine setting. The mode of re-
sedimentation changes in importance between glacial and interglacial periods. The deep
marine environment where MD992301 is retrieved, is complex with respect to the
sedimentary processes involved. The processes listed in the following subchapters are the

main processes found along a high-latitude continental slope.

A slide is a down-slope movement of material that occurs along a sliding plane (surface of
rupture), representing a zone of weakness. The material remains mostly undisturbed as it
moves downslope, containing much of its original bedding (figure 2.6.4.1a) (Lutgens &
Tarbuck, 2009). A slide often evolves into a slump in a marine setting and is hence unusual to

find deposits which reassembles a slide.
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Figure 2.6.4.1a: Figure showing the principle of slides (adapted from (Highland & Bobrowsky, 2008)).

2.6.4.2 Slumps:

A slump often develops from a slide, as the material is more stirred and travels as a mass with
a laminar flow behavior (figure 2.6.4.2a). Slumping is initiated by failure along weaker layers
and comprises a large category of variously deformed sediments. These deposits are often
describes a chaotic, unbedded units extending form meters to tens of meters in thickness
(Lutgens & Tarbuck, 2009). The depositional rate is hence assumed to be rapid. The transport
distance can vary from a few meters to hundreds of kilometers, and may be identified as a
debris flow. While some slumps may have a remarkably increase in turbulence and evolve
into a turbidity current (Collinson et al., 2006; Nichols, 2009; Shanmugam, 2012a).

Figure 2.6.4.2a: A figure showing the principle of slumps (adapted from Highland and Bobrowsky (2008)).
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2.6.4.3 Debris flows:

When there is a high concentration of sediments of any size extending the water proportion
making it more viscous it can develop into a debris flow (figure 2.6.4.3a). The high density of
the mixture makes it move under the effect of gravity towards a lower relief. The fluid
dynamics of a debris flow is laminar, where all the particles moves parallel to each other. Due
to the linear flow, the sediments remain unsorted when deposited. The flow diminish as it
freezes due to a high internal friction. It may therefore be only smaller changes in the
thickness and lithology of the deposits from its proximal to distal areas (Nichols 2009). The
volume of a debris flow can extend 10s of km® and deposit sediments all the way from a few
mm to 10s m in thickness. During movement, both the top and bottom of the flow may
incorporate water, making it more diluted and develop into a turbidity current, with a
turbulent flow pattern described below (Piper et al., 1999; Nichols, 2009). In a high-latitude
marine environment debris flows (glacigenic debris flows) are often deposited as lobes with a
positive relief. They are often present on the surface of submarine fans on glaciated

continental margins e.g. the Bear Island TMF and Storfjorden TMF.

co stream —__
_500-1000 m/yr

Deformable bed: 3-5 m thick,
marine and glaciomarine
sediments

Continental slope

Shelf edge, rapid deposition,
"Till-delta like feature"

A A
— <= 10-50m
thick

Run-out distance: 10 - 200 km
1 - 20 km wide

Figure 2.6.4.3a: Model illustrating the sediment dynamics beneath and in front of an ice stream and the

geometry of the debris lobes on the high-latitude fans (modified from (Elverhgi et al., 1997)).

2.6.4.4 Turbidity currents:

Turbidity currents are a gravity flow where the density differences to the surrounding makes
the current flow. The material within a turbidity current is kept in suspension due to
turbulence (Leeder, 2011), leading to a mass significantly lower density than debris flows

described in chapter 2.6.4.3. These turbidity currents can transport clast in any size from clay
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to pebbles, while the turbulence makes the material sorted, with larger and heavier material on
the bottom, and smaller and lighter material towards the top. The volume of a turbidity
current may be up to 10s of km? and deposit huge amounts of sediments from mm to 10s of
meters in thickness. The current diminishes when the depositional rate exceeds the erosional

rate, making the current decrease in size (Collinson et al., 2006; Nichols, 2009).

A turbidity current may origin in several ways: 1) By the transformation of slide, slumps or
debris flows (as described above) (figure 2.6.4.4a), 2) from a river outflow where the plume
has a hyperpycnal flow with a higher density than the surrounding water mass, 3) from
ignitive flows in submarine canyons, or 4) due to storm surges causing turbidity currents on
the shelf and from input of meltwater from ice sheets (Kneller & Buckee, 2000; Meiburg &
Kneller, 2010; Leeder, 2011). The transition from a subaqueous debris flow to a turbidity
current involves dilution of the debris flow, reducing the flows density from 2.0 g/cm® in a
debris flow to 1.1 g/cm?® in a turbidity current (Hampton, 1972), where the amount of mixing

and size of the turbidity current is dependent on the strength of the debris flow.

Gravity-driven downslope processes in deep water
Deep Water >

Shelf

Planar
glide plane

e 3

Concave-up
glide plane

Increase in mass disaggregation

Sediment consentration: 100% of volume 25-100% 1-23%
Water consentration: 0% of volume 0-75% 77-99%
Mechanical behavior. Elastic and plastic \l_i"liS%OUS
ui
Sandy mass-transport deposits -
Sand consentration: >20% of volume Turbidite

Figure 2.6.4.4a: Modell showing gravity-driven downslope processes in deep water (modified from Shanmugam 2012a)
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Turbidity currents that travels down slope are subdivided into three: head, body and tail
(Nichols, 2009) (figure 2.6.4.4b). The head contains the coarsest material and erodes the
ground as it moves down, forcing material up in suspension which mixes with the
surrounding fluids. This newly suspended material gets incorporated in the body or tail of the
flow. Due to the diluting of the flow with incorporation of water the density differences with
the surroundings decreases. This causes the velocity to diminish and the sediments falls out of
suspension, mainly in the body and tail (Kneller & Buckee, 2000; Nichols, 2009; Leeder,
2011).

“‘0"9.@??.‘_‘......‘,,,,... )

Head
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Figure 2.6.4.4b. Principal figure showing the subdivisions of a turbidity current: Head, Body and Tail.

Sediments deposited by a turbidity currents are called turbidities that have distinct
characteristics (especially in low- and medium-grained deposits) called the “Bouma
Sequence” (figure 2.6.4.4c). The sequence subdivides the deposits into 5 subdivisions (Ta-Te)
(Bouma, 1962; Walker & Phil, 1965; Nichols, 2009; Leeder, 2011). The characteristics of the
subdivisions are listed below.
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Pelagic sedimentation

Te | Hemipelagic and
turbidite mud

Td i Parallel laminae
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Increasing energy level

. Massive to
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Figure 2.6.4.4c: The figure shows an ideal Bouma sequence, ranging from Ta at the bottom and Te on the top.
(Modified from Bouma (1962) and Walker (1965)).

Ta— The A layer is the lowermost part of the turbidite and comprises massive to
normally graded, structure less, fine- to coarse grained sand. Due to a rapid deposition from

the body of the flow, the base of this layer is often eroded into the bed below.

Ty — This part of the Bouma Sequence involved planar-laminated sand, which often
tends to by finer and more sorted than the division below. The lamination found in the B
sequence represents an initial waning floe, possibly due to pulses of erosion separated by
deposition in an overall upper-flow regime.

T — This layer consist of ripple-laminated medium- to very fine sand. This indicates
rapid deposition from a waning flow having a more moderate flow velocity (lower flow

regime: tail part).

Tq — This sequence involves parallel laminated silt and interlaminated silts and mud,
which is thought to be deposited by the final stage of a waning flow, possibly including pulses
of erosion separated by deposition. The lamination in this part is often less defined than in the

B sequence.
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Te — The uppermost sequence of the deposit contains homogenous, structure less
hemipelagic silt and clays. This part of the Bouma sequence is thought to be the final deposits

from suspension fall out as the flow diminishes.

The total sequence is rarely found, and hence often only parts of the sequence is found in core
material. Bouma (1962) hence named turbidites that don’t have top and/or bottom sequences.

A) Base-cutted sequences: missing either one (Ta), Two (Ta-Ty), three (Ta-T¢) or four
(Ta-Tq) intervals of a complete Bouma-sequence.

B) Truncated sequences: missing either one (Te), two (Tg-Te), three Tc-Te) or four (To-
Te) intervals of a complete Bouma sequence.

C) Truncated, base-cutted sequences: missing both bottom and top interval(s). This

means that only Ty, To-Te, Te-Ta and Tq can exist.

Ice-rafted debris (IRD) are lithified grains/clasts (>2mm) or sediment pellets/aggregates
transported by icebergs and/or sea ice and deposited into an aqueous environment. In this
process the ice acts as a raft, providing buoyancy to any debris carried within or on the
surface of the ice float. The process is initiated by calving of icebergs containing sediments
and are transported out into the ocean. The deposition of the sediment has three main
processes (figure 2.6.4.5a): 1) Overturning of iceberg, dumping the sediment into the water
columns, 2) Outwash and 3) Dropping of material as the iceberg melts (Vorren et al., 1983;
Dowdeswell & Dowdeswell, 1989). Grounded icebergs (deep-keeled icebergs) may lead to
re-suspension and re-deposition, as it ploughs and/or bring material up in suspension again
from the seabed (Vorren et al., 1983).
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Figure 2.6.4.5a: Types of deposition from iceberg and sea ice rafting (modified from Vorren et al., 1983)

The rate of calving by glaciers are controlled by the sea-ice conditions when glaciers
terminates. In the winter season sea-ice may form in the front of the glacier, leaving the
calved icebergs trapped, and releases them when the sea-ice breaks up and are released into
the ocean (Dowdeswell & Dowdeswell, 1989). Sea-ice incorporates sediment by 1) sea-ice
freezing onto land (shorefast ice), 2) when suspended material freezes into the sea-ice, or 3)
with formation of anchor ice (Polyak et al., 2010).

2.6.4.6 Sediment pellets

Sediment pellets are aggregates of sediment with a diameter between 1 to 5 cm (Henrich et
al., 1989; Goldschmidt et al., 1992). These aggregates are previously found and described by
coring the Arctic and Norwegian-Greenland Sea seafloor. The name “sediment pellets” were
given by Clark et al., (1980) and Goldstein (1983) to better describe this facies.

The sediment within the pellets are usually fine-grained with more than 90% of the material
below 63 pum (Pfirman et al., 1989; Berner & Wefer, 1990; Pfirman et al., 1990).

The origin of these pellets are not clearly understood and several origins are suggested. Clark
et al. (1980) and Minicucci & Clark (1983) suggested a glacial origin, while Goldstein (1983)
prefers a sea ice origin for the silt rich sediment pellets. Observed frozen sediment pellets as
IRD in Alaska (Minicucci & Clark, 1983) and accumulation of sediment and aggregates
between the ice crystals in glaciers and sea ice (Polarstern Shipboard Scientific Party, 1988).
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2.6.4.6.1 Sediment incorporation in ice

The entrapment of sediment into the sea ice happens along the shelves in the ocean basin
margins, while the sediments incorporated to icebergs are derived from further inland
locations and on the shelf during more extensive glacial periods.

To be able to reach the deep sea the sediments must remain within the ice, and later be
contained during the transport and deposition. By examination, possible incorporation
processes of sediment and the general characteristics makes it possible to establish a
likelihood of sediments deposited from either sea ice or icebergs (Goldschmidt et al., 1992).

Glacier

1) When a glacier moves over a bed, it incorporates sediments into the ice subglacially.
Sediments of any size gets incorporated as freeze and thaw action are entrained and released
at the bottom of the glacier (Hodel et al., 1988). The mineralogy of the sediment is a
reflection of the bedrock or basal till the ice flows over. Due to the constant grinding of ice
and the flow of basal meltwater the grains are strongly rounded (Boulton, 1978; Dowdeswell
et al., 1985; Dowdeswell, 1989; Dowdeswell & Dowdeswell, 1989). 2) Supraglacial sediment
falls down onto the ice from nunataks and glaciated valley walls. The shape of the grains are
hence angular. The minerology reflects the bedrock outcrop. Since this part of the glacier is
less active, the grains remains angular and are deposited further out (Boulton, 1978;
Dowdeswell et al., 1985; Dowdeswell & Dowdeswell, 1989). 3) There may also be
entrapment of sediments from the seafloor into an iceberg if the keel drags along the she
shallow marine bottom (figure 2.6.4.6a). This incorporation method is not considered
important deep marine deposition (Goldstein, 1983; Goldschmidt et al., 1992; Henrich et al.,
1995).

32



1 - Subglacial
2 - Supraglacial
3 - Iceberg Dragging

Figure 2.6.4.6a: Schematic, scale less illustration of the process involved in the incorporation of sediment into
glaciers/icebergs (modified from Goldschmidt et al., 1992).

Sea Ice

1) Aeolian action can deposit sediments onto the ice surface, where strong winds can blow
sand and coarser material to the ice (Stefansson, 1921). The finer material is blown for longer
distances. Wind may also lead to redistribution of material of the Arctic ice pack (Pfirman et
al., 1989). 2) Storm waves and strong tidal currents may generate turbulence during ice
formation and hence re-suspend sediments from the shallow marine area, leading to
incorporation of sediments into the newly forms “slush ice” (Barnes et al., 1982; Reimnitz et
al., 1987). Resuspension may also occur after the ice cover was formed (Gilbert, 1990).

This process predominately incorporates finer material into the ice. 3) Keels of ice floe can
drag along the bottom, picking up both fine and coarser sediments from the seafloor. 4) In
water shallower than 0.3 m sea ice may incorporate sea floor sediments by coming in contact
or freezing to the bottom. The larger the tidal range the larger the more sediments may be
retained, and floated up during flood tide (Knight & Dalrymple, 1976). 5) Rockfalls deliver
larger clasts of sediment onto the ice primary during spring. Rockfall is most accelerate
during ice melting in the mountain. Due to the melting of sea ice in the same time as the ice in
the mountain it is unlikely that sediments deposited by rock fall onto the ice are transported
significant distances. Another possible trigger for rock fall are seismic activity. 6) Rivers have
the ability to carry sediments onto or under the ice surface during spring (figure 2.6.4.6b). The
River ice can also get sediment incorporated if it freezes to the riverbed. This type of
sediments will be well sorted. The huge amount of sediment during spring and the melting of

ice, exclude longer travel distances of river ice.
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Figure 2.6.4.6b: Schematic illustration of the process involved in the incorporation of sediment into sea ice) (Modified from
Goldschmidt et al., 1992).

Sediment-laden sea ice has a high possibility of being transported further out into the ocean,
and predominately carries fine-grained sediments. If the pellets are rafted by sea ice, they may
form when sediment-laden sea ice were subjected to surface melting, leading to concentration
of sediments on the ice surface, and meltwater may sort the sediments into regions with
higher concentrations of sediments (figure 2.6.4.6¢).

Due to a darker color the albedo of the sediments are decreased leading to absorption of solar
radiation an a increased heat, leaving the surrounding ice to melt forming a cryoconite hole
(Goldschmidt et al., 1992). Several freeze and thaw cycles then forms the aggregates into
pellets (figure 2.6.4.6¢). By continues melting the ice-raft may turn unstable and tilt the ice

floe, dumping the newly formed pellets into the ocean and geological record.

The pellets derived from icebergs will form in the same way, but will have a wider variety of
clast shape and size due to calving from a different area than deposition and will hence lead to
a wide variability of minerology of the pellets. The icebergs drifts with the wind and hence
takes longer to melt than the sea ice. The impact of the wind and ocean currents also make
pellets formed by sea ice spread out into a larger geographic area (Goldschmidt et al., 1992;
Henrich et al., 1995).
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I cycles. geological record.

Figure 2.6.4.6¢: Principal sketch explaining the formation of sediment pellets within an iceberg/ sea ice.

2.6.5 Processes during a glacial regime

During full glacial periods large amounts of sediments are deposited on the outer shelf and
upper slope of the western Barents Sea. Due to this the Barents Sea continental margin
prograded in a westward direction (Vorren et al., 1989), which was repeatedly truncated,
indicating erosion from grounded ice and re-deposition further westward. Indicating that the
ice must have reached the shelf in several re-advances. Due to failure of the large sediment
accumulations, a number of mass wasting events are inferred to have occurred, resulting in
the generation of glacigenic debris flows, which is assumed to have formed the glacial debris
lobes on the Bear Island TMF (figure 2.6.5). During glacial periods there was a larger income
of basal meltwater plumes and calving icebergs, depositing IRD on the continental slope and
the deep-sea basin (Vorren et al., 1989; Laberg & Vorren, 1995).
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Figure 2.6.5: Schematic model showing the main sedimentary processes on the shelf break and upper slope
during the presence of the ice sheet at the shelf break (modified from (Laberg & Vorren, 1995).

2.6.6 Processes during interglacials

In interglacial periods the main contribute of material has a hemipelagic origin. This material

is derived by proximal continental areas, and in mostly transported into the sea by aeolian

activity and ocean currents (Nichols, 2009). There is only a very small proportion of material

deposited to the continental margin and deep sea. This is due to the over-deepened ice-free
fjords that acted and acts as sediment traps for the land derived erosional products.

On the continental shelf and upper slope, sediments are redistributed by ocean currents. The
relative warm Atlantic Water of the Norwegian Current flows north over the outer shelf and
upper slope causing winnowing of sea floor sediments down to a water depth of 700-800
meter. This process forms sand and gravel lag deposits on the shelf (Vorren et al., 1983).
During winter the formation of cold, dense water on the shelf may cause downslope gully-

forming currents eroding into the slope succession (Vorren et al., 1998).
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3. Material and methods

In the following subchapters the material and methods used to retrieve information from the

core are described in further detail.
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3.1 Swath Bathymetry

The swath bathymetry data used in this study was collected using the Kongsberg Maritime
Smirad EM 300 system of RV Helmer Hanssen. A hull-mounted system with an operational
frequency ~30 kHz. The swath bathymetry sonar system is a high-resolution imaging system
emitting a “fan” of sound beams onto the seafloor providing a detailed scan of the seabed,
where the beams are pointing sideways to the acquisition direction in a specific angle to the
vertical (Denbigh, 1989). By applying this method, it gathers information about morphology,
submarine structures, slopes, water depth and the type and distribution of sediments. The
width of the area able to be scanned is dependent on the water depth, as the resolution
decreases at grater depths.

The bathymetry data of the present study shows areas with different artefacts and artificial
“holes” and “bumps”. Also, in some areas the dataset are missing. This is due to rough water
conditions during the data acquisition. Acoustic interference is the main sources of error while
collecting the data (Denbigh, 1989).

3.2 Laboratory work — Sediment cores

The laboratory work was carried out at the Department of Geology at the University of
Tromsg, The Arctic University of Norway, from August 2015 to Mars 2016.

The studied core, MD992301 (table 3.2a) has a length of 11.56 meters and are divided into 8
sections numbered I to V1II (table 3.2b). The calypso core was taken by a giant piston corer in
1999 during the Leg ¥ of the IMAGES V cruise by RV Marion Dufresne, and has since been
preserved at 4°C at the core repository of the Department. The core sections were exanimated
and analyzed in the laboratory using X-ray images, pictures of the split core surface, XRF
logging results, magnetic susceptibility measurements, water content, grain size analysis and
picking of foraminifera for dating. This to determinate the lithology, sedimentary structures,

physical properties and geochemical composition of the cored sediments. In the following

subchapters a more detailed description of methods used in the laboratory will be presented.

Sampling Date Time  Location Latitude (N) Water Penetration Recovery
station GMT Longitude (E) Depth (m) (m) (m)
Site 42 19.08.99 2359  Bearlsland = 74°45.13 N 2518 m 11m 11.56 m
Trough 010°00.82 E
Mouth Fan

Table 3.2a: Informal table about MD 992301.
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o 014%m

1 145-295 cm

11 295-445 cm

v 445-595 cm

\% 595-745 cm

VI 745-895 cm

VII 895-1045 cm

VI 1045-1156 cm

Table 3.2b: The subdivisions of MD992301 and their respective depth intervals.

3.2.1. X-ray photography

X-ray photography is a non-destructive method of imaging sediment core samples with the
use of electromagnetic radiation. The X-rays are generated when a high voltage direct current
is applied to a cathode causing electrons to flow through a vacuum tube and collide with an
anode (Fujifilm, 2014). When the incoming electron from the cathode collides with an inner-
shell electron in the anode, an X-ray is emitted as a result of an electron from the outer shell

goes into the vacant inner shell and emitting the excess energy (Schad, 2008)

The quality of the radiographs are controlled by several factors such as contrast, sharpness
and density of the material. The magnification and distortion in the photographs depends on
geometrical the arrangements relative to the X-ray tube and/or the detector, difference in the
thickness through the core sections, or the angle of the X-ray beam relative to the core and
detector (Fujifilm, 2014).

The X-ray images of MD992301 were taken of half core sections using the GEOTEK MSCL-
XCT X-ray core imaging system (figure 3.2.1) at the University of Tromsg. The values used
during imaging to get optimal exposure were 120 kV and 225 pA, and an image was taken

every 20 mm. Analogue X-rays taken in 1999 have also been available for the present study.
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Figure 3.2.1: 3D model of the GEOTEK MSCL-XCT X-ray core imaging system (GEOTEK, 2014b)

3.2.2 XRF-scan

X-ray fluorescence (XRF) core scanning is another non-destructive method used for
analyzing geochemical elements on core surfaces (Marum, 2013b). The Avaatch XRF core
scanner uses X-rays from a radioactive source of Rodium (Rh), to excite and detect the
geochemical components ranging from Mg to U in the periodic table. The values measured is
given in counts per second (cps).

When X-rays collides with a material, secondary fluorescent X-rays are generated and
measured for analysis of the geochemical composition of solids, liquid and powder (Beckhoff
et al., 2006; Forwick, 2013a ). To be able to detect lighter elements, a He-atmosphere is used.
This atmosphere is applied to reduce the friction of the secondary radiation caused by the

presence of oxygen. By using element ratios misinterpretations are avoided (Forwick, 2013a).

The parameters of the instrument can be adjusted and processed in order to provide the best
suited settings for selected elements. The measurements of the various elements were done in
several runs, changing the current (1), tube voltage (U) and filters applied. To measure light
elements such as Mg to Co 10 kV were applied, for the interval of Ni to Mo 20 kV were used,
up to heavy U 50 kV is used (Forwick 2013a).

Prior to the measurements, the core was cleaned and adjusted too room temperature, and the
core tube had to be adjusted so the apparatus were able to hit the sediments. The preperation
was done to be sure of reliable results, demanding a homogenous dry and flat surfaced core.
To avoid contamination of the sediment and apparatus, a 4um ultralean film was applied.
Excess oxygen trapped between the film and the sediments was removed using a roller.
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To do the measurements a prism is lowered onto the sediment surface, where the incoming
radiation generated hits the surface at ~45 degrees. The detector for outgoing radiation is
hence also installed in a 45° angle (Richter et al., 2006). During measurements the system is
flushed with helium to prevent partial or complete absorption of radiation by the surrounding
air (figure 3.2.2). The voltage values used for measuring the geochemical elements in the core
were 10 kV and 30kV with measurement interval of 10 mm.

Figure 3.2.2: Principal sketch showing the principle of XRF logging on split cores (Richter et al., 2006)

Comparison of XRF measurements done on wet sediments relative to dry sediment samples
show that the intensity is largely reduced in light elements like Al and Si, whereas heavier
elements remains relatively unaffected (Tjallingii et al., 2007; Weltje & Tjallingii, 2008;
Hennekam & de Lange, 2012). Due to this the ideal measurements should be taken at
homogenous material with a dry and flat surface. By calculating ratios of each element
instead of single element intensities, more reliable results are gathered (e.g. Fe/Ca or the sum
of several elements e.g. Ti/sum) (Weltje & Tjallingii, 2008). This method can minimize the
artifacts produced by physical factors. The “sum” refers to all element counted exceeding 10
000 cps during the 10 kV run, and 3000 during the 30 kV run..

The geochemical composition of sediments and sedimentary rocks are strongly influenced by
several factors, including: source area composition, climate, mode of sediment transport and
depositional environment. It hence provides a wide range of information about sedimentary
source, mode and direction of sedimentary transport, paleoclimate, ocean circulation, organic
production, seafloor and sediment oxygenation and post-depositional changes. It also provides
valuable information about physical and biological processes present under the deposition and

post-depositional chemical reactions. This provides a complex composition of the sediment
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that gives valuable paleoceanographic and paleoclimate information (Calvert & Pedersen,
2007).

Examples of such correlations are many, for instance Zirconium (Zr) and Titanium (Ti),
which are heavy minerals and hence often correlates to the base of turbidites. Clay minerals
are often enriched with Potassium (K) and may correspond to turbidite muds. Indicators of
terrigenous supply are e.g. Aluminum (Al), Iron (Fe), Titanium (Ti) and Zirconium (Zr) while
Silicon (Si) both is indicator of terrigenous material and productivity (Croudace et al., 2006;
Bertrand et al., 2012). Higher levels of Calcium (Ca) indicates increased amount of carbonate
within the sediment, and combined with Iron (Ca/Fe) it may indicate biogenic
carbonate:detrail clay ratios that indicates an increased amount of foraminifera in the sample
(Rothwell et al., 2006).

3.2.3 Multi Sensor Core Logging (MSCL)

To measure the physical parameters of the core, the GEOTEK Multi Sensor Core Logger
(MSCL) was used (figure 3.2.3). This apparatus provides continuous centimeter-scale
measurements of marine sediments. Due to a split core, the only parameters able to be
measured at the Department lab were magnetic susceptibility and temperature. Temperature
may have an influence on the physical parameter of magnetic susceptibility (Marum, 2013a).
Due to this the sections were stored in the laboratory overnight prior to the measuring to avoid
unwanted influence. The room temperature was measured by a thermometer placed on the
apparatus, and all of the sections was hence assumed to have the same temperature, the
temperature of the room which was about 20.1°C.

Continuous records of physical parameters provide the basis for stratigraphy and correlation
between several logs. The multisensory core logger used at the department lab provides
continuously and simultaneously measurements of several physical parameters (magnetic
susceptibility, gamma density, natural gamma radiation, p-wave velocity and electrical
resistivity).

All of the different physical parameters of the apparatus were calibrated before use.
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3.2.4 Magnetic susceptibility

Magnetic susceptibility is defined as “the degree of a magnetization of a material in an
applied magnetic field” (GEOTEK, 2014a). The presence of either paramagnetic,
ferromagnetic, ferrimagnetic or antiferromagnetic material will create a positive response
which will strengthen the magnetic field. Where ferrimagnetic minerals like magnetite e.g.
will create values 3 or 4 times greater than antiferromagnetic minerals like e.g. hematite, If
the ferromagnetic concentration is low, paramagnetic (e.g. clay and ferromagnesian silicate
minerals) and diamagnetic minerals (e.g. biogenic carbonate and silica) will contribute to the
measurement record, with a negative response being indicative of a diamagnetic material in
the sample (Stoner et al., 1996). The measurement of this physical parameter is used for
correlating changes in the sedimentary environment, as well as inner-core correlation
(GEOTEK, 2014a).

3.2.5 Water content
The water content is measured relative to dry weight, by measuring the weight of each sample
before and after drying in a heating cabinet. The samples were left in the cabinet for 3 days

before re-measures to be able to remove as much water as possible.

3.2.6 Radiocarbon dating

Radiocarbon dating is a method based on measuring the decay of *C. Due to a limited
maximum age, this method only provides reliable dating for material younger than 50,000
years. 1*C is formed in the upper atmosphere by a collision between cosmic rays and N

atoms, and is hence natural occurring. After oxidation, CO: is created and mixed into the
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atmosphere and world’s oceans. The CO> enters plant material through photosynthesis and
becomes a part of calcareous (CaCOz) marine organisms by entering the carbon cycle. When
an organism dies, the content of the “C is no longer in equilibrium with the atmosphere and
biosphere. The unstable *C will then start to decay, with a half-life of 5730+40 years. When
measuring the number of unstable C relative to the stable and no radioactive *C and 3C
information about when the organism died may be calculated (Bowman, 1990; Bowman &
Balaam, 1990).

The samples were picked (table 3.2.6.1), and sent to the laboratory of lon Beam Physics, ETH
Zurich for preparation and measuring using the Accelerator Mass Spectroscopy (AMS)
method. This method is performed by accelerating C-ions from the picked samples containing
foraminifera and subjecting them to a magnetic field. Particles with the same velocity, but
different mass, will deflect differently towards the applied magnetic field. The heaviest
particles will deflect least, and hence makes it possible to identify and measure the amount of
14C present in each sample (Bowman, 1990; Higham et al., 2015). The Laboratory of lon
Physics uses a new method which is capable to retrieve dating from samples containing less
than 100 ug carbonate (0.001 g). The method measures the radiocarbon content of carbonates
by measuring the CO produced by acid decomposition applying a gas ion source AMS
(Wacker et al., 2013).
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Depth Species Weight (gram)

33-34cm Neogloboquadrina pachyderma 0,0019
(sinitral)

149 - 150 cm N. pachyderma (sinitral) 0,0024

199 — 150 cm N. pachyderma (sinitral) 0,0015

272 -273 cm N. pachyderma (sinitral) 0,0014

692 — 693 cm N. pachyderma (sinitral) 0,0001 (failed, too small smaple)
779 -780 cm N. pachyderma (sinitral) 0,0010

898-899 cm N. pachyderma (sinitral) 0,0001 (failed, too small sample)
984 — 985 cm N. pachyderma (sinitral) None (failed, no forams)

Table 3.2.6.1 Picked intervals and weight of the foraminiferal samples.

3.2.6.2 Calibration and marine reservoir effects

Earth’s magnetic field, sunspot activity and the Suess effect causes changes in the production
rate of 1*C in the atmosphere. Hence, the concentration of 4C in the atmosphere and in living
organisms varies, resulting in a discrepancy between the radiocarbon age and calendar age
(Bowman, 1990). Together with the AMS, the radiocarbon dates are calibrated to calendar
years before present (cal. yr. BP).

The *C produced in the atmosphere is constantly mixed into the sea surface by an exchange
at the ocean-atmosphere interface, and is hence believed to be in equilibrium. However, as
water sinks towards the deep sea, and the supply of radioactive *C from the atmosphere stops
and the decay of the unstable *C starts. The radioactive decay will provide a lower activity,
and hence an increased apparent age, the “marine reservoir effect” (Mangerud, 1972). In the
region the core is retrieved from the marine reservoir age is 440 years (Mangerud &
Gulliksen, 1975; Hald et al., 2001). When dating calcareous marine organisms the aging
effect of the region has to be accounted and calculated to avoid large regional variations, to do
this the CALIB 7.1 software (Stuvier et al., 2016) was used to calibrate the radiocarbon ages
from the AMS dating. The program used, MARINE13 calibration curve (Reimer et al., 2013)
with a global reservoir correlation of 405 years. To accommodate for the difference between
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the curve and the marine reservoir age in the western Barents Sea an additional regional
difference (AR) were added, which in this study was found to be 67+34 (Mangerud &
Gulliksen, 1975)

The obtained radiocarbon dates were used for estimating an age model for MD992301. By
using a linear interpolation and assuming an estimated constant accumulation rate of the
sediments between the dated intervals, the boundaries between the units were estimated.

However, due to a sparse amount of dates available, uncertainties are to be expected.

3.3 Sedimentological description and logging

After analyzing the core sections using the different apparatus as described above, a detailed
and systematic description of the lithology was made. After cleaning the surface, the
sediments were described including grain size, sedimentary structures, boundaries, color, clast
distribution (IRD), bioturbation, appearance of micro- and macrofossils and other general
remarks. Color was found using the Munsell Soil Color Chart.

A lithological log was made, summarizing these observations, where a total of 14 units and 6
facies were identified and described (table 4.3a).

3.4 Grain size analysis

3.4.1 Sampling and preparation

Following the sedimentological description a total of 124 samples was taken and prepared for
grain-size analysis. The sediment was sampled in order to have more detailed measurements
of the various lithological facies identified. After sub-sampling the core, the sample was
stored in cups and placed in the heat cabinet for several days for drying. By doing this it was
possible to measure the sediments water content. After this the dried samples were watered by
distillated water before they were treated with acetic acid (CO3COOH) over night to remove
any carbonate in the sample. When the reaction was complete the samples were washed with
distillated water twice. Later the samples were treated with hydrogen peroxide (H20-) to
remove any organic material present. The samples were again flushed twice after complete
reaction. The final step before the grain size analysis was to add a few drops of calgon
(sodium polyphosphate) in each sample, and place them in an ultrasonic bath. This to prevent
any flocculation and the formation of aggregates within the sediment. Prior to measuring, the
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samples were shaken before they immediately were placed in the apparatus. This according to
the standard procedures for the Department lab.

The samples of the sediment pellets were retrieved from two depths entraining several pellets
large enough for sampling. The pellets were put in plastic containers and submerged in
distillated water to see if the pellets would dissolve. After this the samples were shaken, to be
sure of a complete dissolution.

The sediments entrapped in the pellets were then sieved thorough a filter paper and dried in a
heating cabinet. When the solution of the sediment pellets were done, the samples were

treated with acid and measured in the apparatus on the Department lab.

3.4.2 Measurements and statistics

The grain-size analysis was conducted using the LS 13 320 Laser Diffraction Particle Size
Analyzer. This apparatus only measures particles from 0.04 pm up to 2000 um. Particles
exceeding this size were therefore excluded in the results, and presented as clasts or sand in
the lithological log based on appearance. If the samples were too massive, they were diluted
before measuring. Classification of grain-sizes and associated terminology used in this study
are based on the Udden-Wentworth grain-size for clastic sediments (Udden, 1914;
Wentworth, 1922; Nichols, 2009) (Figure 3.4.2a). To determinate the approximate
relationship between the different size fractions, Folk’s (1954) classification system for sand,

silt and clay were used (figure 3.4.2b).
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Figure 3.4.2a: An overview of grain-sizes and associated descriptive terminology, based on Udden, (1914) and Wentworth

(1922). (Modified from Nichols (2009)).
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Figure 3.4.2b: Folk's classification system for sediment (Folk, 1954)
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4. Results

4.1 Introduction

Core MD993201 was retrieved from the channel levee of the INBIS channel system between
Bear Island Trough Mouth Fan (TMF) and the Storfjorden TMF (figure 4.2.1a). When
analyzing the core, the methods presented above were applied as will be further detailed

below. From the core description the sedimentary processes involved in the depositional

environment will then be discussed.
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4.2 Swath bathymetry

4.2.1 Introduction

A swath bathymetry map was provided in order to identify, describe and interpreted
submarine geomorphological landforms in the area around the retrieved core. Where the core
will be used for more detailed interpretation of the sedimentary processes and depositional
environment present. The bathymetry covers an area of about ~265 km in length and the
width of the surveyed area varies from 4 - 28 km. There is a smaller corridor on the
northwestern side, around 80 m long and 7 — 10 km wide. The water depth increases gradually
from the upper part of the continental slope towards the deep sea where the core is located,
from ~<500 - < 2500 meters water depth on the northern Bear Island TMF (figure 4.2.1a, b
and c). On part of the northwestern flank of the bathymetry there are noise disturbing the data,

making it blurry.
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Figure 4.2.1a: Position of the swath bathymetry taken on the northern flank of the Bear Island TMF. The red dot indicates
the position of MD992301.
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Figure 4.2.1b: A: Swath bathymetry acquired from the northern Bear Island TMF towards the INBIS fan. B: Morphological
interpretation. The white dot marks the positon of the core.
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Figure 4.2.1c: A: Bathymetry over the area proximal to the INBIS channel. B: Geomorphological interpretation of the area.
The white dot marks the position of the core.
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4.2.2 Gullies
In the upper parts of the bathymetry, a network of upper slope gullies are interpreted (figure

4.2.1b). These small submarine channels are interpreted to be up to 150 meters deep and 1 km
wide (Vorren et al., 1989). These small channels are formed by four main processes 1) as a
consequence of hyperpycnal subglacial meltwater at or near the shelf break (Pedrosa et al.,
2011), 2) by erosion from mass-flows initiated from cascading of cold bottom water from the
shelf area (Vorren et al., 1989; Piper et al., 1999), 3) by cold bottom currents derived from a
nearby ice cap during glaciations (Pedrosa et al., 2011), or 4) formed during interglacials by

cold bottom water from the shelf (Vorren et al., 1989).

Pedrosa et al., (2011) has previously identified several gullies on the Storfjorden TMF where
they are characterized as smaller channels which are 5-20 km long, at water depths up to 200-
1000 meters. Gullies usually have a low sinuosity and are generally <10 meters deep. V-
shaped (in cross-section) and show branching on the steepest parts, which is similar of what is
seen in the bathymetry. The abrupt change morphology of the gullies seen in figure 5.1 are are
assumed to be due to the diminished energy of the flows which decreases downslope as a
consequence of 1) slope-angle reduction, and hence their ability to erode into the substrate
(Pedrosa et al., 2011) and, 2) Density contrast reduction. Similar features are identified by
Laberg and Vorren (1995) on the northern flank of the Bear Island TMF, where the
interpreted gullies shows levee like features. The presence of levees indicates that the flow
were able to erode and transport sediments from the shelf and/or generate density currents on
the uppermost parts of the fan, which reached bankfull stage, and spilled on their way
downslope (Laberg & Vorren, 1995). Another possible explanation for the levee formation is
that density currents may have been initiated in periods of higher sediment supply
(Blindheim, 1989).Gullies may evolve into channels, which morphological features

disappears downslope, as they gets covered by debris flows deposits (Pedrosa et al., 2011).

The gullies identified east of the cored location is probably formed during the present
interglacial, and not related to the origin of the debris flows further west (figure 5.1). The
gullies have a restricted infill, this may be due to the transport of cold, dense water downslope
on the northern part of the fan (Laberg & Vorren, 1995).
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4.2.3 Debris lobes

Several large debris flow deposits are previously interpolated east of the cored interval.
Laberg and Vorren (1995) have described eight of these large lobes on the Bear Island TMF.
In their interpretation they claim that each deposit can be up to 24 km wide and 50 meter
thick, and can be followed up to 100 km downslope (figure 4.2.1 b and c).

Large debris flows was initiated when the Barents Sea ice sheet reached the shelf break during
fully glaciated conditions. In such settings, as described above, the sedimentation rate is
enormous. The high amount of sediment deposited in such a short periodic events makes the
sediment unstable and triggers like i.e. earthquakes, oversteepening and excess pore pressure
may cause the release of large debris flows. Debris lobes are characterized by a positive
bathymetry on the middle fan, and shows a stacked mounded pattern where the subsequent
lobes are deposited in bathymetric lows created between older deposits. During LGM, debris

flows was on average released every 35-75 years (Laberg & Vorren, 1995).

4.2.4 Channels

The INBIS channel adjacent to the core is previously described by Vorren at al., (1998)
(figure 4.2.1b and c). The channel is situated at water depths between 2360 - 2520 meters, and
the surveyed parts of the channel are ~37 km long and ~2-6 km wide exceeding from east to
west boarded by the Bear Island TMF and Storfjorden TMF (table 4.2.4a). In the bathymetry
it is possible to identify a larger debris lobes cutting off the channel in the eastern direction.
South of the channel, the channel is bordered by debris flows with origin from the Bear Island
TMF (Laberg & Vorren, 1995), and to the north the channel, there is a 10-15 meter natural
levee with overbank deposits (Vorren et al., 1998). Current lineation found using side scan
sonar, are thought to represent frequently density current activity, leading to overflowing of
the channel and deposition in the overbank areas (\Vorren et al., 1998).

At the mouth of the channel, which is not scanned in the data set, a fan like accumulation is
found called the INBIS fan. The fan is > 50 km wide, with smaller (0.2-1 km wide and 5-10
meters deep) erosive channels flanking the fan (Vorren et al., 1998). The assumed source area
for the INBIS channel and overlaying are the Kveithola Trough, the northern Bear Island
TMF and southern Storfjorden TMF (Vorren et al., 1998).
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INBIS channel

Position

Length (km)

Water depth (m)

Width (km)

Channel depth (m)

Shape/ orientation/constraining factors/borders

Sedimentary processes

Sediment sources

Age/period of activity

Other features

~74°-75° N and ~10°-15° E

60

2360 — 2520

5-15

50 - 60

Single channeled: E — W: Boarded by Storfjorden
and Bear Island TMF

Turbidity flows

Turbidity flows and debris flows originating from the
Storfjorden and Bear Island TMFs, as well as the
interfan area of Kveithola Trough.

Mainly during glacials, significantly less during
Holocene.

Upper part buried under debrisflow.

10-15 m- high levee on the northern flank, with
mudwaves north of the levee.

Thickest sediment package north of the channel
> 50 km wide INBIs fan at the mouth.

Table 4.2.4 a: Properties/characteristics of the INBIS channel (Vorren et al., 1998; Forwick. M. et al., 2015).
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4.3 Core description

4.3.1 Lithology

MD992301 is dominated by a sandy silt lithofacies. A total of 5 sandy units are interpreted
where all of them shows a normal graded pattern. Between the sandy units thick intervals of
mud with random scattered clasts are seen. There are no signs of bioturbation through the
core, and only a smaller degree of lamination. The top of the core is disturbed due to friction

from the penetrating core cylinder, therefore, some of the layers have a convex shape.

4.3.2 Grain-size analysis

From the particle size analysis, the volume of clay, sand and silt were measured and then
plotted against core depth (figure 4.4b). There is a dominance of the silty fraction throughout
the core (from 12 - 78 %, on average 50.3%), except for the intervals of sandy layers and
lenses. In table 4.3.2a the minimum, maximum and average values of the different fractions

are presented.

Grain Size Minimum value Maximum value Average value

Clay (%) 0.03 61.5 17

Silt (%) 11.7 783 50.3
Sand (%) 0 86.3 327

Table 4.3.2a: The minimum, maximum and average values of clay, silt and sand through the entire core. Values are found by
using the “maximum”, “minimum” and “average” calculations in excel.

4.3.3 Physical properties

The physical properties measured for the core are water content (%) and magnetic
susceptibility (108 SI(m3/kg)). The results of these measurements are represented as plots
relative to core depth (figure 4.4b) while the maximum, minimum and average values are
listed in table 4.3.3a. From figure 4.4b, it is possible to correlate lower values in both
magnetic susceptibility and water content to the sandy layers, while the mud have a relative
uniform value throughout the core.

The magnetic susceptibility plot has a higher frequency zigzag- shape around values with
only smaller variations for each unit. When there are changes in lithology (e.g. color or grain
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size) at lithological boundaries there are a clear increase/decrease in the measured values.

The water content is measured relative to the wet weight of the samples extracted from the
core, and hence are somewhat uncertain. This relates to the age of the core (1999), thus the
core may have lost the moisture over time. Overall the water content shows a decreasing trend
down core due to sediment consolidation and compaction. Some errors were evident for the
magnetic susceptibility, at the top and bottom of each core section where the values at the top
and bottom of the core showed lower values than what the trend was indicating. These values

were hence removed from the plot.

Physical properties Minimum Maximum Average

Magnetic susceptibility (102 SI(m3/kg)). 2.4 77.2 27.8
Water content (%) 2.0 59.1 19.4

Table 4.3.3a: The minimum, maximum and average values of the physical properties measured in core MD992301.

4.3.4 Element geochemistry

The scanned sediments in all eight sections shows a good response for the following
elements: Silicon (Si), Sulfur (S) and Manganese (Mn), while Zirconium (Zr), Potassium (K),
Calcium (Ca), rubidium (Rb), Strontium (Sr) and Iron (Fe) shows a more moderate response.
The element geochemistry is expressed with selected element/element ratios and
elements/sum ratios (chapter 3.1.2: XRF scan). This includes elements as Ca/Fe, Sr/Ca, K/Rb
and Zr/Rb found in figure 4.4c and Appendix 1: Table 1.

Changes in element/element ratios are described relative to the general lithological trend
through the core.

4.3.5 Radiocarbon dating

The results from the AMS radiocarbon dating and calibrated ages are presents in table 4.3.5.
The calibrated ages are based on a mean of the 1o range. Due to the limited amount of
material available for dating, some of the samples proved too small to be dated. As a result,

only a few radiocarbon dates could be obtained from MD992301.

There is a reversed age between 199 - 200 and 272 — 273 cm, where an older age of the
uppermost sample were obtained. We interpreted that the reversal to be due to a distal

turbidite environment, where the material obtained in 199-200 cm may contain material
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deposited by the interlayered sandy units (Forsberg et al., 2007). The sample from 149-150 is
therefore not taken into account in the further discussion. In addition, the sample retrieved
from 779 - 780 cm proved too old to obtain reliable dating, and is hence excluded in further

discussion.

Lab Sampling Species
reference depth
(cm)

67559.1.1 | MD992301  33-34 N. pachyderma = 5365+75 67+34 5572 - 5505 - 5668
5748 5867

67560.1.1 = MD992301 = 149-150 N. pachyderma = 15990+360 | 67+34 18371- | 17961-  18788*
19193 19604

67561.1.1 = MD992301 = 199-200 N. pachyderma = 17810170  67+34 20670- | 20485-  20929**
21156 21435

67562.1.1 | MD992301 | 272-273 N. pachyderma = 16450+160 @ 67+34 19067 - | 18884 - 19278
19485 19666

67563.1.1 | MD992301  779-780 N. pachyderma  Failed. 67+34 = = =
>50.000

Table 4.3.5: 1*C and calibrated ages of the samples retrieved from MD992301. (*=uncertain due to small amount of
foraminifera, **=reversed age)

4.3.6 Visual description

Due to the age of the core the sediment surface was cleaned carefully before any
interpretation was done. The subdivision into lithofacies within MD992301 was interpreted
based on visual inspection, color images, X-ray photographs and particle size analysis. Based
on these parameters the core are subdivided into 14 units. The log of MD992301 is presented

in figure 4.4a and is described relative to depth.

4.3.7 Lithofacies

The lithofacies identified are based on Folk's (1954) classification system for sand, silt and
clay (figure 3.3.2b). This triangle divides the sediment into ten group based on the distribution
of each grain size (percent of sand, and the ratio between clay and silt). This ten groups are:
sand (S), clayey sand (cS), muddy sand (mS), silty sand (zS), sandy clay (sC), sandy mud
(sM), sandy silt (sZ), clay (C), mud (M) and silt (Z). In addition codes for diamicton (D)
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sediment pellets (Sp), clasts (c), organic debris (0), upward fining (-uf) and lamination (l)
were added. The sandy silt fraction is the dominating lithofacies within the core. Coarser
sediment (e.qg. silty sand) has a darker brown color and the lowermost two units has a dark-

grayish color.

4.4 Lithology of core MD992301

Within core MD992301 14 units were identified, described from bottom and up.

The core comprises lithofacies of sZ (sandy silt), Z (silt), M (homogenous mud), zS (silty
sand), D (diamicton), Sp (sediment pellets) and sporadic appearance of clay (c) and

lamination (I) (figure 4.4a, b and c and table 4.4a).

Facies Characteristics

Muddy diamicton (D)

Dark muddy matrix.
Dark, angular/subangular clasts.

Sediment pellets (mud) (Sp) - Dark, sediment clasts of up to pebble size
(looks like dark colored cottage cheese).
- Laminated with sand lamina/layers

Massive graded sand (S)(-uf) - Normal graded sand.
- Dark olive brown/olive brown color

Massive hemipelagic mud (M) - Massive mud without any internal structures.

Massive mud with clasts (M)(c) - Massive muddy matrix with random
distributed clasts.

Massive laminated mud (M)(1) - Massive mud with internal lamination.

Table 4.4a: Table with the different facies interpreted within MD992301.
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Figure 4.4a: Lithological log for MD992301.
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4.4.1 Unit 1 (1156- 1031 cm)

4.4.1.1. Lithology and stratigraphy

The lowermost unit within MD992301 contains a compact and massive very dark gray matrix
bearing sandy mud and has a high amount of angular clasts. The X-ray images show a larger
number of clasts in this unit compared to the others above (figure 4.4a and 4.4.1b). No inner
sedimentary structures are seen. The upper boundary is abrupt and the lower boundary is not
cores. The grain size distribution shows a dominating fraction in silt and clay with
respectively 16 - 37 % clay, 49 — 61 % silt and 12 — 30 % sand (figure 4.4.1a), the largest

proportion of clay seen through the core.

sandy sandy
mud silt
sM sZ
L)
eo°

1:2 Siit

Figure 4.4.1a. Diagram showing the grain size distribution within unit 1 (Folk, 1954).
4.4.1.2. Physical properties
The physical properties measured shows the lowest values for magnetic susceptibility seen

through the core, with values showing a zig-zag pattern between 10 and 20 (108 SI(m®/kg)).
The water content is more uniform and around 20 % (figure 4.4b).

4.4.1.3. Element geochemistry

Unit 1 contains relatively high amounts of Silicon (Si/sum) and Sulfur (S/sum) (figure 4.4c
and appendix: 1 table 1). In the element/element ratios the Strontium/Calcium (Sr/Ca) ratio is
relatively high and fluctuating (figure 4.4c and appendix: 1 table 1). The other values do not

deviate from the unit above.
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4.4.1.4. Interpretation

Based on the results listed above, unit 1 is interpreted to represent the upper part of a high
velocity debris flow deposit (figure 4.4.1b). As seen in the available swath bathymetry data
(chapter 4.2), several submarine debris flows are located east of the core. Furthermore, the
lithology and the physical properties are similar to the results presented by Laberg and Vorren
(1995) studying debris flow deposits found to comprise a dark grey diamicton which was
poorly sorted and with a high clast content. Debris flows deposited east of the core location
shows a content of 20 - 40 % clay, 20 - 40 % silt and 10 - 30 % sand, which has similarities to
the clay and sand content seen within MD992301. There is however a change in the content
of silt, which has a higher percentage (49 — 61 %) than the debris flows identified by Laberg
and Vorren (1995).

The uniform impact of the geochemical properties within the unit, indicates that the material
is deposited by a single event of mass-wasting. The increase in Silicon (Si/sum) may
represent a terrigenous/productivity indicator (Rothwell et al., 2006), and may therefore be a
useful sediment-source indicator. An increase in the ratio between Strontium/Calcium (Sr/Ca)
may also work as a provenance indicator as a higher amount of Strontium is an indicator of a

more shallow-water sediment origin.

1120

Depth (cm)
2

1140

Figure 4.4.1b: Sequence of unit 1 viewed in A) color image, B) and X-ray, C) Interpretation of the unit, white discs indicates
the location of scattered clasts.
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4.4.2 Unit 2 (1031 -999 cm)

4.4.2.1. Lithology and stratigraphy

Unit 2 comprise two facies, a dark colored sediment pellets interlayered with sandy silt
lamina/layers. The color is very dark gray for the aggregates and black on the silty sand
(figure 4.4a and 4.4.2a). In X-ray the images shows no signs of larger lithified clasts within
this interval, but alternations between the lithologies are seen (figure 4.4.2a), where the
thinnest laminae is around 0.4 cm thick, and the thickest layer is up to 2.1 cm.

The lower boundary of the unit is sharp and abrupt and the upper boundary is more gradual,
and is estimated to be where there are no aggregates present (figure 4.4a).

Within the aggregates there are a dominance of sandy clay with values from 13-13.4 % clay,
40-46 % silt and 42-47 % sand. The interlayered sand is dominated by silty sand with 56 - 83
% sand and 4 - 7 % silt.

sandy ® sandy

mud silt
sM sZ
[ J
/ mud \ silt \
M 4
Clay 21 1.2 Silt

Figure 4.4.2a: Folks diagram showing the lithofacies distribution within unit 2. Light blue indicates the lithofacies in the
pellets, and the dark blue the lithofacies within the sandy layers.

4.4.2.2. Physical properties

The physical properties measured through unit 2 shows the approximately same magnetic
susceptibility values as for unit 1, ranging between 10 - 20 (108 SI(m®/kg)). The water

content shows a decreasing down core trend (figure 4.4b).
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The XRF scan shows an enhancement in Manganese (Mn/sum) and Sulfur (S/sum) while a
decreasing trend is seen for Silicon (Si/sum), Strontium/Calcium (Sr/Ca) and
Potassium/Rubidium (K/Rb) (Figure 4.4c and Appendix 1: table 1).

The aggregates looks like dark colored “cottage cheese” and feels clayey when they are rolled
between fingers. When the aggregates were crushed the sediment content showed to be
muddy, and the aggregates are hence interpreted to be sediment pellets.

Sediment pellets are previously described by Goldschmidt et al., (1992), Henrich et al., (1989)
and Vorren et al., (1998), from cores retrieved from the Norwegian Sea (Henrich et al., 1989;
Goldschmidt et al., 1992; Vorren et al., 1998) and in the Arctic Ocean (Clark et al., 1980;
Goldstein, 1983; Minicucci & Clark, 1983).

The origin and mode of deposition of sediment pellets are still discussed. A glacial origin
were proposed by Clark at al., (1980) and Minicucci & Clark (1983), while a sea ice origin
were suggested from Goldstein (1983). Sediment pellets may also have a fecal origin, but due
to the large size, this are considered unlikely (Goldstein, 1983; Goldschmidt et al., 1992).
The sediments found in iceberg are predominantly coarse-grained with a mean around
1000um and with no grains less than 250 um. Sea ice pellets contains finer sediment with no
grains larger than 500 um and a mean between 10-20 um (Goldschmidt et al., 1992).

The pellets described in MD992301 are hence interpreted to have a sea ice origin, indicating
that the cored location must have been overlaid by sea ice at the time of deposition.

The interbedded sand is assumed to originate from a different process (figure 4.2.2b). Two
different processes were suggested by Vorren et al., (1998) and Svindland and Vorren (2002):
1) Winnowing (selective removal of finer grains form the sediment in a flow), and 2) that the
sand is a part of an ongoing turbidite current interrupted with sediment pellets deposited by
sea ice. Due to the erosional base and the enhancement of unit 2, the second suggestion is
favored, where the turbidite either has continued to flow through unit 3, or there is two or
more separate turbidite sequences. In that case, this indicates that the three lowermost units
within MD992301 are deposited during full-scale glaciation. The XRF varies through the unit
which shows a change in geochemical content, supporting the interpretation that there is a

change in origin and deposition between the facies. The XRF for facies 2 shows an increase in
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sulfur, which indicates a larger content of organic material (Croudace et al., 2006).

Unit 2 is interpreted to include sediment pellets formed and dropped by sea ice (Henrich et al.,
1989; Goldschmidt et al., 1992). This indicates that it must have been favorable climate for
sea ice formation, and the sea surface above the location of the core must have been covered
by the sea ice in the period of deposition. Colder climate and formation of dense water
moving down slope formed by cooling, may trigger the formation of small slides that
transformed into turbidity currents in conformity with the interpretation of Svindland &

Vorren (2002) studying similar deposits from the Arctic Ocean.
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Figure 4.4.2b: Close up picture of the sediment pellets found in unit 2. The picture has manipulated contrasts to be able to
see the pellets.

4.4.3 Unit 3 (999 — 961 cm)

4.4.3.1. Lithology and stratigraphy

Unit 3 comprises a 62 cm thick normal graded black silty sand (figure 4.4a). The grain size
distribution shows 54 — 86 % sand, and 11 - 33 % silt, and shows a normal grading (fining
upward) pattern were found for this unit (table 4.4.3a).

The lower boundary is estimated to be where there is no longer any sediment pellets present,
and the upper boundary is gradual as more silt is incorporated. In X-ray images it is possible
to see internal structures with in the sand similar to subsequences found in a sandy Bouma
sequence (figure 4.4.3b). The lowermost sequence is interpreted to be a lower massive unit,
Ta (massive/graded turbidite) and the smaller laminae on top of Ta correspond to Th (parallel
laminated sand) and the cross-bedded stratigraphy corresponds to Tc (ripples and convolute
bedding). The parallel layer above is interpreted to be Td (parallel laminae) and the massive

sequence on top is hemipelagic/turbidite mud, which may correspond to Te.
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Depth (cm) Average size (um) Facies

963.5 33.3 54.2 238.9 zS
967.5 14.8 75.7 294.4 mS
979.5 11.7 86.2 463.3 zS
989.5 12.4 85.0 401.4 zS

Table 4.4.3a: Table showing the grain size distribution through unit 3.
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Figure 4.4.3a: Diagram showing the lithofacies distribution of the samples taken within unit 3 (Folk, 1954).

4.4.3.2. Physical properties

As for the units below the magnetic susceptibility has a constant low value between 10 — 20
(108 SI(m%/kg)). The same trend is found in the water content which shifts frequently
between 10 — 20 % (figure 4.4b).

4.4.3.3. Element geochemistry

The geochemical elements within unit 3 shows an increase in Iron (Fe/sum) and
Strontium/Calcium (Sr/Ca). Other elements which shows a decreasing trend includes Silicon
(Si/sum) and Potassium/Rubidium (K/Rb) (figure 4.4c and appendix 1 table 1).

4.4.3.4. Interpretation

Sandy sequences similar to the ones found in the retrieved core interval is previously
described by (Laberg & Vorren, 1996a; Polyak & Mikhailov, 1996; Vorren et al., 1998; Piper
etal., 1999; Laberg et al., 2010). They have interpreted the sandy sequences to be turbidite
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deposits, deposited during full glaciations. In the XRF an increased amount of Sr/Ca in
MD992301 is a possible indicator of a shallow water source. While Rubidium often is
enhanced in bases of turbidites (Rothwell et al., 2006). Based on the results listed above unit 3

are assumed to be a sandy turbidite sequence.

As described above (chapter 2.6.4.4) the formation of turbidity currents may have several
origins: 1) initiated from cascading of cold, dense bottom water, 2) sea ice formation and
brine rejection, or 3) as small slides transforming into turbidity currents down slope. Turbidity
currents are gravity driven, erosional currents and will incorporate material to the current
diminish. When traveling down the channel, the turbidity current is confined between the
channel walls. When the current reaches the bankfull stage the turbidity flow spills over the
confinement and may be deposited in the overbank area on a levee similar to the location of
MD992301 (Vorren et al., 1998). The INBIS channel is hence assumed to have been an
important contributor for the sandy sequences found within the core, as the channel may have

worked as a conduit for the flow towards the deep sea (Laberg et al., 2010).

960
970 Te: Massive hemipelagic/turbidite mud.
7 Td: Parallel laminated silt and sand
£ Te: Cross-bedded sand and silt
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Ta: Massive to graded turbidite sand
1000 ~ Erosive boundary

Figure 4.4.3b Turbidite sequence found in unit 3. A) color image, B): X-ray image of the unit, C) interpretation, showing a
Bouma sequence.
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4.4.4 Unit 4 (961-943 cm)

4.4.4.1 Lithology and Stratigraphy

The lithology within unit 4 includes silt, mud and sandy silt lithofacies with an olive color
(figure 4.4a). The lower boundary is gradual, while the upper boundary is sharp and erosive.
By conducting a grain size analysis the composition of the unit was retrieved: 27 - 51% clay,
48 - 66% silt and 7 - 16% sand (figure 4.4.4a). In X-ray images it is possible to see a sparse

amount of scattered clasts within the mud, but no other internal structures (figure 4.4.4Db).
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Figure 4.4.4a: Diagram based on folk (1954) showing the lithofacies seen in unit 4.

4.4.4.2 Physical parameters

Both of the physical parameters measured by the MSCL shows an increase. The magnetic
susceptibility increases with around 20 (10 SI(m®kg)) with a distinct peak at ~960 cm.

Also the water content shows an increase with around 10% from ~10 — 20%.

4.4.4.3 Element geochemistry

The XRF data through unit 4 showed an increase in Silicon (Si/sum) and in the relationship
between Calcium/Iron (Ca/Fe). While the rest remain fairly uniform (Appendix 1: table 1 and
figure 4.4c¢).

4.4.4.4 Interpretation

Based on the massive structure less muddy lithology with a sparse amounts of clasts. The

material within unit 4 is assumed to be hemipelagic mud falling directly out of suspension in a
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marine environment and settled on the seafloor previously as described by Bowles et al.,
(2003). The material includes bioclastic material (remains of calcareous organisms and
siliceous skeletons) indicated by the increase in Ca/Fe ratio is indicative of the
biogenic:detrail clay ratio (Rothwell et al., 2006), Indicating a larger presence of carbonate
within the unit, while an increased amount of Silicon can indicate changes in the content of
terrigenous material and hence may work as a provenance indicator and may be enriched in
quartz grains. The clasts observed within the unit is hence believed to been deposited during

the deposition of the units, and not during the hemipelagic deposition.
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Figure 4.4.4b Section of unit 4. A) Color image, B) X-ray photo and C) interpreted X-ray. The white dotted discs are
interpreted as clasts.

4.4.5Unit 5 (943-937 cm)

4.4.5.1 Lithology and stratigraphy

Unit 5 is a 6 cm thick layer of dark (black) muddy sand (figure 4.4.5a). By analyzing the data
retrieved from the grain size analysis the lithofacies are estimated to contain: ~11% clay, 19%
silt and 69% sand. Both in X-ray and color images there is a clear erosive boundary at the
bottom of the unit, while the upper boundary is more undulating.

No clear internal structures or clasts are seen in the photos or observed directly on the split
core surface.
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Figure: 4.4.5a: Diagram showing the lithofacies distribution through unit 5 (based on folk (1954)).

4.4.5.2 Physical properties

The physical properties of the unit shows a decrease in both magnetic susceptibility and water
content. The magnetic susceptibility decreases from 40 to 20 (10® SI(m®/kg)) and the water
content from 20 - 10 %.

4.4.5.3 Element geochemistry

The collected XRF data from unit 5 shows an increase in Zirconium (Zr/sum) and a smaller
peak in Sulfur (S/sum). Strontium/Calcium (Sr/Ca) and Calcium/Iron (Ca/Fe) also increases
(figure 4.4c and table 1 found in appendix 1).

4.4.5.4 Interpretation

Sandy units within the Bear Island TMF succession have previously been described by
Vorren et al., (1998) and Laberg and Vorren (1996a). Due to strong similarities to the sandy
unit of unit 3, also this unit is interpreted as a part of a turbidite deposit (figure 4.4.5b).

XRF data collected from unit 5 correlated to unit 3 (figure 4.4c), and it is hence a possibility
for the same provenance area. As mentioned in the interpretation of unit 3 an increase in
Sr/Ca may indicate a shallow water source and Sulfur is known for an increased amount of
organic rich minerals, while the incensement in the heavy resistance mineral Zr often is
viewed in the base of turbidites (Croudace et al., 2006; Rothwell et al., 2006).
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Figure 4.4.5b: Figure comprising unit 5. A) Color image, B) X-ray photo and C) interpretation.

4.4.6 Unit 6 (937 -776 cm)

4.4.6.1. Lithology and stratigraphy

Unit 6 includes layers of sandy silt, with smaller contributions of silt, mud and sandy mud.
The sand percentage within the unit is ranging between 8 - 34% and has a silt content of 46 -
74 % (figure 4.4b and 4.4.6a). In X-ray finer lamination (822-792) and a sparse number of
random distributed clasts (792-776 cm and 868-822 cm) are observed. Frequent color changes
between olive, olive brown, grayish brown and dark grayish brown are seen through the unit,
corresponding with the laminae (figure 4.4a). The upper boundary is truncated by the unit on

top and the lower boundary is more gradual and unclear.

\
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Figure 4.4.6a: Diagram showing the litho facies distribution (Folk, 1954) of the samples taken within unit 6.

4.4.6.2. Physical properties

The physical properties of unit 6 shows an increase in both water content and magnetic
susceptibility. The magnetic susceptibility within the unit is fluctuating varying from 15 — 60
(10 SI(m®/kg)). As a consequence of a more silt rich layer the water content starts to increase
with values between approximately 3 - 30 %, where the highest values are found in the center
part of the unit (figure 4.4b).
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4.4.6.3. Element geochemistry

By using the XRF scan an increased amount of Calcium (Ca/sum) and in the relationship
between Calcium/Iron (Ca/Fe) is found (figure 4.4c and d). The other measurements remains

uniform.

4.4.6.4. Interpretation

The dominance of a more massive mud with a smaller interval of laminated mud, with
occasional dropstones indicates deposition in a glaciomarine environment (Laberg & Vorren,
1995). An abrupt change in color indicates a frequent change in source area (Forwick &
Vorren, 2009) as described in unit 4. The mud is most likely deposited by suspension fall-out
from turbid sediment-laden glacial meltwater plumes previously described by Pfirman &
Solheim (1989), and the clasts observed in X-ray are interpreted to be ice rafted debris (IRD)
from icebergs and/or sea ice described in chapter 2.6.4.5 (Vorren et al., 1983; Dowdeswell &
Dowdeswell, 1989) (figure 4.4.6b). This depositional characteristics indicate an ice-distal
glaciomarine sediment accumulation, which mainly comprises sediment deposited by icebergs
and melt-water plumes during withdraw of a glacier (Pfirman & Solheim, 1989; Pfirman et
al., 1994).
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Figure 4.4.6b: A: color image of interval in unit 4, B: X-ray photo, C: Interpretation; white dotted discs indicates clasts/IRD.
4.4.7 Unit7 (776 — 697 cm)

4.4.7.1. Lithology and stratigraphy

Unit 7 starts with a sandy peak at 776 centimeters and marks the start of an interval of more

grayish material (figure 4.4a). The color of the sequence varies between very dark grayish

brown at the bottom to a more frequent change between olive gray, very dark gray and very
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dark grayish brown in the upper parts. The grain size analysis shows 13 - 74 % sand and 19 -
57% silt within the unit (figure 4.4.7a), where the highest sand values are observed in the
sandy peak at the bottom of the unit. This leaves a dominating sandy silt lithofacies changing
to silty sand upwards through the unit. Within the sandy peak an upward fining were found
using the maximum and average size parameter from the grain size analysis (table 4.4.7a). In
X-ray the sand layer appears massive, with a sharp and erosive lower boundary, and a more

gradual top ending.

Silt % Sand % Maximum size (um)  Average size (um) Facies
7735 22 72.6 256.9 85.7 zS
7745 19 73.9 373.1 104.5 zS

Table 4.4.7a: Table showing the grain size content of sand and silt as well as the average size of the sandy peak in unit 5.
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Figure 4.4.7a: Diagram showing the lithofacies distribution through unit 7 (Folk, 1954).

4.4.7.2. Physical properties

The physical properties shows the same trends as the sandier layers below, with a clear
decrease in both magnetic susceptibility and water content. This is a trend through the core in
intervals where more sand in incorporated. The magnetic susceptibility varies between 10 - 30
(10® SI(m®/kg)) and the water content shows a fluctuating trend with values below 20 %
(figure 4.4Db).
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There is a marked change in the XRF data from unit 6 to unit 7, with an increase in Silicon
(Si/sum), Iron (Fe/sum) and Zirconium (Zr/sum). In the element: element ratios there are an

increase in one parameter: Strontium/Calcium (figure 4.4c and appendix 1: table 1).

The unit has a sharp and erosive lower boundary, and a more gradual upper boundary. As in
unit 3, the unit contains a darker colored silty sand changing to sandy silt up the core,
indicating an upward fining. As the sandier sequences described above, unit 7 also shows a
decrease in both water content and magnetic susceptibility (figure 4.4b). The occurrence of
random sand lenses above the most sand rich layers are interpreted as deformed layers from
synsedimentary deformation (Nichols, 2009) and/or disturbance during coring.

Both below and above the sandy unit there is a massive mud, containing random distributed
clasts. Based on this it is possible that the sand was deposited in a period of glaciomarine
sedimentation, interrupting the massive glaciomarine mud (figure 4.4.7b).

As previously mentioned Silicon may work as an indicator of productivity or terrigenous
material, while the increase in Zirconium often is enhanced in bases of turbidites (Croudace et
al., 2006). The increase in relationship between Strontium/Calcium can be related to the
appearance of high Sr-aragonite minerals which requires a shallow water source (Rothwell et
al., 2006).

Based on the interpretation above unit 7 is interpreted to be a smaller sandy turbidite
deposited during a period of glaciomarine sedimentation. The XRF indicates material derived
from a shallow shelf or continental areas before it was transported into the deep sea. The
INBIS channel may have been active in this period, working as a conduit for turbidity

currents towards the deep sea.
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Figure 4.4.7b: Close up by the sandy turbidite sequence in unit 7. A) Color image, B) X-ray photo, C) Interpretation. White
line = sequence boundaries, red line= erosive boundary, and white dotted circles = clasts/IRD.

4.4.8 Unit 8 (697-484 cm)

4.4.8.1. Lithology and stratigraphy

Unit 8 is dominated by a massive sandy silt lithofacies (figure 4.4.8a). The grain size
distribution shows that the amount of clay varies between 9 — 61 %, silt varies between 30 -
72 % and the amount of sand is between 0 - 48 % giving a sandy silt lithofacies (figure 4.4b).
There are frequent color shifts through the unit between different shades of olive gray and
grayish brown (figure 4.4a). In X-ray, color images and visual description the boundaries are
both classified as gradual. Also this unit contains scattered clasts. The rapid changes in color
can be related to the content of silt and clay, where the clay rich layers hold a more grayish
color, and the more silt rich layers have a brownish color. However, a larger content or
organic material within the layers having a brownish color may also be an explanation, but

this is hard to determinate based on the geochemical elements scanned.
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Figure 4.4.8a: Folks (1954) diagram over the lithofacies represented in unit 8.

4.4.8.2. Physical properties

Within unit 8 there is once again an increase in both physical parameters measured as more
silt and mud is incorporated into this unit. The magnetic susceptibility increases from around
17 — 40 (10 SI(m3/kg)). with some higher peaks (figure 4.4b). The water percentage

increases with around 10 % within this unit.

4.4.8.3. Element geochemistry

There are no clear peaks in the geochemical elements within this unit, but more uniform
measures of low, intermediate or high values (figure 4.4c and table 1 in appendix 1). Sulfur
(S/sum), Manganese (Mn/sum), and the ratio between calcium/iron (Ca/Fe) have very low
values. The intermediate values are found in Silicon (Si/sum), Calcium (Ca/sum) and Iron
(Fe/sum).

4.4.8.4. Interpretation

The massive mud containing clasts within unit 8 has the same characteristics as unit 6. It is
interpreted to represent mud deposited from meltwater plumes in a glaciomarine environment,
and the clasts are hence suggested to be iceberg and/or sea ice deposited IRD (Vorren et al.,
1983) (figure 4.4.8b).

There may be possible to correlate the frequent change in color to changes in source area

(Forwick & Vorren, 2009), and/or smaller variations in organic carbon content.
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Figure 4.4.8b: Lithology of unit 8. A) photo of sediment surface B) in X-ray, C) interpretation where the white dotted circles
indicates clast/IRD.

4.4.9 Unit 9 (484-462 cm)

4.49.1. Lithology and stratigraphy

Unit 9 has a sandy silt lithofacies containing 11 - 39% clay, 44 - 65% silt and 15 - 29% sand
(figure 4.4.9a). There is a frequent change in color through the unit, changing between
different shades of olive brown (figure 4.4a). In the X-ray images it is possible to see a
decrease in the content of scattered clasts but no other internal structure or bioturbation. Both

of the boundaries are gradual, based on geochemical differences.

Clay silt

Figure 4.4.9a:.Diagram showing the lithofacies distribution in unit 9 based on folks diagram (1954).

79



4.4.9.2. Physical properties

Unit 9 is fairly similar to unit 8, besides a small increase in magnetic susceptibility from about
35 to 40 (10 SI(m®/kg)). The water content shows a higher frequency zig zag pattern, but
entrains the same values as the units around, ranging between 10 — 20 % (figure 4.4Db).

4.4.9.3. Element geochemistry
Unit 9 shows an increase in Manganese (Mn/sum) as the only element having an impact in
unit 9, increasing from 0.2 — 0.6 cps (counts per second) (figure 4.4c) (appendix 1: table 1).

4.4.9.4. Interpretation

The interpretation of unit 9 is the same as for unit 6 and 8, representing a glaciomarine
environment, with a large flux of glacial meltwater indicating a retreat of the ice (figure
4.4.9b).

The increase in manganese and decrease in IRD are thought to reassemble a change in

provenance of the sediment. (\Vorren et al., 1983).
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Figure 4.4.9b: Figure showing the interval of unit 9. A) Color image, B) X-ray photo and, C) interpretation.
4.4.10 Unit 10 (462 —271/268 cm)

4.4.10.1. Lithology and stratigraphy

Unit 10 is fairly similar to unit 8. The unit is dominated by sandy silt with 7 - 34 % clay, 39 -
69% silt and 11 - 50% sand (figure 4.4.10a). The color shifts between different shades of
olive brown. In the X-rays no inner structure were identified but several randomly distributed
clasts are seen through the unit (figure 4.4a). The lower boundary is gradual while the upper
boundary is sharp, truncated and erosive.
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Figure 4.4.10a: Diagram showing the lithofacies distribution of the samples taken within unit 10 (Folk, 1954).

4.4.10.2. Physical properties

Within unit 10 the magnetic susceptibility becomes more constant with values ranging from
35 - 40 (108 SI(m®kg)), increasing towards the top. The water percentage shows a slight

increase from the surrounding units, and has a value around 30 % (figure 4.4b).

4.4.10.3. Element geochemistry

The element geochemistry is similar to what was observed in unit 8, with more constant
values of low and moderate measurements (table 4.4b). Zirconium (Zr/sum), Sulfur (S/sum)
and Manganese (Mn/sum) have low values. Intermediate values are found in Silicon (Si/sum),
Calcium (Ca/sum), Iron (Fe/sum) and Calcium/Iron (Ca/Fe) (figure 4.4c and appendix 1: table
1)

4.4.10.4. Interpretation

Unit 10 also contains a massive mud including random distributed clasts (figure 4.4.10b). As
mentioned previously, interpreted to represent a glaciomarine environment where the clasts

are IRD deposited by icebergs or sea ice (Vorren et al., 1983).
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Figure 4.4.10b: Image of a section in unit 10. A: surface image of the cored material, B: X-ray image of the sediment section,
and C: Interpretation of the material. While dotted circles= clasts/IRD.

4.4.11 Unit 11 (271/268 — 201 cm)

4.4.11.1. Lithology and stratigraphy

Unit 11 is the uppermost sand rich unit within MD992301. The grain size analysis shows a
silty sand lithofacies (figure 4.4.11a) with values ranging from 50 — 81 % sand and 12 — 40 %
silt (figure 4.4b). Both in visual description and grain size analysis shows a normal grading
pattern with an upward fining sequence based on average and maximum grain sizes within the
unit (table 4.4.11a). The boundaries are characterized by a sharp and erosive transition at the
bottom and gradual shift on top. The color of the unit is dark olive brown at the top that
gradually changes to very dark greyish brown towards the bottom (figure 4.4a).

In the X-ray images shows an inner structure of the sandy unit that may correspond to parts of
a Bouma sequence. Above the erosive boundary from ~270 — 258 cm a massive too graded
turbidite sand is interpreted to represent Ta, above this the sand becomes more parallel
laminated, corresponding Th. The grain size analysis revealed an increase in silt content from
approximately 244 cm down core, while the sediments were still parallel laminated, and are
interpreted to represent Td. On the top of the unit, the inner structures fades and there is a

more massive hemipelagic/turbidite mud from 244 — 232/228 cm, corresponding to Te.
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Figure 4.4.11a. Diagram showing the litho facies distribution of the samples taken within unit 9 (Folk, 1954).

Depth (cm) Silt % Sand % Maximum grain Average size Facies
size (um) (um)
2415 38.6 50.4 282 62.5 zS
246.5 40.2 51.9 309.6 62.7 S
2515 311 63.5 309.6 74 zS
256.5 25 68 339.9 83.5 zS
262.5 16.8 78.1 1254.5 134 zS
269.5 12.4 81.5 1511.8 2718 S

Table 4.4.11a: The table show the grain size distribution through unit 9.

4.4.11.2. Physical properties

Similar to the sand rich layers down core there is a large decrease in both magnetic
susceptibility and water content within this unit. The magnetic susceptibility falls from ~40 to

10 (108 SI(m3/kg)) and the water content drops from 40% to around 3 %. Both graphs has a
gradual increase towards the top as more silt gets incorporated (table 4.4.11a and figure 4.4b).
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4.4.11.3. Element geochemistry

The XRF data shows an increase in Silicon (Si), Sulfur (S) and Zirconium (Zr). Within the
element/element ratios there are an increase in Strontium/Calcium (Sr/Ca) and
Zirconium/Rubidium (Zr/Rb) (Appendix 1: table 1 and figure 4.4c).

4.4.11.4. Interpretation

Based on the erosive lower boundary and sandy content with a normal grading pattern seen in
table 4.4.11a and figure 4.4.11b the unit is interpreted to be a sandy turbidite. In figure 4.4.11
clasts are seen below and above the unit, indicating that the turbidite sequence is deposited in
a glaciomarine environment, interrupting the deposition of clast holding mud probably during
full-scale glaciation. As mentioned previously, an increase in the relationship between Sr/Ca
indicates a shallow water source as the sediments gets enriched in high-Sr aragonite, while
Zr/Rb are enriched in heavy resistant minerals and may be enhanced in turbidite bases (table
4.4b) (Croudace et al., 2006; Rothwell et al., 2006).

2201 A
230
Te: Massive hemipelagic/turbidite mud.
. 240"
g Td: Parallel laminated silt and sand
=
g
o 250 Tb: Parallel laminated sand
260
Ta: Massive to graded turbidite sand
270

Figure 4.4.11: A) color picture of the core surface, B) X-ray image and C) interpretation of the interval in unit 11. White
lines=sequence boundaries, red line= erosive lower boundary and white dotted circles= clasts/IRD.
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4.4.12 Unit 12 (201 - 148 cm)

4.4.12.1. Lithology and stratigraphy

This unit is fairly similar to unit 8 and 10, a massive mud containing clasts. The grain size
distribution is dominated by a sandy silt lithofacies (figure 4.4.12a) with values ranging
between 55 — 74 % silt and 18 — 30 % sand (figure 4.4b). Through the interval there is a shift
in color between different shades of olive brown (figure 4.4a). In the X-ray and color photos
taken of the unit it is possible to see scattered clasts but no other internal structure. No distinct

lower boundary is seen, but the upper boundary is slightly erosive and truncated.
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Figure 4.4.12a. Diagram showing the lithofacies distribution within unit 12 based on Folk’s classification from 1954.

4.4.12.2. Physical properties

The physical properties of the unit show clear similarities to previous described units, with a
high magnetic susceptibility and water content. The water percentage changes between 27 —
36 %, and the magnetic susceptibility shows a high frequency zig-zag pattern with values
between 19 - 72 (108 SI(m®kg)) (figure 4.4b).

4.4.12.3. Element geochemistry

Like some of the other units mentioned above unit 12 has no distinct peaks in the XRF
measurements. There are uniform intermediate and low values. The low values resemble
Sulfur (S/sum), Manganese (Mn/Sum) and Zirconium (Zr/sum). The intermediate elements
are Iron (Fe/sum) and Silicon (Si/sum) (Appendix 1: table 1 and figure 4.4c).
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4.4.12.4. Interpretation

The massive mud with random distributed clasts are interpreted to be deposited in a
glaciomarine environment (figure 4.4.12b). Clasts seen in the X-ray photos are thought to be
ice rafted debris, transported by either icebergs or sea ice (Vorren et al., 1983), while the
lenses containing fractions of sand are indicated as deformed layers from synsedimentary
deformation (Nichols, 2009). A more uniform color through the interpreted interval may

indicate a more stable source area than the ones previous units described.

Depth (cm)

Figure 4.4.12h: The figure shows a color image of unit 12 (A), x-ray photo (B), and a interpretation (C). The white dotted
circles indicated IRD/clasts and the green dotted figure indicates area with synsedimentary deformation.

4.4.13 Unit 13 (148 - 52 cm)

4.4.13.1. Lithology and stratigraphy

Unit 13 is dominated by frequent shifts between smaller pulses fine silty sand interlayered
with sandy silt and mud (figure 4.4.13a). There is a total of 3 smaller sandier layers observed
within the unit based on a slight color change and the grain size variation (table 4.4.13a).
Within the sandy sequences the clay content varies between 4.2 — 8.4 % clay. 20.8-38.3 % silt
and 54.5 — 75.1 % sand. In the interlayered sandy silt the grainsize distribution changes to 6.6-
20 % clay, 44.6 — 74.2 % silt and 17.9 — 48.3 % sand (figure 4.4b).
The boundaries within the unit is slight erosive on the bottom and more gradual on top. The
internal boundaries shows that the sandy pulses have an erosive lower boundary and a gradual
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top boundary. The color within this unit changes rapidly between brown, very dark grayish
brown and the sandier layers have an olive brown color (figure 4.4a).

The X-ray pictures no longer show any clasts, but turns slight darker within the intervals of
the sandy layers, but neither of the facies show signs of inner structures.

10

Clay

Figure 4.4.13a: Diagram showing the lithofacies distribution through unit 13 (based on Folk 1954).

Depth (cm) Silt % Sand % Average size  Facies Pulse nr.
53.5 8.4 338 57.8 95.8 S Layer 3
68.5-80.5 141-331  46.3-515 206 - 37 38.1-87.2 sZ -

89.5 7.2 38.3 545 81.1 S Layer 2
107.5-142.5 6.6-13.4 44.6 - 69 23.7-483 46.2-85.1 sZ -

146.5 4.2 208 75 96.7 S Layer 1

Table 4.4.13a: Table showing the pulses of sand through unit 13. The samples between the sandy layers is merged together.
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Like in the sandier intervals below, the sandy peaks show a decrease in both water content
and magnetic susceptibility, with higher values in the interlayered silt and mud. The magnetic
susceptibility has values ranging from 9 — (108 SI(m3/kg)). The water percentage varies

between 11 to 59 %, increasing in the transition zone to unit 12.

This unit has lower peak amplitudes than the sandier layers below, but still shows similar
impact from the same elements: Zirconium (Zr/sum), Iron (Fe/sum), Manganese (Mn/sum)
and Sulfur (S/sum). In the element: element ratios there is an increase in the relationship
between Sr/Ca (Appendix 1: table 1 and figure 4.4c).

Based on the grain size distribution and the visual description of the core unit 13 is found to
include three pulses of sand interlayered with sandy mud and sandy silt (figure 4.4.13b).
These frequent changes may be due to an unstable depositional environment shifting between
mass-transport and hemipelagic suspension fall out. Mud interbedded with smaller sandy
sequences are previously described on the northern levee of the INBIS channel by Vorren et
al., (1998), interpreted to been deposited during Holocene. The depositional environment may
have a hemipelagic origin interrupted by smaller pulses of fine grained sand. One possible
explanation for the finer grained sandy pulses may by hypopycnal flow of cold dense water
entrapping sediments which evolves into smaller sandy turbidity currents down slope.
Another explanation may be erosion of sediments on the front of a traveling debris flow. Such
flows may be initiated during the retreat of the glacier after LGM or ice free conditions, in a
deglaciation phase. Which, due to the lack of clasts within this unit is favored (Elverhgi &
Solheim, 1983; Bowles et al., 2003).

The XRF scan shows similarities to the sandier sequences down core, and shows as them an
enhancement in the relationship between Sr/Ca, indicating a shallow water source. The
increase in Zirconium is often seen in the bases of turbidites (Croudace et al., 2006; Rothwell
et al., 2006). No internal structure is seen in the sandy pulses. The unit is interpreted to

reassemble a constant shift in depositional environment with smaller sandy turbidities
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interlayered with mud and silt during the transaction from a glacial to a interglacial

environment.
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Figure 4.4.13b: Illustration over unit 13 A: color image, B) X-ray photo and C) Principal drawing.
4.4.14 Unit 14 (52 — 0 cm)

4.4.14.1. Lithology and stratigraphy

The uppermost unit was disturbed during coring. Therefore, the upper part of unit 14 is
marked with a red undulating line on the graphs showing the disturbed interval within the
core. This area will not be discussed further in detail and below, descriptions “toward the

top” is regarding the interval below the disturbed sediments.

The dominating composition of unit 14 is sandy silt and silt (figure 4.4.14a). The clay content
varies from 0 — 17 %, 47 — 78 % silt, and 16 — 45 % sand (figure 4.4b). There is a gradual
change in color from very dark grayish brown on the top to olive brown further down core
(figure 4.4a).Within this uppermost unit, the sediment contains some organic debris. Viewed
in color image, X-ray photos and by visual interpretation the unit shows a chaotic internal
structures, where the internal boundaries shows a concave shape due to the impact of the core

tube. There are only gradual boundaries within the interval, and no internal structure or clasts.
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Figure 4.4.14a: The lithofacies distribution through unit 14 based on folks classification system from 1954.

4.4.14.2. Physical properties

There is a decrease in magnetic susceptibility at middle of the unit from 40 — 20 (*10-SI
(me/kg)) before it increases again towards the top to a value between 30 - 40 (108 SI(m®kg)).
The water content shows a different trend with a steady decrease towards the top of the unit,
from around 60 % towards 10 % at the upper end of the core (figure 4.4b).

4.4.14.3 Element geochemistry

The XRF data shows an increase in Calcium (Ca/sum), Calcium/Iron (Ca/Fe) and
Potassium/Rubidium (K/Rb) (figure 4.4c). While the relationship between
Zirconium/Rubidium (Zr/Rb) decreases (Appendix 1: table 1 and figure 4.4c).

4.4.14.4. Interpretation

Based on the massive muddy lithology without any structures or clasts, the unit is assumed to
be hemipelagic mud falling directly out of suspension in a marine environment and settled on
the seafloor previously as described by Bowles et al., (2003) (figure 4.4.14b). The material
includes bioclastic material (remains of calcareous organisms and siliceous skeletons) and
organic debris. By picking the samples for foraminifera it showed that the sample contained

more warm-water species than the samples extracted further down.
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Figure 4.4.14b: Figure showing the lithology within unit 14. A) Color image, B) X-ray image and, C) Interpretation.

4.5 Chronology and sedimentation rate trough MD992301

MD992301 is suggested to contain material from ~166,000 to the Present. Within this
timeframe a total of 14 different lithological units have been deposited as described above.
Eight samples were collected from MD992301 for radiocarbon dating, where only 5 of them
contained enough material for final preparation and radiocarbon dating. All five of the
samples contained diverse planktonic foraminifera, where the uppermost dated interval from
32-33 cm contained a high diversity of warm water species. The deepest interval from 779-
780 were dated to >50,000 **C and is hence excluded from this study. The samples were
extracted from above and below sandy turbidites there are a possibility that some of the
material was resuspended, and hence contributed to the reversed age at one level. We suggest
that this was the case for the material extracted from between 199 — 200 cm core depth, and

this dating is thus removed from the final plot.

The results from the 1%C dating resulted in few dated levels making it difficult to do reliable
assessment of the sediment accumulation rates. From the samples extracted from the upper
273 cm of the core an assumed linear sedimentation rate could be estimated. However, some
more samples needs to be dated to get more reliable assessment of the sediment accumulation
rate
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The deepest interval where we were able to obtain reliable dating wass located at 271 — 272
cm. An age of 19,278 cal yr BP was found here, while 18,788 was measured from 148-149
cm. The uppermost dated interval from 32-33 cal yr BP provided an age of 5668 cal yr BP
(table 4.3.5). The following sedimentation rates have been estimated based on the **C dating’s
assuming a linear sedimentation rate and that the top of the core represents the present
seafloor when the core was retrieved in 1999: In the uppermost interval (0-52 cm) the
sedimentation rate is assumed to be 5.5 cm/kyr. The accumulation rate slightly increases from
51 - 201 cm, with an assumed rate of 8.8 cm/kyr. The lowermost interval able to be dated
from 201 - 271 showed an increase in the sedimentation rate to 251 cm/kyr. This gives an
estimated average linear sedimentation rate of 20.2 cm/kyr.

Based on an extrapolation of the 5.5 cm/kyr and 8.8 cm/kyr sedimentation rates (the 251
cm/kyr was considered representative for the last glacial maximum but too high for the
present LGM deposits), the sediments from the base of the core to 271 cm core depth were
considered deposited approximately from 166,000 — 19,278 cal yr BP, i.e. during the Saalian
glaciation throughout Early and Mid-Weichselian. The material deposited from 271 — 149
represents Late Weichselian deposits, while 149-33 cm includes the s Last Glacial Maximum,
the last deglaciation and early Holocene. The interval from 33 — 0 cm was deposited during

late Holocene.

92



4.6 Summary

In table 4.4.15a below a short summary of the presented results.

Facies

Muddy debris flow
diamicton

Sediment pellets (mud)

Massive/graded sand

Homogenous, massive
hemipelagic mud

Massive glaciomarine
mud with clasts

Massive laminated mud
with clasts

Figure 4.4.15a: Table summarizing the results through the different units within MD992301.

Unit(s)

Unit: 1

Unit: 2

Unit: 3, 5,
7,11 and
13

Unit 4
and 14

Unit: 6, 8,
9,10 and
12

Unit: 6

Characteristics

Dark muddy matrix.

Dark, angular and flat clasts.

Deposited by an ancient
debris flow.

Dark, hard clasts (pebbles)
of sediment (looks like dark
colored cottage cheese).
Laminated with sand.
Deposited by sea ice.

Normal graded sand.
Dark olive brown /olive
brown color (Munsell)
Deposited by turbidity
currents.

Massive mud without any
internal structures.
Deposited by suspension
fall-out.

Massive muddy matrix with
random distributed clasts.
Deposited by suspension
fall-out from glaciomarine
melt-out plumes.

IRD deposited by rafting

from sea ice and/or icebergs.

Massive mud with internal
lamination.

Abnormalities

Unit 7 and 11
show an increase
in Silicon, while 3
and 5 show a
decrease.
Increase in
Zirconium in
every sand layers
despite unit 3.
Unit3 + 5 are
similar and 7+11
+ 13 are similar.

4 contains some
clasts interpreted
to be deposited
from the units
below and above,
rather than form
icebergs during
the period of
deposition.
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5. Discussion
In this chapter, the results presented will be further discussed in order to reconstruct the

sedimentary processes, and paleoenvironment in the study area throughout the cored interval.
The sedimentation rate and age correlation will be addressed first, and compared to previous

sedimentation rates and age estimates from the same region.

Based on changes in lithology and mode of deposition, the core is divided into two parts: part
1 comprising units 1 - 3, containing mass-transported material of assumed to be deposited
from the Saalian glaciation towards the transition to the Eemian interglacial. And part 2
comprising units 4 - 14, containing glaciomarine material assumed to been deposited during
the Eemian interglacial, the Weichselian glaciation and Holocene.
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5.1 Age model and sedimentation rates

Estimations of sediment ages and sediment rates are important tools in the correlation
between different cores, and in the work of identifying stadials and interstadials within the
core. In the following subchapters the sedimentation rates through MD992301 are going to be
described in further detail to be able to provide a tentative age model for the whole core. The
results is then going to be compared to cores previously described by Hald et al., (2001) and
Laberg and Vorren (1995).

5.1.1 Sedimentation rate MD992301
To estimate the sedimentation rate within the core a linear and constant accumulation rate was

assumed between the intervals dated, causing some uncertainties of the age model. Another
error relates to possible intervals of erosion (for instance beneath sandy turbidites), which the
age model don’t take in to consideration assuming a constant sedimentation, as well as
stretching of the different core sections during sampling, and uncertainties regarding the
dating methods. The accumulation rate between the radiocarbon dating taken through
MD992301 is given in centimeters per thousand years (cm/cal kyr BP). The linear
sedimentation rates established from the core is listed in table 5.1.1.1 and shown on figure
5.1.1.

Due to the lack of datable material downcore from 271 cm core depth, an estimated linear age
model based on the linear assumptions between 0 — 149 cm dated to be 0 — 5668 cal yr BP
(Al), and 149 — 272 cm calibrated to 5668 — 18,778 cal yr BP (A2) are used and extrapolated

down the core.
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Figure 5.1.1: Sedimentation rates and age model of MD992301 based on calibrated years BP.

5.1.1.1 Part 1:

In part 1, from 1156 — 961 cm no exact dating could be obtained as this interval is assumed to
comprise sediments of an age beyond the limitations of the *C method. Sedimentation rates
and age of the deposited sediment within this interval is hence estimated based on a linear
accumulation of the dated material. Which in this interval is assumed to be between ~98,000 —
~166,000 cal. yr. BP from extrapolation of the trends between 0 — 5668 and 5668 — 18778,
respectivly (Al - A2) (figure 5.1.1.1 and table 5.1.1.1).

However, due to variation in the depositional regime the sedimentation rate is thought to
change between the units within this part of the core. Estimating a higher depositional rate for
the sandy turbidite in unit 3, and lower accumulation rate in the sediment pellets and debris
flow. From the tentative chronology above, the sediments within part 1 of MD992301 is

assumed to be related to the Saalian glaciation.
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Figure 5.1.1.1: Sedimentation rates and age model of MD992301 based on calibrated years BP. The red box indicates Part
1.

Interval (cm) Al: Age (cal. yr. BP) A2: Age (cal. yr. BP)
Unit 3 999-961 ~ 98,000 - ~102,000 ~136,000 - ~142,000
Unit 2 1031-999 ~102,000 — ~106,000 ~142,000 - ~ 150,000
Unit 1 1156-1031 ~106,000 - ~120,000 ~150,000 - ~166,000

Table 5.1.1.1. Table showing the calibrated ages of the units comprising part 1.
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5.1.1.2 Part 2

Part 2 comprises units 4 - 14 from 961 — 0 cm depth in the core. Sediments deposited within
this interval has an assumed age between 0 — 136,000 cal yr BP (Al — A2) (figure 5.1.1.2).
This part of the core is dominated by glaciomarine mud, interrupted by sandy turbidites, and
the lowermost 18 cm the uppermost 52 cm is interpreted to have a hemipelagic origin.
Some dating could be established and an accurate sedimentation rate and age estimate could
be modulated for the upper 273 cm (table 5.1.1.2).

From the tentative model a higher sedimentation rate is found in periods with glacial input,
decreasing during interglacials. This indicates a significant drop in sediment input from a
glacial to an interglacial environment. The calibrated “C-ages obtained gives an average
sedimentation rate of 20.2 cm/kyr within the dated interval, with a rate of 5.5 cm/kyr during

Holocene, 8.8 cm/kyr during the interglacial periods, and 27.4 cm/kyr during LGM .
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Figure 5.1.1.2: Sedimentation rates and age model of MD992301 based on calibrated years BP. The red box indicates part 2.
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Interval (cm) Sedimentation rate Al: Age (cal. yr. BP) A2: Age (cal. yr. BP)

(cm/kyr)
Unit 14 52-0 5.5 cm/kyr 0-~ 6,000 0—~6,000
Unit 13 148 - 52 8.8 cm/kyr ~ 6,000 — 18,788* ~ 6,000 — 18,788*
Unit 12 201 - 148 8.8 cm/kyr 18,788* - ~19,278 18,788* - ~19,278
Unit 11 271 - 201 - ~19,278 - 19,278 ~19,278 - 19,278
Unit 10 462 - 271 - 19,278 — ~ 42,000 19,278 - ~ 54,000
Unit 9 484 - 462 - ~42,000 - ~44,000 ~54,000 - ~ 56,000
Unit 8 697 - 484 - ~ 44,000 - ~68,000 ~56,000 - ~ 92,000
Unit 7 776 - 697 - ~68,000 - ~ 78,000 ~92,000 - ~ 106,000
Unit 6 937 - 776 - ~78,000 - ~ 94,000 ~106,000 - ~ 132,000
Unit 5 943 - 937 - ~94,000 - ~ 96,000 ~132,000 - ~ 134,000
Unit 4 961 - 943 - ~ 96,000 - ~ 98,000 ~ 134,000 - ~136,000

Table 5.1.1.2. Table showing the sedimentation rate and the given calibrated age of the units comprising part 2. (* =
uncertain due to small amount of datable material)

5.1.2 Sedimentation rate compared to other areas

The average linear sedimentation rate found in the upper 273 cm of the core can be compared
to rates found in adjacent location on the Bear Island TMF. Previous work by Hald et al.,
(2001) has described the core M23385 (74°44.35"N 10°52.19°E), quite close to MD992301.
They have estimated a Holocene sedimentation rate ~5 cm/kyr, while Laberg and Vorren
(1995) proposed a rate of 15 cm/kyr for the proximal, debris flow dominated parts of the
eastern Bear Island TMF. During interglacials with input of glacimarine mud the
sedimentation rate is estimated to be ~7-10 cm/kyr (Hald et al., 2001), while Laberg and
Vorren (1995) suggests an average of 13 cm/kyr from early Weichselian to Present (MIS 5d —
1). Due to an increased frequency of debris flows during glacials, the rate escalates to 124
cm/kyr during late Weichselian (MIS 2) (Laberg & Vorren, 1995).

Both of the previous studies hence suggested a lower sedimentation rate during the

interglacials, shifting to higher sediment input in glacial periods.
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5.1.3 Summary
In summary, it is evident that the sedimentation rates in a glaciomarine environments vary

greatly. The estimated average sedimentation rate the last ~20,000 years is estimated to be
20.2 cm/kyr, and 27.52 cm/kyr during Last Glacial Maximum (MIS 2). The rates can be

compared to rates from other parts of the Bear Island TMF.

Three rates were established from the dated material. The uppermost 52 cm assumed to be
deposited during Holocene has a sedimentation rate of 5.5 cm/kyr. In the interval from 52 —
201 cm the sedimentation rate is 8.8 cm/kyr. By extrapolating the rates calculated between 0-
5668 cal yr BP and 5668 — 18,788 cal yr BP downcore, an estimated age model is presented.
Based on this estimates, part 1 is assumed to contain material deposited from the Saalian
glaciation towards the transition to the Eemian interglacial (136,000 — 166,000 cal yr BP), and
part 1 is considered to contain material deposited during the Eemian interglacial, the

Weichselian glaciation and Holocene (0 — 136,000 cal yr BP).

Hald et al., (2001) have previously dated the interval from MIS 5e to Present, and estimated a
sedimentation rate ranging between 7-10 during the interglacial and 5 cm/kyr during
Holocene. By comparing the rates found in their study to MD992301, the rates can be
compared (5.5 cm/kyr during Holocene and 8.8 cm/kyr during interglacials). Due to strong
similarities to the sedimentation rates suggested by Hald et al., (2001) it is possible to assume
that the suggested age model for MD992301 is representative for the different units through
the core. Based on the tentative age model, the age of the different units could be estimated
due to few dated samples. Part 1 of the core is anticipated to be between ~136,000 — ~166,000
cal yr BP corresponding to the Saalian glaciation towards the Eemian interglacial. While part
2 is assumed to contain material from 0 — 136,000 cal yr BP deposited from the Eemian

interglacial towards Present.
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5.2 Paleoenvironment during deposition of MD992301 (0 - ~166,000 cal yr BP)
To make the further interpretation of the paleoenvironment the subdivision into two parts is
kept based on lithology, physical elements and geochemical values. The division of the cores
Is sat past and post deposition of hemipelagic and glaciomarine mud, in the transition from the
Saalian glaciation to the Eemian interglaciation. In the following subchapters the
paleoenvironment during deposition of the two different parts are going to be addressed

separately, starting with the oldest deposits within part 1 (figure 5.2a).
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Figure 5.2a: Schematic overview of the main sedimentary processes and paleoenvironment in the southwestern Barents Sea from the Saalian glaciation to present. The sediment core from this
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5.2.1Partl

Part 1 is thought to represent sediments deposited between ~136,000 - ~166,000 cal yr BP.
The interval are dominated by various mass-flow deposits and sediment pellets. In the
following subchapters the paleoenvironment of the three units comprising part 1 are going to

be discussed.

(unit 1)
A massive diamicton is found at the base of the core. It is estimated to have been deposited
somewhere between ~106,000 —166,000 cal. yr. BP (Al — A2) assuming a linear age model,
corresponding to the Saalian glaciation or of early Weichselian age. During periods of full-
scale glaciations in the Barents Sea, glacial sediments were temporary deposited on the upper
slope, where the rapid deposition lead to an unstable, oversteepened accumulation with
buildup of excess pore pressure. When triggered large debris flows started moving downslope
as described in chapter 2.6.4.3 and 4.2.3 (Laberg & Vorren, 1995, 1996a; Piper et al., 1999).
The magnetic susceptibility of the sediments within unit 1 shows a near constant value,
typical for sediments mixed during deposition of mass flows (Jessen et al., 2010).

The XRF data shows an increase in Silicon (Si/sum), Sulfur (S/sum) and in the relationship
between Strontium/Calcium (Sr/Ca) indicating a higher content of organic debris, as Sulfur
often is enriched in organic material. The increase in Silicon indicates a terrigenous origin,
while an enhancement in Strontium indicates a shallow marine environment (Croudace et al.,
2006; Rothwell et al., 2006). Unit 1 is thus assumed to have a terrigenous/shallow marine
origin enriched in organic material, deposited by glaciers on the outer continental shelf and
redeposited as a debris flow. The genesis of the flow is anticipated to have originated from
either the Bear Island TMF, Storfjorden TMF of the Kveithola Trough at the upper
continental slope/outer continental shelf. Each of the lobes represents a local, almost

instantaneous depositional event (Solheim et al., 1998).

Previous studies states that the area has experienced several episodes of debris flow
deposition (Saettem et al., 1992; Poole et al., 1994; Vorren & Laberg, 1996; Vorren et al.,
1998; Jessen et al., 2010), describing them as “dark diamicton facies” and “massive dark grey
diamicton”. Some of these debris lobes are identified in the swath bathymetry as described in
chapter 4.2 (figure 4.2.1b and 4.2.1c). The identified lobes are assumed to been deposited
during Late Weichselian (LGM) and shows a partial infill of the eastern parts of the INBIS
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channel. There are also clear similarities with the unit found within MD992301 and glacigenic
diamicton described by Laberg and Vorren (1995), based on the water content (between 19 —
30 % with an increase to 30 — 35% up the unit). Due to such similar characteristics unit 1 is
interpreted as an ancient glacial debris flow deposited during full-extent of the Saalian Ice
Sheet ~106,000 — 166,000 cal yr BP ago (figure 5.2a: a).

Laminated sediment pellets are found in the interval between 1031 - 999 cm. By using the
linear age model for MD992301 the assumed age of the deposits is estimated to be between
~102,000 - 150,000 cal. yr. BP (A1 — A2) (table 5.1.1.1). This time period corresponds to the
Saalian period or Early Weichselian.

Sediment pellets are previously described by Goldschmidt et al., (1992) and Henrich et al.,
(1989) from the Arctic Ocean and the Norwegian-Greenland Sea. The pellets formation are
described in detail in chapter 2.6.4.6, where the sediment aggregates are formed into pellets
by several freeze/thaw cycles in cryconite holes within sediment laden sea ice/icebergs (figure
2.6.4.6). The presence of sediment pellets within the core hence indicates a period when sea
ice and/or iceberg contributed as an important sedimentary process.

The XRF data within the unit indicates an increase in Sulfur, Manganese and
Strontium/Calcium. As described above, an increase in these parameters indicates shallow
marine/terrigenous deposit enriched in organic material. The interlayered sand is assumed to
be related to a different process. Two possible explanations of the sand are proposed by
Svindland and Vorren (2002) and Vorren et al., (1998): 1) Winnowing (selective removal of
finer grains form the sediment in a flow (Nichols, 2009)), and 2) the sand is a part of an
ongoing turbidite current interrupted with sediment pellets deposited by sea

ice/icebergs. However, due to the decrease in the strength of the ocean current during
glaciations, similarities in the properties measured and the lower erosional boundary, we

assume that the sand within unit 3 most likely has a turbidity origin.

Previous work by Knies and Vogt (2003) has interpreted a larger contribution of meltwater in
the transition between MIS 5/6 (Saalian to Eemian) at approximately 130,000 years ago
(Mangerud et al., 1996). The increased flux of the fresh meltwater is thought to reassemble
the collapse of the large Saalian Ice Sheet where the contribution of meltwater promoted

freshening of the Norwegian Sea surface. This may have initiated an increased sea ice

105



formation (Knies & Vogt, 2003). Unit 2 is hence thought to be deposited in a time during
large input of freshening meltwater, contributing to the formation of sea ice. Such conditions
may have been present already in a later stage of the Saalian glaciation in the transition to the

Eemian interglacial (figure 5.2a: b)

From ~98,000 - ~142,000 cal. yr. BP (A1-A2) (assuming a linear age model), unit 3 is
interpreted to be a sandy turbidite. The age model provides an age estimate between Saalian
(MIS 6) to Early Weichselian (MIS 5d) for this period. Within this interval the Barents Sea is
suggested to have experienced full-scale glaciation, depositing enormous amounts of material
on the outer shelf in the region, before the material was redeposited as a sandy turbidite in the
cored location. The turbidite is thought to originate from cold bottom water and brine

rejection, or from transformation of mass-wasting events e.g. parts of debris flows.

The XRF data shows an increase in Sulfur and Strontium/Calcium, indicating an origin from
shallow marine deposits with relatively high organic content (Rothwell et al., 2006).

The unit is believed to have originated from either the northern Bear Island TMF, the southern
Storfjorden TMF, or the Kveithola Trough. Due to similar characteristics as seen in unit 2, the
sandy turbidite is assumed to be deposited in the end of the Saalian glaciation during full-

scale glaciation (figure 5.2a: b).

The depositional environment for part 1 is interpreted to represent a glacial environment, with
the Barents Sea Ice Sheet extending all the way out to the outer shelf. In this period serve sea
ice conditions characterized the Norwegian Sea (figure 5.2a: b). Due to the lack of datings
from this part of the core, it is hard to tell exactly which glaciation the deposits represents.
However, based on our results and the tentative age model compared to previous works in the
area, a Saalian age is favored.

Reconstructions based on sediment cores including studies of IRD by Svendsen et al., (2004),
show that the Saalian ice sheet was the largest ice sheet in Northern Eurasia the last 200,000
years BP, which is supported by Knies et al., (2000; 2002) who suggested maximum extent

during marine isotope stages 6 and 4.
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When the large Saalian ice sheet started to retreat, huge amounts of glacial meltwater was
released into the ocean, promoting a freshening of the ocean surface water (Knies & Vogt,
2003). The freshening initiated the formation of an extensive sea ice cover, unit 2 thought to
be the depositional environment during deposition of unit 2. However, it is also possible that
they have a fecal origin or have been deposited from icebergs (Goldschmidt et al., 1992).
Sediment pellets previously described from the Nansen Basin and Norwegian Sea are
however interpreted to be deposited by the overturning of icebergs (Goldschmidt et al., 1992).
The pellets described in this region is composed by grains of a larger size, and the pellets has
a lower degree of rounding than seen in the pellets extracted from the studied core.

Due to a larger content of finer grained material within Md992301, the high biogenic content
and the roundness of the clasts, the sediment pellets found within the core is assumed to have
a sea ice origin. Based on the estimated age model presented in chapter 5.1.1 an assumed age
of 102,000 - 150,000 cal yr BP (A1 — A2) is proposed.

The uppermost unit in part 1, unit 3, comprises a sandy turbidite. As previously mentioned,
turbidites are thought to be initiated when the ice reached the shelf break, which in this case
may be the Saalian ice sheet (MIS 6) or Early Weichselian (MIS 5d) when it was once again a
re-advance of the Barents Sea Ice Sheet. However, due to the interlayering with the sediment

pellets, a Saalian age of the deposits are favored.

5.2.2 Part 2
In the following subchapters the paleoenvironment during deposition of the different units

comprising part 2 are going to be presented, starting with the oldest deposits within part 2.

The depositional environment of the homogenous massive mud is interpreted as hemipelagic
mud. It contains little to no IRD, indicating that the deposition from ice rafts is negligible
compared to the input of suspended material from hemipelagic settling. This depositional
environment is favorable in interglacial periods (Nichols, 2009) in an open water environment
(figure 5.2a: ¢ and k).

The XRF data shows no clear changes in the geochemical elements besides a small increase
in Silicon and Strontium/Calcium in unit 4 and an increase in Calcium, Strontium/Calcium
and Zirconium/Rubidium (note the disturbance, as mentioned in chapter 4.4.14).
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The increase in Strontium/Calcium requires a shallow-water source, and Zirconium/Rubidium
Is often enhanced in turbidites, but are assumed to be enhanced due to disturbance and mixing

on the core top.

The lowermost turbidite (unit 5) has an age estimate of 96,000 — 136,000 cal yr BP and is
assumed to be deposited during the transition from the Eemian interglacial to Early
Weichselian. At 697 — 776 cm core depth in unit 7 the second turbidite is interpreted. The
estimated age of the sequence is between 68,000 — 106,000 cal yr BP and is assumed to been
deposited sometime during early Weichselian (MIS 5c-5b). The largest turbidite identified in
MD992301 is located at 201 — 271 cm core depth in unit 11. This deposit is assumed to have
an age of ~19,278 cal yr BP, corresponding to sometime within Late Weichselian (MIS 2).
The smaller turbidites present in unit 13 from 52 — 148 cm core depth is thought to have an
age between 6,000 — 18,788 cal yr BP, corresponding to the transitional phase from Last
Glacial Maximum to Holocene. The turbidites found within MD992301 in part 2 are made up

by silty sand with a grain size ranging between fine sand to very fine sand.

In X-ray it is clear that the different turbidites do not contain any ice derived material (IRD).
Both above and below the sandy turbidites sequences in unit 7 and 11 IRD are identified,
which may indicate that input of IRD was present but may been masked or interrupted by the
rapid deposition of the turbidites. The interlayered glaciomarine mud also gives indications
that the turbidites were active during full-scale glaciations on the Barents Sea Shelf (VVorren et
al., 1998).

As previously mentioned, the different turbidite sections are thought to have been transported
through the INBIS channel. The currents uses the channel as a conduit from the area of
initiation towards the deep sea. Turbidite deposits is hence assumed to represent periods of
activity within the channel. During transportation within the channel confinement the
turbidity currents had a smaller interface to the ambient water, leaving the density high until
the flow became unconfined at greater depths (Fohrmann et al., 2001), depositing material in

the overbank area.

Mangerud & Svendsen (1992) has previously interpreted four re-advances of the Barents Sea

Ice sheet, which corresponds to MIS 5d, 5b, 4 and 2. By comparing this to the deposition of
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turbidites within part 2, it shows that only three of these re-advances out to the shelf edge is
marked within MD992301: MIS 5d (unit 5), MIS 5b (unit 7) and MIS 2 (unit 11) (figure 5.2
d, f and h). There is however possible that there was turbidites present during MIS 4 (59,000 —
74,000 cal yr BP), but that themass-transport deposits from this interval didn’t materialize

within the core.

In the XRF data (figure 4.4c) it is clear that the turbidites deposited has a different minerology
compared to the surrounding glaciomarine mud. Each individual turbidite has its own
characteristic composition, indicating changes in origin and composition of the provenance
area. This also indicates a possible shift between the northern Bear Island Trough Mouth Fan,
the Storfjorden Trough Mouth Fan and the Kveithola Trough as source area. By comparing
the XRF data, the turbidites deposited within part 2 are assumed to have a different origin that
the turbidite represented within part 1. While there was an increase in Strontium/Calcium and
a decrease in Silicon within part 1, the turbidites deposited within part 2 shows an enrichment
in Silicon, Zirconium, Iron (unit 7), Zirconium/ Rubidium, and Strontium/Calcium (figure
4.4c). An increased amount of Silicon indicates a terrigenous material input, and a high value
of Zirconium and Zirconium/Rubidium is often enhanced in turbidite bases. The relationship
between Strontium/Calcium indicates a shallow marine provenance. The increase in Iron may
be due to redox-related diagenesis, seen in oxic and formerly oxic parts of sediment
(Croudace et al., 2006; Rothwell et al., 2006).

Turbidity currents are thought to either have been initiated by the initiation of density currents
from brine rejection or developed from other mass-wasting events such as e.g. debris flows
(chapter 2.6.4.4). Due to an interpretation of full-scale glaciation both is likely (Alley et al.,
1989; Hooke & Elverhgi, 1996), however, the huge amounts of sediments deposited in glacial
periods, a mass-wasting origin is favored for unit 5, 7 and 11, while initiation by density
currents are the assumed origin for unit 13 (figure 5.2a: d, f, h and j).

The second part is dominated by glaciomarine mud which occur in units 6, 8, 9, 10 and 12.
The composition of the mud shows a fairly similar trend throughout, with no distinct marks
within the XRF data besides an increase in the content of Manganese for unit 9. This facies is

hence divided into two sub-facies: one comprising unit 6, 8, 10 and 12 and one with unit 9
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(figure 5.2.2.3). In the uppermost 273 cm, the glaciomarine mud is interlayered with a higher
frequency of sandy deposits thought to represent the Last Glacial Maximum.

The clast found is thought to be deposited by sea ice/iceberg calved as IRD from the Barents
Sea Ice Sheet during interstadial periods (described in chapter 2.6.4.5). Interpretation done of
the IRD deposited further north on the Barents Sea margin have suggested a northern and
western Norway origin of the clasts (Jessen et al., 2010). The interpretation of the
paleoceanography done by Hebbeln et al., (1998) in figure 2.3.2a supports this, where the
IRD is thought to be derived from mainland Norway and Svalbard (figure 2.3.2a: c, g, h and
1). They have suggested a similar ocean circulation pattern as Present during the deposition.
However, they also suggest main input from Greenland during MIS 5c¢ and 5a (figure 2.3.2a:
d and f). Within the glaciomarine mud, some intervals remains clast free. This may indicate
that the abundance of IRD and icebergs may have been limited, alternatively that this
intervals or some of them represents muddy (distal) turbidites. The intervals without presence
of clasts are:

281 — 367 cm (24,000 — 37,000 cal yr BP),

502 — 623 cm (44,000 — 80,000 cal yr BP),

776 —822 cm (78,000 — 114,000 cal yr BP),

855 - 942 cm (84,000 — 132,000 cal yr BP).

Previous work have interpreted the grayish and olive colored mud as glaciomarine, deposited
from glacial derived sediment-laden meltwater plumes (Solheim et al., 1990; Laberg &
Vorren, 1995; Gataullin et al., 2001). The sediments carried in suspension may be deposited
within a few kilometers from the meltwater flux, while smaller local accumulations may
represent shorter and/or smaller meltwater outlets (Pfirman et al., 1989). Variations in the
amount of material may come from still stand but can also be related to temporal and spatial
variations in the sediment and meltwater supply. Due to depositions related to the Bear Island
Trough, a change in the main meltwater input is thus unlikely, since the main outlets in the

region are located within the trough (figure 5.2: e, g and i).
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Based on the characteristics of the sediment deposited within part 2 a glaciomarine
depositional environment is favored except for the lowermost 18 cm and the uppermost 63
cm. In a deep sea setting, clasts observed are assumed to have been transported by sea ice
and/or icebergs. Since clasts are present in large proportions of the cored interval, sea ice
and/or icebergs must have been present for longer durations, which also is indicated by the
paleoceanography model suggested by Hebbeln et al., (1998). In their model, clasts are
suggested to been deposited frequently from the Saalian to LGM (figure 2.3.2a: b-i). These
large intervals of glaciomarine mud with scattered clasts are interlayered with several sandy
turbidites, increasing in frequency the uppermost 273 cm. The turbidites deposited are
interpreted to have used the upper slope gullies and the INBIS channel as a conduit towards
the deep sea. However, the turbidites present within MD992301 must have been large enough
to spill over the channel confinement to be deposited in the overbank area where the core is
located. Unit 4 from 961 — 943 cm, and unit 14 in the uppermost ~52 cm is dominated by

interglacial sediments, deposited in an open marine environment.

In the XRF data, there is a clear change in geochemical composition from the glaciomarine
mud and the different turbidites. This may indicate a change in the origin of the turbidites
derived from the Bear Island TMF, the Kveithola Trough and the Storfjorden TMF. The
change in origin of the turbidites deposited, hence indicates sediments deposited from
different troughs and ice streams, which entraps material from different provenances on the

shelf and surrounding continental areas.
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5.3 Glacial/interglacial history and paleoenvironment of the Barents Sea

In the following subchapters the glacial/interglacial history and sedimentary
paleoenvironment in the southwestern Barents Sea throughout the cored interval will be
discussed. The reconstruction is based on lithological changes, sedimentation rates, IRD
content, assumed age model, physical parameters and comparison to previously published
data. A schematic overview of the main sedimentary process and paleoenvironment at the

location of MD992301 is given in figure 5.2a.

The division into six main time periods is based on the boundaries in lithology, measured
physical properties and geochemical properties and previous work describing the
paleoenvironment of the study area. The dates of the boundaries were approximated using an
age model assuming constant sediment accumulation rates between the provided radiocarbon
dates. The oldest sediments deposited within MD992301 has a suggested age of 106,000 —
166,000 cal yr BP, suggesting that the cored sediments were deposited during the last 166,000

years from the Saalian glaciation to Present.

5.3.1 Saalian (240,000 - 130,000: MIS 6)
Sediments deposited during Saalian are represented in the lowermost parts (1156-1031 cm) in

MD992301 (figure 5.2: a and b and figure 5.3.2). Since there was no foraminifera able to be
dated within this interval, an estimated age were given, assuming a linear accumulation rate.
The applied method gave an age of 166,000 — 130,000 cal yr BP. No studies have previously
described such depositions during the Saalian glaciation. In addition, large proportion of the
Saalian depositions is eroded and removed during the Weichselian ice configuration, leading

to restrictions in the amount of material leaving the knowledge of this glaciation sparse.

In the Barents Sea the Saalian period marks the second Last Glacial Maximum in the area
(Mangerud et al., 1998). The period is characterized by a massive ice sheet covering the
whole Barents Sea margin. The major glaciations led to a pronounced eustatic sea level fall
due to the entrapment of precipitation into the ice sheet (Rabineau et al., 2006) and left huge
deposits of subglacial till along the margin (Miller et al., 1989), which was later redeposited
by mass-wasting events. During Saalian, the income of the different water masses were
sparse, with only Arctic and polar water masses, leaving most of the ocean with a perennial
ice cover with some areas that were seasonally ice free (Hebbeln et al., 1998) (figure 2.3.2a:
d).
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The first unit deposited during Saalian is characterized by a massive dark grey diamicton
facies interpreted as the top of an ancient debris flow, and shows no inner bioturbation. The
lack of bioturbation is interpreted to be that the diamicton represents the upper parts of a
debris flow lobe, deposited with a high sedimentation rate, resulting in an unfavorable

environment for microfauna (Gingras et al., 2015).

In the end of the Saalian glaciation the ice sheet started to retreat, releasing large amounts of
fresh water into the ocean. The freshening of the ocean promoted the buildup of large covers
of sea ice (Knies & Vogt, 2003). Unit 2 and 3 is hence assumed to be deposited within the
transition from MIS 6 to 5e, before the total retreat of the Saalian Ice Sheet. However, due to
the type of sediments deposited, it is most likely that the sediment pellets and turbidite is

deposited during the end of the Saalian glaciation.

5.3.2 Eemian (130,000 — 117,000: MIS 5e)

The Eemian period is based on the age model presented in chapter 5.1. Within this interval
there were no foraminifera present, and the age of the deposits is therefore only tentatively
estimated. By applying this method, the age of the interval is estimated to be 130,000 —
117,000 cal yr BP assuming a linear accumulation rate. The unit is characterized hemipelagic

sediments assumed to been deposited in an open water environment (figure 5.2a: c).

Within the Eemian period (130,000 — 117,000 cal yr. BP) there were no longer an ice cover
in the Barents sea and Scandinavia (Mangerud, 2004; Vorren & Mangerud, 2008). The
depositional environment is characterized by a warmer climate and an increased heat flux at
the sea surface temperature, warmer than Holocene and present (Kellogg, 1980; Mangerud et
al., 1981; Raukas, 1991). Hebbeln et al., (1998) has interpreted that there was an income of
temperate Atlantic water in this period, contributing to the already present Arctic and polar
water masses (figure 2.3.2a: d).The retreat of the regional ice sheet lead to an subsequent
glacio-isostatic uplift during the Eemian interglacial (Miller et al., 1989). Interpreted marine
sediments deposited during the Eemian interglacial hence suggests a water depth similar to

early Holocene (Mangerud et al., 1998), with deposition of hemipelagic material.
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5.3.3 Early (117,000 — 74,000: MIS 5d-5a) and Mid-Weichsel (74,000 — 24,000:MIS 4-3)
After the Eemain interglacial the climate cooled again, starting in the transition to the

Weichselian glacial period. The interval from 961 — 484 cm is thought to reassemble deposits
from Early and Mid-Weichselian (figure 5.3.3). Within this interval several smaller re-
advances and retreats of the Barents Sea Ice Sheet and sea ice extension has led to the
deposition of large amounts of material (figure 5.2a: d — g). The estimated age for the units
deposited within this interval is sat to be between 24,000 - 117,000 cal yr BP. Neither within
this interval is it seen any signs of bioturbation. The reason for this may be due to a colder
climate, leading to restrictions in the income of Atlantic water (figure 2.3.2a: g and h) causing
unfavorable bottom conditions or rapid sedimentation rate. Due to a relatively low
sedimentation rate within this interval (~8.8 cm/kyr) the main restriction is assumed to be a
colder climate and the increase in ice masses. Within MD992301 the deposits found within
this period is dominated by glacimarine sedimentation, and a few sandy turbidites (unit 5 and
7).

During the Early (~117,000 — 74,000 cal. yr. BP) and Mid-Weichselian (~74,000 — 24,000
cal. yr. BP) the extent of the Barents Sea and Scandinavian Ice Sheet were significantly more
restricted than during the Saalian and Late Weichselian (Andersen & Mangerud, 1990). The
depositions of glacial till was restricted to the Svalbard archipelago and northern Barents Sea
(Mangerud et al., 1998). During the interstadials the ocean circulation pattern were restricted,
with income of Arctic and Polar Water and smaller contributions of cold temperate Atlantic
Water masses (figure 2.3.2a c-h) indicated by a low-diversity fauna on the Scandinavian
mainland (Fronval & Jansen, 1997).
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5.3.4 Late Weichsel: Last glacial Maxima (24,000 — 17,000: MIS 2)

The sediments deposited during Last Glacial Maximum is thought to include the sediments
within the interval from ~98 - 290 cm (figure 5.3.4). Based on the age model given in chapter
5.1 the interval is assumed to contain material deposited between 17,000 — 24,000 cal yr

BP. The accumulation rate through the interval has an average of 27.4 cm/kyr, dominated by
a massive layer of graded sandy turbidite, overlain by glaciomarine mud and two smaller

deposits of fine grained sand.

The renewed climatic cooling was initiated during the Late Weichselian (~25,000-17,000 cal.
yr. BP), and marks the stage when the Barents Sea Ice Sheet reached the shelf edge for the
last time. Several factors have been suggested for its onset, with fluctuating solar activity
causing a prolonged minimum in sunspot activity and solar output being the main theory
along with changes in the ocean circulation pattern of the Norwegian Greenland Sea (Benn &
Evans, 1998; Hebbeln et al., 1998; Mangerud et al., 1998; Vorren & Mangerud, 2008). Within
this period, the ice from the inland areas drained out onto the continental shelf with the main
drainage route through the coast parallel troughs (Ottesen et al., 2005; Ottesen et al., 2008).
By dating mass deposits on the Bear Island TMF two maximum sages are identified by
Laberg & Vorren (1996) within this period 1) ~22,000 cal. yr. BP and 2) 17,500 cal. yr. BP.
On the Barents Sea shelf, the Bear Island Trough where the main drainage conduit in the area,
accumulating sediments in the trough mouth fans, while the cold based ice located on the
banks remained passive (Andreassen et al., 2008; Winsborrow et al., 2010). During LGM
there water masses in the Norwegian-Greenland Sea remained the same as in early- and mid-
Weichel, dominated by Polar and Arctic Water (figure 2.3.2a: i). The cold water masses led to

the formation of a perennial and seasonally sea ice cover (Hebbeln et al., 1998).
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5.3.5 Deglaciation (17,000 — 11,500 MIS 2/1)
Deposits from the last deglaciation in the Barents Sea is found from 62 — 98 cm (figure 5.3.5),

and is dominated by sandy silt and clay without any signs of clasts. The deglaciation in the
southwestern Barents Sea began around 17,000 cal. yr. BP with a significant retreat of the ice
margin as described in chapter 2.5.4.

The glacial geomorphology indicates spatial and temporal variations in the ice dynamics,
where there are evidences of both active ice streaming and frozen-bed conditions at both
maximal glacial extent and during phases of deglaciation (Winsborrow et al., 2010).

The retreat was initiated within the troughs, where the ice streams were most sensitive to
ocean warming and sea-level rise. In this manner the ice sheet would start to float as the
deepest parts were retreated, causing calving (Benn & Evans, 1998). As the grounding line of
the glacier retreated towards shallower areas, several ice-marginal features were deposited in
e.g. the Bear Island Trough and along the slope (Solheim et al., 1990). In this phase, the large
coast parallel troughs worked as drainage channels, fed by the tributary fjords on the
mainland keeping the troughs on the shelf active (Vorren & Kristoffersen, 1986). The
transition from a glaciomarine to a marine environment is estimated to be around 11,500 cal.
yr. BP (Hald et al., 1989; Solheim et al., 1990), were there once again were income of warm
and cold temperate Atlantic Water Masses (Hebbeln et al., 1998) (figure 2.3.2a: j).
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5.3.6 Holocene (11,500 — present: MIS 1)
Holocene are the second warmest period recorded in the Barents Sea region. After Last

Glacial Maximum the temperature once again increased at the start of Holocene. The deposits
from this period is generally sparse within MD992301 and includes only the uppermost 63 cm
of the cored interval (figure 5.3.6). The sediments deposited shows an decrease in the number
of IRD and the mineral content are more stable, reflecting a higher degree of ocean current
transportation. Holocene sediments is found in the two uppermost units within Md992301,
where unit 13 is from a transitional phase. The age of the interval is dated to 18,788 cal. yr.
BP, where the shift to Holocene is assumed to be around 11,500 cal. yr. BP. The average with
an average sedimentation rate for this period is estimated to be of 5.5 cm/kyr, where the main
depositional processes is dominated by hemipelagic suspension fall out. The foraminiferal
fauna in this interval shows a larger number of the benthic warm water species Pyrgo
williamsoni, indicating stronger income of Atlantic water masses and increased bottom
current activity. This is supported by Hebbeln et al., (1998) (figure 2.3.2a: j) which indicated
ice free conditions in the region, and income of warm, nutrition rich, saline Atlantic Surface

Water transported northward by the North Atlantic Surface Water.
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5.4 Activity related to the INBIS channel
Submarine channels are known for being an important conduit for sediment transportation

from the continental shelf towards the deep sea. Mass-transportation evolves from deformed
subglacial sediments deposited at the ice edge during large-scale glaciation (Alley et al.,
1989; Hooke & Elverhgi, 1996). When triggered a mass-flows are transported through the
confinement of the channel it may evolve into a turbidity current (figure 5.4a).
The turbidites found within MD992301 is hence assumed to have been deposited from
turbidity currents traveling down the channel, and marks periods of activity. It is therefore
reasonable to believe that the INBIS channel were formed, and activated during episodes
dominated by large-scale glaciations, which in this study is estimated to be in the following
time intervals (figure 5.4b):

- from ~102,000-142,000 cal yr BP (unit 2 and 3), during the transition from the Saalian

glaciation towards the Eemian interglacial,

- from ~94,000 — 134,000 cal yr BP (Unit 5),

- from ~68,000 — 106,000, during Early Weichselian (Unit 7), and,

- during Late Weichselian from 19,278 — 11,500 (unit 11)
In the bathymetry seen in figure 4.2.1 b and c the debris lobes of LGM age is interpreted to
the east are assumed to cut of the channel. This is assumed to have resulted in restrictions of
the domination of mass-flows through the channel, and infill over time. During Holocene the
activity of the channel has hence been significantly reduced, as the sediment income has

decreased.

A: Large-scale glaciation, active channel conditions B: Interglacial, restricted activity within the channel (infill)
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Figure 5.4a: Principal sketch showing the change in activity in the INBIS channel between glacial and interglacial
conditions.
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6. Summary and conclusion

The Calypsocore MD992301 was acquired from the southern levee of the INBIS channel,

located between the distal parts between the Bear Island TMF and the Storfjorden TMF.

During this study the core has been analyzed, interpreted and correlated to a nearby core in

order to investigate the origin of the cored sediment, the sedimentary processes involved and

the paleoenvironment with focus on possible activity of the deep-sea channel.

Based on swath bathymetry data, three main morphological features have been
identified within the study area and the adjacent northern Bear Island TMF: upper
slope gullies, debris flow lobes, and the INBIS channel with surrounding levees.
Within MD992301 a total of 14 lithological units have been identified. The units
represents mainly deposits within a glaciomarine environment or an open marine
setting, and turbidites. The recovered units have probably been deposited from the
Saalian glaciation up to the Present (~166,000 — O cal yr BP).

The dominating lithofacies of the glaciomarine deposits are sandy silt with scattered
clasts larger than 2 mm (IRD), interlayered by sandy turbidites with a silty sand
lithofacies. Sediment pellets has also been recovered, inferred to have been deposited
during severe sea ice condition (~102,000 — 150,000 cal yr BP). In the open marine
deposits the lithofacies identified varies between sandy silt, silt and very fine sand,
without any content of clasts.

The dominating sedimentary processes present within MD992301 is interpreted to
have been suspension fall-out from glacial meltwater plumes entering the open ocean
at the front of the Barents Sea Ice Sheet. The clasts are interpreted to have been
transported and deposited by sea ice and/or icebergs. The glaciomarine mud is
interrupted by episodically mass-transport deposits is inferred to been deposited
during full-scale glaciation. These deposits are related to the development of
oversteepened slopes due to high sediment supply and/or pushing of sediments at or
near the grounding line of the ice sheet. The open marine material is interpreted to be
deposited by hemipelagic sedimentation by organic rich- and skeletal debris.
Mass-transport activity probably occurred episodically throughout the cored interval.
Types of mass-transport deposits present in MD992301 are cohesive debris flows and
turbidites. The most comprehensive mass-transport deposit identified as an ancient

debris flow located at the lowermost 125 cm in the core, suggested to been deposited
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during the Saalian glaciation. The remaining mass-transport deposits are interpreted as
turbidites deposited episodically through the core, with an increase in frequency
during the LGM.

The sedimentation rate is estimated to be largest in a glaciomarine environment during
full-scale glaciation, and decreases during interglacials. The lowest accumulation rate
calculated within MD992301 is in the uppermost 63 cm deposited during Holocene.
Compared to similar work done previously on the Bear Island TMF the rates within
the cored interval is estimated to be lower, probably due to a more distal location.

The INBIS channel is interpreted to have been a turbidity system, and hence, the
activity within the channel seems to be restricted to intervals of full-scale glaciation.
Within the cored interval four intervals of activity within the channel are recognized.
But, is has to be taken into account that only the larger flows will be represented
within MD992301, as the flow were able to spill over the confinement of the channel
walls onto the overbank area. Activity within the channel are hence not clearly
mapped in the retrieved core, and cored samples taken within the channel or at the

mouth of the channel may provide a more complete record of channel activity.
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7. Recommended further work

The results from this study has revealed new information regarding the depositional
environment and paleoenvironment in the distal areas of the Bear Island TMF and Storfjorden
TMF from the Saalian glaciation to present. The methods applied has given results which
requires further research and interpretation to improve the understanding of the area and the

activity of the INBIS channel. The recommended further work includes:

e Obtain seismic lines over cores interval to be able to correlate the data.

e More dating will improve the age model, and make it possible to estimate the
sedimentation rate further down core. It would also improve the chronology and
paleoenvironment reconstruction of the cored area.

e Provide a SEM scan of the sediment pellets to provide more accurate provenance data.

e Track 5O within the core to make it easier to correlate to previous studies.

¢ Biological studies to study the ecological paleoenvironment: ocean currents, salinity,
and temperature.

e Obtain seismic lines and cored samples within the INBIS channel to get a better

understanding of the activity within the channel.
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Appendix 1

Litholog Si/sum Ca/sum Mn/sum Fe/sum Zr/sum Sr/Ca Zr/Rb
Unit 14 Hemipelagic mud Decrease  Uniform Increase = Uniform Decrease =~ Uniform  Uniform  Increase = Uniform Increase
Unit 13 Sand Uniform = Uniform | Decrease | Increase Increase | Increase | Increase | Uniform | Increase Increase
Unit 12 Glaciomarine mud Decrease = Uniform Uniform = Uniform Uniform = Uniform  Uniform = Uniform  Uniform Decrease
Unit 11 Graded sand Increase | Increase | Decrease | Increase Increase | Increase Increase = Uniform | Increase Uniform
Unit 10 Glaciomarine mud Uniform = Uniform Uniform = Uniform Uniform = Uniform  Uniform = Uniform  Uniform Uniform
Unit 9 Glaciomarine mud Uniform | Uniform = Uniform Increase Uniform = Uniform = Uniform = Uniform = Uniform Uniform
Unit 8 Glaciomarine mud Uniform @ Uniform Uniform Uniform Uniform  Uniform  Uniform  Uniform  Uniform Uniform
Unit 7 Graded sand Increase | Uniform = Uniform = Uniform Increase | Increase | Increase | Uniform = Uniform Increase
Unit 6 Glaciomarine mud Uniform @ Uniform Increase Uniform Uniform  Uniform  Uniform  Uniform  Uniform Uniform
Unit 5 Sandy layer Decrease | Increase = Uniform | Uniform Uniform | Increase | Uniform | Increase | Uniform Decrease
Unit 4 Hemipelagic mud Increase  Uniform Uniform = Uniform Uniform = Uniform  Uniform  Increase =~ Uniform  Uniform
Unit 3 Graded sand Decrease | Uniform = Uniform = Uniform Increase | Uniform | Increase @ Decrease = Uniform Decrease
Unit 2 Sediment pellets (mud) Decrease = Increase = Uniform  Increase Uniform = Uniform  Decrease Decrease Uniform  Decrease
Unit 1 Debris flow diamicton Increase | Increase = Uniform = Uniform Uniform | Uniform | Increase = Uniform = Uniform Uniform

(mud)

Table 1: Table showing the geochemical composition through the core.
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