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Abstract

High-resolution swath bathymetry, TOPAS sub-bottom profiles and four gravity cores from the Brunt Basin,
southeastern Weddell Sea in Antarctica, were analysed with the purpose of reconstructing the ice sheet
dynamics since the last glacial. Data collection was carried out by the British Antarctic Survey (BAS) and
data analyses were carried out in a collaboration between the Department of Geosciences at UiT the Arctic

University of Norway in Tromsg and BAS.

The swath bathymetry and TOPAS sub-bottom profiles were analysed to investigate the seafloor morphology
and sub-bottom acoustic information, in order to identify glacial landforms indicative of ice sheet extent,
basal regime and dynamics during the last extensive ice advance and its subsequent retreat. Multi-proxy
analyses of the gravity cores were performed to determine depositional environments. This included physical
properties, e.g. wet-bulk density, shear strength and magnetic susceptibility, the acquisition and interpretation
of X-radiographs and line-scan images, qualitative element-geochemical analyses using an Avaatech XRF
core scanner, analyses of the bulk granulometry and, in particular, of the sand fraction, as well as smear-slide
investigations. Three radiocarbon dates were obtained from calcareous material, and one radiocarbon date

was obtained from the acid insolvable organic fraction of the sediments.

The swath bathymetry displays a widespread distribution of glacial landforms providing evidence of past ice
sheet activity within the study area. This includes subglacial landforms indicative of fast flowing ice, such
as mega-scale glacial lineations, glacial lineation. Lateral shear-moraines, formed subglacial at the transition
between fast and slow flowing ice. Additionally, ice-contact features such as grounding zone-wedges and
recessional moraines, provide information about extent and dynamics during the deglaciation. Locally
abundant iceberg scouring has eradicated any evidence of past ice sheet extent that might have formed during

full glaciations within the outermost 24 km of the continental shelf of the Brunt Basin.

The TOPAS sub-bottom profiles and the gravity cores provide additional information about the glacial
regime and ice-sheet dynamics within the study area. Acoustically transparent layers, corresponding to soft
deformation till recovered in the gravity cores, indicate widespread deformation sliding at the base of a fast
flowing ice stream in the middle and outer basin. In the northern part of the inner basin ice flow occurred as
localized basal sliding, whereas slow flowing ice occupied the southern part of the inner basin and the
shallower bank.

One radiocarbon date obtained from glaciomarine sediments 20 cm above the transition from the subglacial
sediments, yields an age of ~8.5 calibrated kilo years before the present (cal. ka BP), indicating that the
subglacial sediments and landforms were formed during the last glaciation. Assuming constant sedimentation

rates after grounding line retreat, deglaciation of the inner part of the Brunt Basin occurred ~11.9 cal. ka BP.

Low to absent biogenic contents within the sediments deposited after the deglaciation, indicate that extensive
ice shelves or perennial sea ice cover were located above the core locations prior to ~2.8 cal. ka BP, when
the onset of seasonal open marine environment occurred. The latter resulted in increased productivity in the
water masses. However, the biogenic content remained relatively low and sediment deposition occurred

mainly from iceberg rafting.
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Abbreviations:

AABW = Antarctic Bottom Water

AAIW = Antarctic Intermediate Water

ACC = Antarctic Circumpolar Current

AMS = Accelerator mass spectrometry

APIS = Antarctic Peninsula Ice Sheet

ATL = Acoustic transparent layer

ATR = Acoustic transparent ridge

BAS = British Antarctic Survey

cal. ka BP = Calibrated kiloyears before present
cal. yr BP = Calibrated years before present
CDW = Circumpolar Deep Water

CTD = Conductivity, Temperature and Depth
EAIS = East Antarctic Ice Sheet

ETH = Eidgendssische Technische Hochschule
GZW-= Grounding zone wedge

HSSW = Sigh Salinity Shelf Water

IBCSO = The International Bathymetric Chart of the Southern Ocean
ISW = Ice Shelf Water

LCDW = Lower Circumpolar Deep Water
LGM = Last Glacial Maximum (~19-23 ka)
Ma = Million years ago

MS = Magnetic susceptibility

MICADAS = MiIni radioCarbon Dating System
MSCL = Multi-Sensor Core Logger

MSGL = Mega-scale glacial lineation

NADW = North Atlantic Deep Water

Sv= Sverdrup (10°m?/s)

UCDW = Upper Circumpolar Deep Water
WAIS = West Antarctic Ice Sheet

WSBW = Weddell Sea Bottom Water

WSDW = Weddell Sea Deep Water






1 Introduction

1.1 Objectives

The main objectives of this thesis are analyses of swath bathymetry, high-resolution seismic and multi-

proxy analysis of sediment cores with the purpose of:

o Determining the timing and extent of the last advance of the Antarctic Ice sheet on to the
Weddell Sea Shelf in the region of the Brunt Basin, and the subsequent retreat.

e ldentifying the ice flow regime, fast-flow vs. slow-flow; warm-based vs. cold-based

¢ Reconstruction the dynamics of ice retreat

¢ Reconstructing the environmental conditions after the deglaciation

1.2 Motivation

Antarctica contains the biggest ice sheet on the earth, the Antarctic Ice Sheet, which is storing 26.5-26.9
million km® of ice, equal to a potential global sea level rise of 58.3 m (Fretwell et al., 2013). The
Antarctic Ice Sheet is divided into three sub-ice sheets (Fig. 1.1); The East Antarctic Ice Sheet (EAIS),
the West Antarctic Ice sheet (WAIS), and the Antarctic Peninsula Ice Sheet (APIS). The ice sheets are
located inland and are drained by fast flowing outlet glaciers and ice streams, which transports ice from
the interior of the Antarctic continent to the coast (Rignot et al., 2011). Ice shelves occur as seawards
extensions of the ice sheet in several regions (Fig. 1.1), which provides backstress, buttressing the ice
sheet by reducing velocity and loss of mass trough outlet glaciers and ice streams (Van der Veen, 1997;
Benn and Evans, 2010; Matsuoka et al., 2015).

Recent studies have shown that the regions of the APIS and WAIS have lost a lot of volume recently.
Driven by ongoing and past acceleration of marine-terminating outlet glaciers, mainly caused by
upwelling of relative warm Circumpolar Deep Water (CDW) causing sub-ice shelf melt, manifested in
the collapse of ice shelves on the Antarctic peninsula (e.g. Vaughan and Doake, 1996; Scambos et al.,
2003; 2004; Rignot et al., 2004; 2008; Cook et al., 2005). Whereas the EAIS seems to gain volume, due
to increased snow accumulation (Davis et al., 2005; Rignot et al., 2008; Shepherd et al., 2012).

Especially the WAIS has gotten a lot of attention lately. Large parts of the ice sheet are grounded below
the sea surface with multiple seafloor slopes inclined towards the interior of Antarctica (Bamber et al.,
2009; Fretwell et al., 2013), making it prone to rapid retreat, detachment and collapse (e.g. Mercer,
1978; Oppenheimer, 1998; Vaughan, 2008; Hellmer et al., 2012).The current observed negative mass

balance, which accounts for about 10 % of the present global sea level rise (Meier et al., 2007), together
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with rapid retreat of the grounding lines (e.g. Joughin et al., 2010; Tinto and Bell, 2011; Shepherd et al.,
2012; Rignot et al., 2014), are raising concerns that a large-scale collapse could occur within human
timescale (Katz and Worster, 2010; Gladstone et al., 2012; Favier et al., 2014; Joughin et al., 2014).
Such a collapse would potentially lead to a global sea level rise of 3.4 m (Bamber et al., 2009; Fretwell
etal., 2013).

To understand and predict potential collapses and/or contribution to further sea level rise, it is necessary
to understand the behavior of the Antarctic Ice Sheet in the past (Smith et al., 2011). Knowledge about
i.e., the extent and dynamic during the last glacial, and the subsequent deglaciation can be obtained by
analyses of swath bathymetry, high-resolution seismic and sediment cores (e.g. Evans and Pudsey, 2002;
O Cofaigh et al., 2002; Evans et al., 2005; Hillenbrand et al., 2012; Larter et al., 2012; Livingstone et
al., 2012; Stolldorf et al., 2012).

The Weddell Sea is a key region for investigating the Antarctic Ice Sheet behavior, as more than 22%
of the ice from the WAIS, the EAIS and the APIS are currently drained in to the Weddell Sea (e.g.
Joughin et al., 2006). Reconstructions of the last glacial cycle in the Weddell Sea may provide important
information about the Antarctic Ice Sheet extent and dynamics, and can be used to test and improve
numerical ice sheet models, to better predict future ice sheet response to rising sea level and global
temperatures (e.g. Hillenbrand et al., 2014). However, the glacial history in the Weddell Sea during the
LGM is still being debated (e.g. Hein et al., 2011, 2014; Hillenbrand et al., 2012; 2014; Larter et al.,
2012; Stolldorf et al., 2012). Very limited data provides difficulties in constraining the last extend of
grounded ice in the eastern Weddell Sea (e.g. Anderson and Andrews, 1999; Kristoffersen et al., 2000b;
Stolldorf et al., 2012; Gales et al., 2014). Existing data suggest two alternative scenarios reconstructions
of the LGM (Hillenbrand et al., 2014; section 1.3.1), and additional data is urgently needed to

reconstruct the ice sheet history in the Weddell Sea with some certainty (Hillenbrand et al., 2014).
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1.3 Glacial history of Antarctica

The onset of the Antarctic Ice Sheet is linked to enrichment in deep-water marine §*30 values ~34 Ma
(million years ago), and the continental margin of Antarctica has been occupied by grounded ice on and
off since then (e.g., Zachos et al., 1996; Coxall et al., 2005; Bohaty et al., 2012).

The extent, configuration and dynamics of the Antarctic Ice Sheet during the last glacial/interglacial
cycle, and the timing and style of retreat has been the subject of several studies through the last decades
(e.g. Denton and Hughes, 1981; Bentley, 1999; Anderson et al., 2002; Wright et al., 2008; Livingstone
et al., 2012). Recently, Bentley et al. (2014) synthesized the growing number of geological data
regarding the Antarctic ice sheet history during the last glacial/interglacial cycle, where detailed reviews
were divided into six sectors (Fig. 1.1): East Antarctica (Mackintosh et al., 2014), Weddell Sea
(Hillenbrand et al., 2014), Ross Sea (Anderson et al., 2014a), Amundsen-Bellingshausen Sea (Larter et
al., 2014), Antarctic Peninsula (O Cofaigh et al., 2014), and sub-Antarctic Islands (Hodgson et al.,
2014).

40°W 30°'W 20°W  10°W
1 1 1

Brunt Basin

East
Antarctica
Mackintosh et al.,

Weddell

vad Sea 2014
e Hillenbrand et al., § -60°S
Antarctic 2014 ;
geninsula R
Cofaigh et al.,
2014 Pryz
Bellingshausen
Sea
60°S -60°S

Sea
Anderson et al. \'
2014 N

T T T T T T T T T
140°W 150°W  160°W 170°W 180° 170°E 160°E 150°E 140°E

Fig. 1.1. Map of Antarctica with the location of the APIS, WAIS, and EAIS. The Antarctic Ice Sheet is marked with
blue shading that indicates the ice sheet elevation, ice shelves are in white. The black thick solid lines show the
boundaries for the reviewed sectors. The black box shows the location of the Brunt Basin and the study area. The
thin black lines show the ice divides according to Zwally et al. (2012). Modified from Bentley et al. (2014).
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During the LGM, fjords and troughs acted as pathways for channelized fast-flowing ice streams draining
ice from the interior of the Antarctic Ice Sheet, similarly to the present day configuration, but much
more extensive (Rignot et al., 2011; Livingstone et al., 2012). Slower and less dynamical areas of ice
separated the ice streams, and beyond the grounding line as a seawards extension of the Antarctic Ice
Sheet, areas of ice shelves covered parts of the ocean, feed by both fast and slow flowing ice. However,
recent studies argue that grounded ice did not reach the continental shelf edge everywhere around the
Antarctic margin, and that the maximum extent and the subsequent retreat was not synchronous for the

Antarctic Ice sheet during the last glaciation (e.g. Anderson et al., 2002; Bentley et al., 2014).

Data from parts of the East Antarctic margin indicates large differences in the timing of retreat (Fig.
1.2), where the onset of retreat in some regions began at ~18 kiloyears before present (ka BP), and the
grounding line had retreated close to its present position by ~12 ka BP, whereas other regions started
retreating at ~12 ka BP (cf. Mackintosh et al., 2014). In other sectors, such as in the western Ross Sea
(Fig. 1.1), grounded ice did not reach the shelf edge and the onset of retreat occurred mainly after ~13
ka BP (Licht et al., 1996; Anderson et al., 2014a). Whereas in the Bellingshausen Sea, grounded ice
advanced to, or close to the continental shelf, and the onset of deglaciation began as early as 25.5 ka BP
(Hillenbrand et al., 2010; Larter et al., 2014).

4“3.{‘: e Lo
/;-\- A\ (4
24\ \ TR
A —S .

Fig. 1.2. The timing of deglaciation at different sites from East Antarctica, both marine and terrestrial dates are
shown, where the ages are rounded to nearest thousand years. Numbers separated by arrows indicates the onset
and complete deglaciation. Single numbers on the continental shelf show the onset of marine sedimentation. The
black box shows the location of the Brunt Basin. The estimated LGM grounding zone positions with orange line is
from Anderson et al. (2002) and blue line is from Livingstone et al. (2012). Kyr — kiloyears. Modified from Mackintosh
et al. (2014).
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1.3.1 The Weddell Sea

The Weddell Sea region (Fig. 1.3) provides an ideal area of investigating the asynchronous behavior of
the Antarctic Ice Sheet, as it receives ice form APIS, WAIS, and EAIS. Reconstruction of the Antarctic
Ice Sheet during the last glacial/interglacial cycle in the Weddell Sea sector has been the target of
multiple studies for the last decades (e.g. Anderson et al., 1980; Elverhgi, 1981; Anderson et al., 1991;
Melles and Kuhn, 1993; Bentley and Anderson, 1998; Anderson and Andrews, 1999; Bentley et al.,
2010; Hein et al., 2011; Hillenbrand et al., 2012; Larter et al., 2012; Stolldorf et al., 2012). Conflicting
data from terrestrial studies (e.g. Fogwill et al., 2004; Bentley et al., 2010; Hein et al., 2011; Hodgson
et al., 2012), ice core studies (EPICA Community Members, 2006; Mulvaney et al., 2007) and marine
studies (e.g. Elverhgi, 1981; Melles and Kuhn, 1993; Bentley and Anderson, 1998; Anderson and
Andrews, 1999; Kristoffersen et al., 2000a; 2000b; Hillenbrand et al., 2012; Larter et al., 2012; Stolldorf
et al., 2012), provides difficulties in an overall consensus regarding the ice extent in the Weddell Sea
sector (Hillenbrand et al., 2014).

Terrestrial data suggest no thickening in the eastern section (Shackleton Range cf. Fogwill et al., 2004;
Hein et al., 2011, 2014), and minor thickening of the western section (Ellsworth Mountains, cf. Bentley
et al., 2010), of the drainage basins in the Weddell Sea (Fig. 1.3). The ice core data suggest a limited ice
thickening in central Dronning Maud land (EPICA Community Members, 2006), and that Berkner
Island (Fig. 1.3) acted as an independent ice center and was not overridden by inland ice during the
LGM (Mulvaney et al., 2007). Contrasting, marine data suggest both a restricted advance (Anderson
and Andrews, 1999; Stolldorf et al., 2012) and a more extensive advance (Elverhgi, 1981; Bentley and
Anderson, 1998; Hillenbrand et al., 2012; Larter et al., 2012).

Additionally, spares amounts of calcareous material to date, reworking of sediment due to current
winnowing and iceberg scouring, which leads to inverted “C ages, provides difficulties in getting
constrains on the glacial history in the Weddell Sea (Hillenbrand et al., 2012; Stolldorf et al., 2012;
Hillenbrand et al., 2014).

Hillenbrand et al. (2014) proposed two alternative scenarios of the LGM and its subsequent retreat,
based on different interpretations of the glacial and geological datasets from the Weddell Sea sector.
Scenario A suggests a more restricted advance during LGM, whereas scenario B suggest a more

extensive advance (Fig. 1.4-Fig. 1.8).

Scenario A (Fig. 1.5-Fig. 1.8) is consistent with terrestrial data and uses the oldest marine dates as
minimum ages for grounding line retreat (Anderson and Andrews, 1999; Stolldorf et al., 2012). Most of

the subglacial landforms indicating a grounding event were assumed to be of pre-LGM age, and
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grounding line positions are mainly based on glaciological modelling to fit the terrestrial geological data
(Bentley et al., 2010; Le Brocq et al., 2011; for details see Whitehouse et al., 2012).

According to scenario A, maximum advance of grounded ice occurred ~20 ka BP and was mainly
focused on the shelf between the Roone and Flichner troughs (Fig. 1.5), reaching close to the shelf edge

in the Hughes Trough. The Roone and Flichner troughs experienced no or minor advances of grounded

Fimbul

Jelb "i'! ’ \ 70°s

Ekstrom ',_'/ o
Quar “\ . ‘

80°S

° Berkner Island
ice core
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P Dronning
Maud Land

ice core
90°W

Fig. 1.3. Overview map of the Weddell Sea according to Bedmap2 (Fretwell et al., 2013), with shelf bathymetry and
ice sheet elevation (in meters above sea level), with ice-shelves displayed in light blue shading. Inset map shows
Antarctica, with the sub-ice sheets, where ice shelfs are displayed with gray shading, and the location of the Weddell
Sea sector outlined by the red line (APIS- Antarctic Peninsula Ice Sheet, EAIS- East Antarctic Ice Sheet, WAIS-
West Antarctic Ice Sheet). Modified from Hillenbrand et al. (2014).
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ice, but extensive ice shelves or light-grounded ice are expected to have occurred in the two troughs
(Hillenbrand et al., 2014). In the eastern part of the Weddell Sea, the grounding line advanced to the

mid-shelf, and no ice was occupying the study area, north of the Brunt Ice shelf (Fig. 1.5).

Scenario B (Fig. 1.4-Fig. 1.8) uses the dates from the marine sediment cores as a mixture between
minimum and maximum ages for the ice sheet retreat, assuming that the older dates were obtained by
reworked microfossils that originally were deposited before the LGM (Hillenbrand et al., 2014). A hiatus
between ~31.0 and ~21.5 cal. ka BP in the marine dates, observed north of the Flichner-Ronne and
Riiser-Larsen ice shelves is suggested to represent advance of grounded ice and the termination of the

hiatus is assumed to correspond closely to grounding line retreat (Hillenbrand et al., 2014).

25 ka

70°S

/‘ o 80°S

Scenario B

GL position based
\ on undated sub-
glacial bedforms

s+ GL position based
+ onundated sub-
« glacial sediments

N, inferred GL position
-200
m

-1500 90°W

Fig. 1.4. Grounded ice sheet extent according to Scenario B in the Weddell Sea sector at 25 ka. The different
certainty levels given for the grounding line (GL) are indicated. The black circles show different core locations used
for reconstructing the grounding line. The location of core 3-7-1 is indicated with the arrow. The location of the Brunt
Basin is indicated with the black box. Note that in Scenario A, the maximum extent was not reached before ~20 ka,
and is therefore not included in the 25 ka reconstruction. Modified from Hillenbrand et al. (2014).
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Grounding line positions for scenario B are a mixture of, subglacial landforms of unknown age, sediment
cores that recovered subglacial or over-consolidated sediments with no or limited ages available, or

inferred grounding line position (Hillenbrand et al., 2014).

Scenario B then suggests that the grounded ice was at the shelf edge or close to the shelf edge at most
locations at ~25 cal. ka BP. Except north of the Quar Ice Shelf and Brunt Ice Shelf, including the study
area (Fig. 1.4), where grounded ice had retreated before ~28 and ~33 cal. ka BP, respectively (Anderson
et al., 2002; Stolldorf et al., 2012; Hillenbrand et al., 2014).

20 ka Scenario A
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\ on undated sub-
glacial bedforms

s GL position based
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+ glacial sediments
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-200 R . d " \
= a—" . 230-480 m -
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Fig. 1.5. Grounded ice sheet extent according to Scenario A and B in the Weddell Sea sector at 20 ka. The different
certainty levels given for the grounding line (GL) are indicated. The black circles show different core locations used
for reconstructing the grounding line, and the red circles indicate ice sheet elevation at different locations. The
location of core 3-7-1 is indicated with the arrow. The location of the Brunt Basin is indicated with the black box.
Modified from Hillenbrand et al. (2014).
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Three scenarios have been proposed explaining ice advancing to the shelf edge, and the limited
thickening of the ice sheet indicated by terrestrial data (Larter et al., 2012). (i) An ice plain extending
from the modern grounding line all the way to the shelf break (Le Brocq et al., 2011; Hillenbrand et al.,
2012). (ii) Ice shelf thickening and touchdown of the Ice Shelf onto the seafloor (Hillenbrand et al.,
2012). (iii) Change in drainage pattern of ice into the Flichner Trough so that the ice was source from
the Pensacola Mountains and not the Shackleton Range (Fig. 1.3), which would be consistent with

interpretation by Hein et al. (2011), as there was no ice thickening in the Shackleton Range.
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Fig. 1.6. Grounded ice sheet extent according to Scenario A and B in the Weddell Sea sector at 15 ka. The different
certainty levels given for the grounding line (GL) are indicated. The black circles show different core locations used
for reconstructing the grounding line, and the red circles indicate ice sheet elevation at different locations. The
location of core 3-7-1 is indicated with the arrow. The location of the Brunt Basin is indicated with the black box.
Modified from Hillenbrand et al. (2014).
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The deglaciation history has also been assessed in the two scenarios, where deglaciation started around
~20 and ~25 cal. ka BP for scenario A and B, respectively (Hillenbrand et al., 2014). The retreat rate is
much faster for scenario A than for B. The grounding line had reached close to its present grounding
line position on the eastern Weddell Sea at ~15 cal. ka BP in scenario A. Scenario B suggest a minor re-
advance or pause in the retreat at ~15 cal. ka BP, based on a grounding zone wedge (GZW) in the outer
most part of the Flichner Trough (Fig. 1.3), reported by Larter et al. (2012). Grounded ice was located

at the outer or mid shelf at most locations.
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Fig. 1. 7. Grounded ice sheet extent according to Scenario A and B in the Weddell Sea sector at 10 ka. The different
certainty levels given for the grounding line (GL) are indicated. The black circles show different core locations used
for reconstructing the grounding line, and the red circles indicates ice sheet elevation at different locations. The
location of core 3-7-1 is indicated with the arrow. The location of the Brunt Basin is indicated with the black box.
Modified from Hillenbrand et al. (2014).
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At ~10 cal. ka BP, the grounding line in scenario A had retreated to the inner shelf everywhere, except
immediately north of the Berkner Island (Fig. 1. 7). In scenario B the grounding line had retreated from

the outer shelf in all locations (Hillenbrand et al., 2014).

At ~5 ka the grounding line had retreated close to or at its present-day grounding line for scenario A,
whereas the grounding line for scenario B reached out to the present day calving line of Flichner —-Ronne
Ice shelf (Fig. 1.3; Fig. 1.8; Hillenbrand et al., 2014).
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Fig. 1.8. Grounded ice sheet extent according to Scenario A and B in the Weddell Sea sector at 5 ka. The different
certainty levels given for the grounding line (GL) are indicated. The black circles show different core locations used
for reconstructing the grounding line, and the red circles indicates ice sheet elevation at different locations. The
location of core 3-7-1 is indicated with the arrow. The location of the Brunt Basin is indicated with the black box.
Modified from Hillenbrand et al. (2014).
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1.3.2 Brunt Basin

In the scenarios suggested by Hillenbrand et al. (2014), ice did not advance onto the shelf at the location
of the Brunt Basin in scenario A, or had retreated before ~25 cal. ka BP in scenario B. This was based
on 'C ages obtained from core 3-7-1, on the bank west of the Brunt Basin (e.g. Fig. 1.4), originally
presented by Anderson et al. (1980). The core 3-7-1 was originally interpreted to be composed of
glaciomarine sediments. **C ages from benthic foraminifera provided inverse down-core ages (Table
1.1), of 26.666 and 13.640 uncorrected *C years (Smith and Licht, 2000), which were incorrectly
reported in an correct stratigraphic order by Bentley and Anderson (1998) and Anderson and Andrews
(1999).

Stolldorf et al. (2012) re-examined core 3-7-1, using detailed grain-size analyses and obtaining several
more C ages (Table 1.1). This lead to a reinterpretation of the sediments at the base of core 3-7-1, to
be subglacial till. The “C ages obtained by Stolldorf et al. (2012) were also not in chronological order
(Table 1.1), indicating that the sediments were reworked either by iceberg scouring or current
winnowing (Hillenbrand et al., 2014). However, the authors suggest that grounded ice had retreated
from the eastern shelf of the Weddell Sea, which includes the Brunt Basin before ~33 calibrated years

before present (cal. yr BP), based on non-pronounced hiatus in the **C ages (Stolldorf et al., 2012).

According to the scenarios suggested by Hillenbrand et al. (2014), no major thickening occurred in the
EAIS (Fig. 1.5), which is the source area of the Brunt Ice Shelf System (Fig. 1.1; Fig. 2.1; Hulbe et al.,
2005). This was based on geomorphic mapping (Hattestrand and Johansen, 2005), *C ages obtained

from mumiyo samples (Thor and Low, 2011) and surface exposure dating (Hein et al., 2011).

Table 1.1.
Uncorrected **C ages from core 3-7-1 recovered close to the study area. References : a) Stolldorf et al., 2012, b)
Anderson and Andrews, 1999, ¢) Smith and Licht, 2000.

Core  Laboratory Water Sample Material *C yr BP.  References
code depth (m) interval (cm) dated

3-7-1 87463 235 70-70 Echinoid >52.800 a
3-7-1 AA-27756 235 200-200 Benthic 26.660 b, c
3-7-1 95860 235 223-227 Benthic 28.930 a
3-7-1 96164 235 223-227 Benthic 30.740 a
3-7-1 96250 235 223-227 Benthic 29.490 a
3-7-1 95861 235 304-308 Benthic 17.980 a
3-7-1 96165 235 304-308 Benthic 13.315 a
3-7-1 96251 235 304-308 Benthic 15.330 a
3-7-1 96262 235 304-308 Benthic 14.655 a
3-7-1 96263 235 304-308 Benthic 14.970 a
3-7-1 95862 235 348-352 Benthic 16.610 a
3-7-1 96166 235 348-352 Benthic 18.820 a
3-7-1 96252 235 348-352 Benthic 19.400 a
3-7-1 AA-27757 235 400-400 Benthic 13.640 b, c
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2 Study area

2.1 Physiographical Setting

The Antarctic continent is the southernmost continent on the Earth, located over the South Pole. Most
of the continent is located south of the Antarctic Circle (66° 34’ S), except the northernmost part of the
Antarctic Peninsula. It covers an area larger than 14 million km?, making it the fifth largest continent,
with a coastline of ~17,968 km, surrounded by Southern Ocean (Anderson, 1999). The Antarctic
continent can be divided into three major areas, the Antarctic Peninsula, the West Antarctica and the

East Antarctica, each area covered by “its own” ice sheet (Fig. 1.1).

The Brunt Basin (~26°W, ~75°S) is located in the southeastern Weddell Sea, seawards of the Coats Land
(Fig. 1.3 and Fig. 2.1). It is a depression in the seafloor north of the Brunt Ice shelf and west of the
Stancombe-Wills Ice Tongue, which are ice shelves situated seawards from the Caird Coast. To the west
of the Brunt Basin, a shallower unnamed bank separates the Brunt Bain from the Halley Through (Gales
et al., 2014). The Lyddan Island and the Risser-Larsen Ice Shelf is located northeast of the Brunt Basin.
The British Antarctic Survey (BAS) research station Halley VI (Fig. 2.1) is located on the Brunt Ice
Shelf (Anderson et al., 2014b).

2.2 Brunt Ice Shelf System

The Brunt Ice Shelf and the Stancombe-Wills Ice Tongue occupies the ocean south and east of the study
area, in the Brunt Basin (Fig. 2.1), also referred to as the Brunt Ice Shelf System, but there is large
variation within the literature regarding the names (e.g. Thomas, 1973; Wuite and Jezek, 2009;
Anderson et al., 2014b). Together they form a continues body of floating ice, which contains three
different moving units (e.g. Thomas, 1973; Anderson et al., 2014b).

The eastern sector is occupied by the fast moving Stancombe-Wills Ice Tongue (Fig. 2.3), extending
more than 225 km beyond its grounding line (Wuite and Jezek, 2009). It is fed by the fast flowing
Stancombe-Wills Glacier (Fig. 2.2) that drains the area of Heimfrontfjella (Thomas, 1973; Hulbe et al.,
2005) , the westernmost part of the Maudheimvidda (Fig. 1.3). The Lyddan Island and the Risser-Larsen
Ice Shelf confine the eastern margin of the Stancombe-Wills Ice Tongue (Hulbe et al., 2005). However,
within the literature the name of the ice feeding the Stancomb-Wills Ice Tongue, differ between
Stancomb-Wills Glacier (Rignot, 2002; Hulbe et al., 2005; Wuite and Jezek, 2009), and Stancomb-Wills
Ice Stream (Simmons and Rouse, 1984; Humbert et al., 2009; Khazendar et al., 2009).

The slower moving Brunt Ice Shelf (Fig. 2.2) occupies the western region, and is fed by slow flowing
ice from the Caird Coast. Wedges of calved meteoric ice in a mélange of marine ice are located near the
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grounding line, where the space between the calved blocks are later filled with wind-blown snow as the
ice flows northward (Hulbe et al., 2005). Where the Brunt Ice Shelf terminates in the north, a zone of
the ice shelf is grounded on several pining points, called the McDonald Ice Rumples (Fig. 2.1), which

provides backstress to this region and produces compression ridges in the ice shelf (Thomas, 1973;

Seafloor

depth (m)
-225

-300
-375
-450
-525
-600
-675
-750

Brunt Ice
Shelf System

s

McDonald
Ice Rumple

Brunt
Ice Shelf

Halley VI
Station (UK)
”~

Fig. 2.1. Overview map of the Brunt Basin region with the shelf bathymetry according to the IBCSO Version 1.0
(Arndt et al., 2013) with an Envisat synthetic aperture radar image of the Brunt Ice Shelf System from 4™ March
2011. The dark areas in the Envisat synthetic aperture radar marks the position of grounded ice. Also note the
location of core 3-7-1. The location this figure is indicated in e.g. Fig. 1.3
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Anderson et al., 2014b). In the middle, between the Stancomb-Wills Ice Tongue and Brunt Ice Shelf
(Fig. 2.2), there is a shear zone of large ice rafts in a mélange of marine ice covered with snow (Hulbe
et al., 2005; Wauite and Jezek, 2009).

Both the Brunt Ice Shelf and the Stancomb-Wills Ice Tongue have a slightly positive mass balance
(King et al., 1996; Rignot, 2002), dominated by basal freeze-on of ice (Rignot, 2002), and the mass loss

is predominantly caused by calving ice (Depoorter et al., 2013).

Anderson et al. (2014b) suggested that both the Brunt Ice Shelf and the Stancomb-Wills Ice Tongue
have gone through significant calving events in recent time, based on historical records of the ice-front
position. With the last known large scale calving event occurring in 1971 (Thomas, 1973). Due to
location of the BAS research station Halley, large cracks and rifts in the ice shelves are continuously
being monitored, and in the same study Anderson et al. (2014b) argued that the Stancomb-Wills Ice
Tongue will experience a large scale calving event within 2020.

terrestrial origin
Stancomb-Wills

B iceraft

other meteoric

marine origin

sea & marine

Fig. 2.2. Classified ice type of the Brunt Ice Shelf System, from Hulbe et al. (2005), with the inflow velocity of ice
feeding the ice shelf. The dotted line marks the grounding line. The legend at the right describes the classified types
of ice, where terrestrial ice is derived from land, and marine ice is formed at or near the sea surface. SW-
Stancombe-Wills Ice Tongue, BI-Brunt Ice Shelf, SWG- Stancombe-Wills Glacier.
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Fig. 2.3. Ice-flow velocity on the Brunt Ice Shelf System. The velocity field is derived from feature tracking, on
RADARSAT-1 images from 1997 to 2000, representing a 3 years average. The arrows show the direction of flow,
and the colors indicate the velocity of the flow. The black solid line indicates the approximate grounding line position.
Note that the Stancombe-Wills Ice Tongue (SWIT) reaches up to 1350 meter per year in velocity, whereas the Brunt
Ice Shelf (BIS) has much slower velocity. From Wuite and Jezek (2009).

2.3 Sealce

The Antarctic sea ice conditions differ from the sea ice conditions in the Arctic in several ways (Turner
and Overland, 2009). The main difference is that sea ice in the Arctic is semi-enclosed by surrounding
land, whereas Antarctic sea ice has no boundary to the north and is free to float northwards to warmer
waters (Fig. 2.4). This leads to large seasonal variation in the Antarctic sea ice extent. With extensive
sea ice growth during winter (September), with an average extent of 18.5 million km?, which almost
completely melts away during summer (February), with an average extent of 3.1 million km? (Parkinson
and Cavalieri, 2012; Li et al., 2016).

In contrast to Arctic sea ice, the Antarctic sea ice is currently showing an overall increasing trend with
arecord extent in 2014 exceeding 20 million km? (National Snow and Ice Data Center, 2014). The reason
for this overall increase in sea ice extent is still unclear (Sigmond and Fyfe, 2010), but can at least partly

be explained by two processes. Freshening of the ocean surface by increased precipitation and basal
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melt of ice shelves (Zhang, 2007; Bintanja et al., 2013) and decreasing levels of ozone in the
stratosphere, which leads to stratospheric cooling and increasing winds (Gillett and Thompson, 2003;
Shindell and Schmidt, 2004; Turner et al., 2009). However, the ozone concentration above Antarctica
are expected to recover within the next 100 years, and if the concentration of greenhouse gas continues
to increase with similar rates as today, temperatures on the Antarctic continent are projected to increase
by serval degrees, which will lead to a reduction of the sea ice extent to about one third of the present
extent (Turner et al., 2014).

September

September

Fig. 2.4. Arctic (Above) and Antarctic (below) average sea ice extent from 1981-2010, at the approximate seasonal
maximum and minimum extent. From National Snow and Ice Data Center, 2016.
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2.4 Geomorphology of glaciated continental shelves

High latitude continental shelves modified by successive glaciations have a characteristic morphology
(Fig. 2.5). This includes large scale morphological features such as banks and troughs, and smaller scale
features such as moraines, glacial lineations and iceberg scours, reflecting glacial processes during the
last glaciation and the deglaciation (Vorren, 2003). During glaciations, troughs have been eroded and
acted as pathways for fast flowing ice stream, draining the interior of the ice sheets (e.g. Vorren and
Laberg, 1997; Anderson, 1999; O Cofaigh et al., 2002; Livingstone et al., 2012). These palaeo-ice
streams can leave distinct imprints on the seafloor, such as mega-scale glacial lineations (MSGL) (Clark,
1993). Grounding zone wedges (GZW) and marginal-moraines marking the position of grounded ice
commonly occur in the troughs (Ship et al., 1999; Dowdeswell et al., 2008; Larter et al., 2012;
Rydningen et al., 2013; Batchelor and Dowdeswell, 2015). The shallower banks are often characterized
by iceberg scours and marginal moraines, but typically lack glacial landforms indicative of fast flowing
ice, indicating slower flowing ice (e.g. Ottesen and Dowdeswell, 2009; Klages et al., 2013; Rydningen
etal., 2013).

The Antarctic continental shelf is an end member of the high latitude continental shelves, with deeper
troughs and a general inclined slope towards the continent (Anderson, 1999), which differ from other
high latitude continental shelves, which generally slopes towards the shelf edge. This difference is

ICEBERG GROUNDING ZONE PALIMPSEST MORAINE GLACIAL STREAMLINED
FURROW WEDGE LAG RIDGE FORMS
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SUBGLACIAL CHANNELS

STRATIFORM
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A A
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Fig. 2.5. Model showing the main glacigenic morphological elements and lithofacies of a passive glaciated
continental margin, exemplified by the margin off northern Norway. Modified by Rydningen (2014), from Vorren
(2003).
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presumably because the Antarctic continental shelf has been glaciated since 34 Ma and exhibit a more
mature glacial morphology (Ten Brink et al., 1995; Uri and Schneider, 1995; Zachos et al., 1996; Bohaty
etal., 2012).

2.4.1 Morphology in the Weddell Sea

The continental shelf in the southern Weddell Sea north of the Ronne and Flichner ice shelves (Fig. 1.3)
is ~450 km wide and is generally ~400-500 m deep (Arndt et al., 2013). In eastern part of the Weddell
Sea (~25°W to 0°W) the distance between the shelf edge and the ice-shelf varies between 0-80 km and
the water depths are generally between 300 and 400m (Hillenbrand et al., 2014). Three major troughs
extend from the Ronne and Flichner ice shelves to the shelf edge, the Flichner Trough, Hughes Trough
and Ronne Trough, with water depths up to 1200 m near the ice front in the Flichner Trough (Fig. 1.3;
Stolldorf et al., 2012; Larter et al., 2012). Subglacial topography shows that the three troughs are
northward extensions of subglacial troughs that get deeper towards the interior beneath the WAIS and
EAIS (see Fig. 1.8; Ross et al., 2012; Fretwell et al., 2013; Hillenbrand et al., 2014).

area mapped with
swath or side

scan bathymetry

subglacial lineations
(SGL)

-/ moraines (M)
0 & drumiins (D)
/

grounding-zone
-200 wedge (GZW)

4082 70°S

M Ly
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60°W 30°W

Fig. 2.6. Location of subglacial landforms in the Weddell Sea sector mapped by high-resolution bathymetry. The
location of the Brunt Basin is indicated by the arrow and the circles highlight the areas for which data have been
published by Kristoffersen et al. (2000b), Larter et al. (2012) and Stolldorf et al. (2012). Modified from Hillenbrand
et al. (2014).
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Glacial lineations are reported from all the three troughs mentioned above, and a GZW has been reported
from close to the shelf edge in the Flichner Trough (Fig. 2.6; Larter et al., 2012; Stolldorf et al., 2012).
The only glacial landforms reported from the eastern Weddell Sea are two moraines parallel to the shelf
edge, outside the Risser-Larsen Ice Shelf (Fig. 2.6; Kristoffersen et al., 2000b).

2.5 Sediment sequence on glaciated continental shelves
Sediments deposited on glaciated continental shelves differ from sediments deposited on low latitude,
non-glaciated shelves (Zecchin et al., 2015). Glacial processes influence the depositional environment
and are recorded in the sediment sequences (Vorren et al., 1983a; Anderson, 1999). Analyses of the
sedimentary sequences and the related facies can be used to reconstruct the depositional environments
and changes through time, e.g. glacial -interglacial cycles (e.g. Butt et al., 2000; Fielding et al., 2000;
Hillenbrand and Ftterer, 2001; McKay et al., 2009).

A sedimentary sequence on high latitude shelves that represent the transition from the LGM to the
Holocene includes all or some of the following in the successive order: (i) Ice contact sediments overlain
by (ii) glaciomarine sediments, proximal to (iii) ice distal sediments, which again is overlain by (iv)
paraglacial sediments and (v) post glacial sediments (Syvitski, 1991).

0] Ice contact sediments

Ice-contact sediments record the present of grounded ice, and sediment deposited by the ice can be till
sheets, (mega-scale) glacial lineations, terminal-, lateral,- recessional moraines, GZW, subaquatic till
deltas and glacigenic debris flow deposits which are mainly derived from subglacial sediments (\VVorren
et al., 1983a; Syvitski, 1991; Anderson, 1999; Hillenbrand et al., 2005; Zecchin et al., 2015). Ice contact
sediments will generally have no to poor sorting, no stratification except for glaciofluvial deposits such
as eskers (Boltunov, 1970). Sediments that have been ice-loaded are sediments that have been deposited
prior to the overriding of grounded ice, and can obtain a abundant microfossil assemblage and structures
such as stratification and lamination, dependent on the original deposition environment (Elverhgi, 1981;
Syvitski, 1991; Elverhgi and Roaldset, 1983; Melles and Kuhn, 1993; Hillenbrand et al., 2012).

(i) Glaciomarine proximal sediments

Glaciomarine proximal sediments are deposited close to the grounding line. The proximity to the
grounding line controls the influence of marine and glacial environment on the sediments. With less
influence of marine environment closer to the grounding line, and vice versa (Domack et al., 1999; Licht
et al., 1999; Hillenbrand et al., 2012; Smith et al., 2014). The glacial detritus may be deposited directly
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from the ice front, or indirectly from the ice front by gravity flows, meltwater plumes, currents, sub-ice
shelf melt-out and ice rafting, and are typically composed of coarse grained sediments, with alternations
of stratification and lamination (e.g. Syvitski, 1991; Elverhgi et al., 1983; Domack et al., 1999).
Glaciomarine sediments may be deposited between 0-100s km from the grounding line, depending on

the size, dynamics and basal debris of the ice system (Licht et al., 1999; Syvitski, 1991).

(iii)  Glaciomarine distal sediments

Glaciomarine distal sediments have stronger influence of marine environment and less of the glacial
environment (Syvitski, 1991). The sediments typically contain mud, which originates from suspended
material from meltwater plumes, ocean currents and eolian transport, together with ice-rafted debris
where the amounts are dependent on calving rate and the debris incorporated in the ice (e.g. Mackiewicz
et al., 1984; Dowdeswell and Dowdeswell, 1989; Dowdeswell and Scourse, 1990). The ice distal
sediments may include being close to the grounding line, if the ice is relative debris free, with no glacial
melt water discharge, or hundreds of km from the ice front, if the ice is highly active and sediment rich
(Syvitski, 1991).

(iv) Paraglacial coastal sediments

Paraglacial coastal sediments are marine sediments deposited close to the coast with glaciofluvial origin
and are deposited after the ice sheet has retreated to a terrestrial position. High ablation rates, leads to
erosion by fluvial processes of glacial and proglacial deposits , and vast amount of sediments are

transport from the terrestrial ice sheet to the coast (Syvitski, 1991).

(v) Post glacial sediments

Post-glacial sediments are deposited without the influence of a distant ice sheet, and deposition is
primarily from non-glacial processes, such as hemipelagic and current related sedimentation (Elverhgi,
1981; Camerlenghi et al., 2001; Zecchin et al., 2015; Rebesco et al., 2016). They typically have high
amounts of organic content and microfossils, and can occur as mud in the deeper part of the shelf, or as

sand and gravel lags in the shallower waters (\Vorren et al., 1983a; 1989; Syvitski, 1991).

The troughs usually contain the thickest sedimentary sequences on the glaciated shelves which provides
higher resolution for reconstructing palaeo-environment changes (Vorren et al., 1983a). The sediments
in the troughs are also less vulnerable for reworking from current winnowing and iceberg scouring, but

can be affected mass movement from the trough slopes (Vorren et al., 1983a; 1984). The sedimentary
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sequences on the banks are thinner, due to cold based ice depositing thinner layers of till and stronger
currents, which transports sediments from the banks to the deeper regions of the shelves (Vorren et al.,
1984; Zecchin et al., 2015). Due to the shallow depth of most banks, they are prone to reworking by
iceberg scouring and current winnowing, which makes the banks a poor target for investigating palaeo-

environment changes (Vorren et al., 1984).

The Antarctic continental shelf is an end member concerning the other glaciated shelves and glacial
marine environments, due to its vast amount of ice shelves, ice flow by internal creep, and polar climate

which limits the melt water production (Syvitski, 1991; Elverhgi, 1984).

Cores retrieved from the Antarctic continental shelf generally show a three-folded stratigraphy, with
bioturbated to massive, diatom-, or foraminifera bearing muds (open marine environment) at the top.
Stratified to massive, sandy to gravelly sediments (sub-ice shelf/perennial sea ice cover environment)
in the middle, and massive diamictons (subglacial environment) at the base (e.g. Domack et al., 1999;
Dowdeswell et al., 2004; Evans et al., 2005; Hillenbrand et al., 2005; 2009; Smith et al., 2011; 2014).
Subglacial till recovered from palaeo-ice stream troughs on the Antarctic continental shelf typically
have low shear strength (e.g. Evans et al., 2005; O Cofaigh et al., 2005b; Reinardy et al., 2011a).
However, iceberg turbated sediments, gravity-flow deposits, and ice-rafted sediments can also produce
massive diamictons with low shear strength (e.g. Hillenbrand et al., 2005; 2009; 2010; Smith et al.,
2011; 2014). This provides difficulties in separating between subglacial and glaciomarine sediments
based on sedimentological parameters alone, and previous studies have emphasized that detailed swath
bathymetry and sub-bottom profiles might be helpful in the interpretation of the depositional
environments of the sediment (e.g. Domack and Harris, 1998; Anderson, 1999; Licht et al., 1999;
Hillenbrand et al., 2005). This subglacial till with low shear strength, are commonly associated with
subglacial deformation of soft sediments beneath ice streams (e.g. Evans et al., 2005; King et al., 2009;
Reinardy et al., 2011a), and the name used within the literature varies (e.g. Anderson, 1999; Evans et
al., 2005; O Cofaigh et al., 2005b; Hillenbrand et al., 2010; 2012). In this study soft deformation till will
be used (cf. Hillenbrand et al., 2012).

2.5.1 Sediments in the Weddell Sea

The Weddell Sea is dominated by terrigenous sediments, predominantly deposited in subglacial and
glaciomarine environments, with spars amounts of biogenic content (Hillenbrand et al., 2012). Anderson
(1972) provided the first evidence of grounded ice on the Weddell Sea shelf, from sediment cores
recovering subglacial tills. Glaciomarine sediments of various character and thickness typically overlie
the subglacial tills (e.g. Anderson et al., 1980; Elverhgi, 1981; Elverhgi and Roaldset, 1983; Hillenbrand

etal., 2012). Recently, Hillenbrand et al. (2012) re-investigated several sediment cores recovered in the
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southern Weddell Sea. Based on the sedimentological properties of the sediments, the authors assigned
a deposition environment for the different types of sediments recovered in the cores from the southern
Weddell Sea shelf (Table 2.1).

3.5 kHz sub-bottom acoustic profiles for the southern Weddell Sea in the Flichner Trough and the Ronne
Trough shows thick acoustically transparent layers (Fig. 2.7), originally interpreted as glaciomarine
sediments (Haase, 1986; Ftterer and Melles, 1990; Melles and Kuhn, 1993). Hillenbrand et al. (2012)
suggested that the acoustically transparent layers could be soft deformation till deposited at the base of
an ice stream (e.g. Ship etal., 1999; Evans et al., 2005; O Cofaigh et al., 2005a, , 2005b, , 2007; Reinardy
etal., 20114, , 2011b), based on the similarities to soft deformation till layers reported from other areas
on the Antarctic shelf. The glaciomarine sediments overlain the subglacial tills in eastern Weddell Sea
shelf, east of the Flichner Trough (Fig. 1.3) are composed of coarse-grained sediments, dominated by
iceberg rafted sediments (Anderson et al., 1980; Elverhgi and Roaldset, 1983; Elverhgi, 1984). Sponge
spicules and bryozoan dominates the biogenic deposition (Elverhgi and Roaldset, 1983; Elverhgi, 1984).
Seismic profile lines from the eastern Weddell Sea extending from the Brunt Ice Shelf to the Riiser-
Larsen show a thin sediment drape above an unconformity, which is suggested to indicate repeated
cycles of glacial advances across the continental shelf during the Quaternary (Elverhgi, 1984).

Table 2.1.

Facies interpretation of the different sediment types recovered in cores from the southern Weddell Sea shelf.
From Hillenbrand et al. (2012).

Lithology Sedimentary Key sedimentological properties Additional Facies
structures comments interpretation
Muddy to sandy Massive, slightly to Medium to high water content and Glaciomarine
sediment, variable strongly bioturbated, porosity, low shear strength and deposition (GM)
gravel content slightly to moderately density, medium to high microfossil under seasonal sea-ice
stratified or laminated content, moderately to well sorted, coverage (si)
moderate to high variability of
parameters
Muddy to sandy Massive, slightly to well Medium to high water content and Glaciomarine
sediment, low to stratified or laminated, porosity, low to medium shear strength deposition (GM) under
moderate gravel slightly to moderately and density, low microfossil content, permanent sea-ice
content bioturbated moderately to well sorted, low to coverage or in a distal
moderate variability of parameters sub-ice shelf setting (pi)
Muddy to sandy Massive, slightly Highly compacted, low to medium Previously Iceberg turbate (IT)
diamicton, high stratified or laminated water content and porosity, high shear classified as
gravel content strength and density, low to moderate “paratill”
microfossil content, poorly to
moderately sorted, low variability of
parameters
Muddy to sandy Massive, slightly to Low to medium water content and Previously Calving-line sediment
diamicton, moderate moderately stratified or porosity, variable density, low to classified as (CLS)
to high gravel laminated, variable moderate microfossil content, poorly to “paratill”
content degree of bioturbation moderately sorted
Muddy to sandy Massive, slightly to well Low to medium water content and Previously Proximal sub-ice
sediment, muddy to stratified or laminated, porosity, variable shear strength, classified as shelf sediment (SIS)
sandy diamicton, slightly bioturbated medium to high density, low “paratill”
moderate to high microfossil content, poorly to
gravel content moderately sorted, low to medium
variability of parameters
Muddy to sandy Massive, slightly Highly compacted, low water content Previously Subglacial till (ST)
diamicton, moderate bioturbated (only at and porosity, high shear strength and classified as
to high gravel the top) density, absence or very low content of “orthotill"
content microfossils, poorly sorted, low

variability of parameters
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Fig. 2.7. 3.5 kHz sub-bottom acoustic profile from Ronne Trough (for location of the line see Fig.1 in Hillenbrand
et al. (2012)). Two-way travel times are converted into water depths using seawater sound velocity of 1500 m/s.
From Hillenbrand et al. (2012).

2.6 Oceanography

2.6.1 The southern Ocean

The Southern Ocean (Fig. 2.8) encircles the Antarctic continent and extends to c. 60° south. The 60°
boundary was placed by the International Hydrographic Organization in year 2000, but both the
boundary and the existence of the Southern Ocean is being debated by geographers (Rosenberg, 2016).
Some argue that the waters around Antarctica only are an extension of the Atlantic, Indian and Pacific
Ocean, whereas oceanographers argue that, the waters around Antarctica are a distinct body of water
and differ from its bordering seas and puts the boarder at the northern limit of the Sub-Antarctic front

(Fig. 2.9). In this thesis, the water masses around Antarctica are referred to as the Southern Ocean.

. VS:)':I‘-'f" /
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Fig. 2.8. The Southern Ocean. From The World Factbook (2014)
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The main feature of the Southern Ocean in terms of circulation is the Antarctic Circumpolar Current
(ACC), formed after the opening and deepening of the Drake Passage (Fig. 2.8) and the Tasman-
Antarctic gateway, located south of Tasmania (Fig. 2.9). The onset of the ACC in terms of age is not
clear, but it has previously been linked to the formation of full development of Antarctic continental
glaciation at the start of Eocene —Oligocene boundary, ~34 Ma (e.g. Kennett, 1977; Lawver et al., 1992).
However, other studies argue that the ACC as we know it today, initiated long after the Eocene-
Obligocene boundary (Barker and Thomas, 2004; Barker et al., 2007). Pfuhl and McCave (2005), puts
the onset of ACC at the boundary of Oligocene-Miocene (~23.95 Ma), and links it to the Miocene-1

glacial event.

The Southern Ocean circulation plays a key role in the global thermohaline circulation (Rahmstorf,
2002), and any changes in the Southern Ocean circulation pattern can alter the global ocean circulation
and climate (Carter et al., 2009). Interaction between the water masses in the ACC and Antarctic Ice
Sheet produces the densest (> 28.27 kg/m3) and coldest water masses (-1.70C) involved in the global
thermohaline circulation, the Antarctic Bottom Water (AABW)(Orsi et al., 1999). Subpolar Gyres (Fig.
2.9) south of the ACC are the regions where production of AABW occurs (e.g. Weddell Sea, Ross Sea
and Wilkes Land). The Weddell Sea region is a major source of AABW, and contributes to 50-70% of
AABW formation (Nicholls et al., 2009a) and, hence, is crucial for the global thermohaline circulation
(Rahmstorf, 2002).

2.6.2 The Antarctic Circumpolar Current (ACC)

The ACC is a wind-driven current, which flows clockwise around the Antarctic continent, and connects
the Pacific, the Atlantic, the Indian and the Southern Oceans (Fig. 2.9). The ACC extends vertically all
the way to the ocean floor in most places (Barker and Thomas, 2004), and has a total length of 24,000
km (Olbers et al., 2004). Cunningham et al. (2003) measured the absolute average yearlong transport
through the Drake Passage (Fig. 2.8) of the ACC to be 134 + 11.2 Sv (Sverdrup, 1x10°m?/s), which

makes it the largest current in terms of volume transport.

The ACC is mostly composed of Circumpolar Deep Water (CDW) volumetrically (Nicholls et al.,
2009a), which is composed of a mixture of water masses from all the oceans the ACC encounter and
the southern extent of North Atlantic Deep Water (NADW) (Orsi et al., 1999). The can be further
subdivided in to Upper Circumpolar Deep Water (UCDW) and Lower Circumpolar Deep Water
(LCDW) (Fig. 2.10;Orsi et al., 1995). The UCDW is recognized by its low oxygen levels, whereas the
LCDW has a higher salinity content, inherited from the input of NADW (Orsi et al., 1995; Whitworth
et al., 1998). Antarctic Intermediate Water (AAIW) lies above the CDW (Fig. 2.10 Nicholls et al.,
2009a).
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The formation of AABW occurs generally due to upwelling of LCDW at the continental slope in
subpolar gyres, like the Weddell Sea Gyre (Fig. 2.9), where it mixes with super-cold shelf water (Orsi
et al., 1999). The AABW then sinks downslope through passages on the continental shelf edge (Fig.
2.10) and on to the abyssal basins surrounding the Antarctic margin (Orsi et al., 1999). The AABW is
then transported northward in the bordering oceans following the bathymetry, and reaches as far as ~5°
south in the Atlantic Ocean (Nicholls et al., 2009a), where it meets the NADW in the Atlantic Ocean.

New Zealanc

150"

I AN

Fig. 2.9. Schematic map showing the mean path of the Antarctic Circumpolar Current (light blue tone; the solid
slightly darker blue lines represent the average positions of the Antarctic Front and the Sub-Antarctic Front). The
approximal position of the Weddell Sea Gyre and the Ross Sea Gyre are indicated, as is the path of the Polar
Current. The Antarctic Divergence is between the Polar Current and the Antarctic Circumpolar Current. Gray
shading indicates water depth less than 3000m, light gray shading indicates land. The approximate location of the
Brunt Basin is indicated with the black box. Slightly modified from The Open University, 2002.
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Some of the deep water masses mixes, and the NADW continues to flow southwards on top of the

AABW, due to its lower density and connects with the ACC (Orsi et al., 1999).

The ACC contains four front (Fig. 2.10; Carter et al., 2008), these are listed form south to north; the
Antarctic Southern Front, the Southern front, the Polar Front and the Subantarctica Front. North of the
ACC we find the Subtropical Front (Orsi et al., 1995). The Meridional gradients in the surface properties
of the water masses generally slopes downwards away from the Antarctic continent and define the
observed fronts (Fig. 2.10; Orsi et al., 1995; Carter et al., 2008).

2.6.3 Weddell Sea

Multiple water masses occur in the Weddell Sea, and the largest feature is the Weddell Sea Gyre (Fig.
2.9), which branches off from the ACC and flows westwards along the Antarctic continent (Ryan et al.,
2016). Warm saline waters are injected from the ACC at its northeastern boundary (~30° E) (Ryan et
al., 2016). As the water masses makes its way to the southern Weddell Sea, cooling and brine rejection
in polynyas (Fig. 2.11), transforms a large part of the water masses into High Salinity Shelf Water
(HSSW) (Foldvik et al., 2004; Nicholls et al., 2009a). Some of the newly formed HSSW mixes with the
water masses to form Weddell Sea Bottom Water (WSBW) or eventually Weddell Sea Deep Water
(WSDW)(Nicholls et al., 2009a; Ryan et al., 2016). Some of the HSSW flows landwards under the
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Fig. 2.10.Schematic section of the main water masses and frontal systems located around the Antarctic margin.
The flow of Antarctic Circumpolar Current (ACC) is towards the reader. AABW- Antarctic Bottom Water, LCDW-
Lower Circumpolar Deep Water, NADW- North Atlantic Deep Water, UCDW-Upper Circumpolar Deep Water,
AAIW- Antarctic Intermediate Water. SAMW- Subantarctic Mode Water, ASF- Antarctic Slope Front, SB- Southern
Boundary of the ACC, SF- Southern Front, PF- Polar Front / Antarctic Convergence, SAF, Subantarctic Front, STF-
Subtropical Front. From Carter et al. (2008).
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ice-shelf, where it gets super-cooled in sub shelf cavities, due to interaction with the base of the ice shelf
(Fig. 2.11; Nicholls et al., 2009a), and are modified into Ice Shelf Water (ISW) (Foldvik et al., 1985;
2004; Nicholls et al., 2003). ISW is cooled below the surface freezing point (~-1.9°C), and it can have
temperatures as low as -2.3°C, due to the pressure below the ice shelves (Nicholls et al., 2009a). As the
ISW escapes from its sub-ice shelf position and rises towards the surface, it can become in situ
supercooled (Foldvik and Kvinge, 1974) and produce ice crystals, which can contribute to freezing on
of marine ice below the ice shelf (Foldvik et al., 2004). This results in convection and mixing of the
water masses and formation of WSBE (Foldvik et al., 2004). This is the major processes forming
WSDW and WSBW, which are major contributors for the formation of AABW (Orsi et al., 1993;
Nicholls et al., 2009a).

2.6.4 Brunt Basin

Close to the Brunt Basin the Weddell Sea Gyre branches of to the south, and flows around the Brunt Ice
Shelf without directly interacting with the ice shelf (Fig. 2.12; Nicholls et al., 2009a). Southwest of the
Brunt Ice Shelf it interacts with the coastal current, which most likely is composed of water that has
followed the eastern Weddell Sea ice shelves front and distinct ISW characteristics has been observed

in deeper part of the water column (Nicholls et al., 2009a).

Polynyas
\ and
HSSW production
$33 3 3 3

ISW

Marine ice —~—

Fig. 2.11. Two-dimensional schematic model of formation of High Salinity Shelf Water (HSSW) and Ice Shelf Water
(ISW). Slightly modified from Nicholls et al. (2009a).
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Anderson (1993), presented evidence of two recurring coastal winter polynyas off the Brunt Ice shelf,
linked to katabatic winds off the ice shelf, which should allow formation of HSSW, with similar
processes as in the southern Weddell Sea (Nicholls et al., 2009a). In contrast, Fahrbach et al. (1994)

concluded that no bottom water was formed in the southeastern Weddell Sea, in the Brunt Ice Shelf

region.
s R
% Brunt Basin
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Fig. 2.12. Map showing the inflow pathways onto the southern Weddell Sea shelf. The green arrows represent flows
of water from the Weddell Sea Gyre, The gray arrow represent the coastal current. Red lines indicate survey lines.
The location of the Brunt Basin is indicated with a black arrow. Modified from Nicholls et al. (2009a).
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Fer et al. (2012), observed the presence of ISW masses related to the Brunt Ice Shelf (Fig. 2.13c)
and in situ super-cooled water. Where they observed ascending ice crystals towards the surface,
which where suggested to cause convection and increased dissipation rates of the water masses.
Fer et al. (2012) suggested further that the outflow of ISW from the base of the Brunt Ice Shelf
might connect with the southwards branching current of the Weddell Sea Gyre (Fig. 2.12). The
upper 80 m of the water masses consisted of relatively fresh, warmer waters (Fig. 2.13) and the
mean current velocity along the Brunt Ice Shelf was measured to be 2-5 cm s (Fer et al., 2012).

Seafloor
depth (m)
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24W
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Fig. 2.13. (a) Location of the Brunt Ice Shelf (BIS) and the Brunt Basin (b) Seafloor bathymetry below and beyond
Brunt Ice Shelf. Black solid line indicated the front of Brunt Ice Shelf. Circles indicates the position of conductivity,
temperature and depth (CTD) stations. Blue squares show the position of moorings location, both moorings was
displaced by icebergs, and both the deployment and recovery location are shown. (c) Temperatures and (d) salinity
along the CTD section on Fig. b. Note the cold water (< 2°C) ascending the shallower areas in the northern part of
the CTD section. Slightly modified from Fer et al. (2012).
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3 Material and Methods

This study uses high-resolution swath bathymetry, TOPAS sub-bottom profiles, and multi-proxy
analysis of four sediment cores. All the material was collected by the British Antarctic Survey (BAS),
most of it during cruise JR244 on board RRS James Clark Ross between the 3 and 5" of march, 2011.
Additional swath bathymetry lines that intersected the study area was added to the data set (Fig. 3.1),
which was collected during the cruises JR97 (in 2005) and JR259 (in 2012).

Cruise track:
JRI7 ——
IR 244 ===

Seafloor

Fig. 3.1. Bathymetrical map according to IBCSO (Arndt et al., 2013) overlain by the high resolution swath bathymetry
used in this study, with an Envisat synthetic aperture radar image of the Brunt Ice Shelf System, taken the 4" March
2011. The different cruise tracks are illustrated with different colors and the location of the recovered gravity cores
(GC) are shown. SWIT-Stancomb-Wills Ice Tongue, BIS- Brunt Ice Shelf, MDIR- McDonald Ice Rumples, BB- Brunt
Basin, UB, Unnamed bank.
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3.1 Swath Bathymetry

Swath bathymetry is collected by using multibeam echosounder systems that sends out series of high
frequency multiple beams (soundings) in a wide fan-like swath towards the seafloor (Fig. 3.2). The
beams are then reflected at the seafloor and recorded as the travel back to the ship (Denbigh, 1989). The
width of the swath fan is increasing with increasing water depths, but can also be adjusted, by adjusting
the angles of the emitted beams (Denbigh, 1989). Each beam that is recorded consists of two coordinates
(e.g. latitude and longitude position) and a depth value, which are used to produce bathymetrical maps,
by gridding the recorded beams in a software (e.g. Fledermaus). The water depth on bathymetrical maps
are typically plotted as color-codes, but can also be shown as plots of soundings, or as contours (Fig.
3.2; Carter, 2006).

Fig. 3.2. lllustration of the JRR James Clark Ross using the multibeam echosounder system mapping out the
seafloor. The beams are reflected at the seafloor, and returns to the ship where the beams are recorded. A swath
bathymetrical map illustrates the seafloor morphology from the recorded beams. From British Antarctic Survey.
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The swath bathymetry data used in this study were acquired with a hull-mounted Kongsberg-Simrad
EM 120 (JR97 and JR244) and EM 122 (JR259) multibeam echo sounder onboard the RRS James Clark
Ross. Both the EM 120 and EM 122 systems consist of 191 beams, each 1° x 1° and in the frequency
range of 11.25-12.75 kHz (e.g. Larter et al., 2012; Gales et al., 2014). The maximum swath width
coverage is 132°, i.e. up to 5.5 times the water depth for the EM120 system, and 134°, up to 6 times the
water depth for the EM122 system. The operating water depths for both systems range from 20 to
11.000 m (Kongsberg Maritime, 2005; Kongsberg Maritime, 2013; Gales et al., 2014).

The Seatex Seapath 200 motion sensor unit, provided the system with corrections for vessel roll, pitch
and yaw using real-time electronic beam steering. The sound velocity profile (SVP) used to calculate
the beam raypaths and the sea floor depth in near-real-time, was based on a conductivity-temperature-
depth (CTD) measurement taken prior to data collection in the study area for the JR224, and the SVP
casts used for the JR97 and JR259 are unknown.

a) Raw-data

Seafloor

Fig. 3.3. Bathymetrical data (a) before processing and cleaning, and (b) after processing. Both images are projected
on WGS84 UTM 268, grid cell size 20 m and illuminated with a 116.3° azimuth and 6.3° sun angel.
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The three swath bathymetry data sets were processed using Fledermause 7.5.x 3D editor, in order to
anomalous depths and artifacts (Fig. 3.3). DMagic was used to grid the data. Most of the data were
gridded to a cell size of 20 m, but some areas were gridded to a cell size of 15 m where the quality of
the data allowed for it. All the data was processed by the author of this thesis. Fledermause7.5.x 3D
was used for visualization, interpretation and exporting the bathymetry into ARCmap 10.3. The maps
were created in ARCmap 10.3. and polished in CoreIDRAW X6.

3.2 Sub-bottom profiler (TOPAS)

Sub-bottom profilers use soundwaves to map out the sub-seafloor (Gutowski et al., 2002; Sounding,
2003). The soundwaves reflect back at interfaces in the sub-surface if there is a sufficient acoustic
impedance contrast. The impedance contrast is the product of density and the sound velocity differences
above and below an interface. Hence, sub-bottom profiles do not only show the stratification of the
sediments, but can also show structures, unconformities, fluids etc. As the soundwave encounters an
interface of sufficient acoustic impedance contrast, some of the soundwave energy is reflected back
towards the surface, whereas some of the energy is transmitted further downwards to the next interface.
The strength of the returning signal is dependent on the acoustic impedance contrast. A large contrast
in impedance gives a strong signal. Positive or negative signals are dependent on the reflection
coefficient, if the soundwave is reflected at an interface where the layer below have lower acoustic

impedance, the returning signal will be negative, and vice versa.

Topographic Parametric Sonar (TOPAS) is a sub-bottom profiler system that uses a parametric acoustic
array (Foote et al., 2010; Kongsberg Maritime, 2012). It transmits two high frequency signals at the
same time, and due to the nonlinear propagation in the water column, the signal interferes and generates
a virtual endfire array, comprising new acoustic signals at the difference and sum frequencies (Fig. 3.4;
Foote etal., 2010). However, it is only the low frequency waves (the sum of the transmitted frequencies),
that are used for sub-bottom profiling (Foote et al., 2010). The low frequency signals generated have a
relatively high frequency bandwidth (~ 80%) that are tens to hundred ms long, which gives relatively
deep penetration, low signal-to-noise ratios and high vertical resolution compared to traditional chirp
sub-bottom profilers. The narrow beam width generated by the virtual endfire array diminishes the side
lobe effect (smaller Fresnel zone) and gives great spatial resolution (Fig. 3.4; Kongsberg Maritime,
2012). Resolution of 15 cm or better has been achieved at water depths of more than 3.8 km, with
penetration down to more than 200 m below the seafloor. The performance is dependent on sediment

type, transmitted signal, noise level and water depth, etc. (Kongsberg Maritime, 2012).
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Fig. 3.4. Simplified sketch of the TOPAS system. The two signals transmitted (F1 and F2), interfere, causing a
virtual endfire array and introducing two new signals. The frequency of the new signals are the sum (F1+F2) and
the difference (F2-F1) of the two original frequency signals. The signal that is recorded and used for investigating
the sub-bottom is the sum frequency (F1+F2).

The sub-bottom profiles used in this thesis were acquired with a hull-mounted Kongsberg TOPAS PS
18 system, transmitting two primary frequencies at around 18kHz, which due to the parametric effect
generated a 10 to 15 ms-long secondary chirp pulse, ranging from 1300 to 5000Hz, with a beam width
of 5°x5°. By using this configuration of the TOPAS system, a penetration depth of more than 50 m in
fine-grained unconsolidated sediments can be achieved, with a vertical resolution ~1 m (e.g. Larter et
al., 2012; Gales et al., 2014). The data were recorded at a sample rate of 20 kHz and instantaneous
amplitude records were displayed as variable density traces, after cross-correlating the received signals
with the secondary transmission pulse signature (Larter et al., 2012). A Seatex GPS receiver was used
to acquire navigation data.

The raw files where processed using a TOPAS software from Kongsberg, by using match filter, time-
variable gain, attribute processing, and gain, in that order, before exporting them as SEG-Y format files.
The SEG-Y files were then imported into Petrel (2014), for better visualization and interpretation. All
the data was processed by the author of this thesis.
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3.3 Sediment Cores

Four gravity cores from the Brunt Basin were recovered during the JR244 cruise in March 2011 (GC634,
GC635, GC636, and GC637), location and information about the cores are shown in Table 3.1 (see also
Fig. 3.1).

Table 3.1.
Core station location and information on the cores used in this study.

Core ID Date Time Location Latitude (S) Water  Penetration Recovery
(UTC) Longitude(W) Depth (m) (m)
(m)

GC634 04.03.11 18:08 Brunt Basin 75°00°.42 500 1 0.15
Inner basin 25°26°.96

GC635 04.03.11 1957 Brunt Basin 74°59°.50 494 15 1.165
Inner basin 2527’81

GC636 04.03.11 23:48 Brunt Basin 74°48°.71 626 3 1.765
Middle basin 25°28°.53

GC637 05.03.11 03:06 Brunt Basin 74°41°.03 606 3 2.695

Outer basin 25°34° .90

The gravity corer was built by P. Smit, in the Netherlands in 2010. It consisted of a 3 m long aluminum
framework, core bucket, steel barrels, liner, core catcher and a bomb weight on top, as a regular gravity
corer. The liners used inside the barrels were 2.70 m long. The steel barrels and plastic liners have
diameters of 130 mm and 110mm, respectively. The core GC637 over-penetrated, but due to lack of

time the site was not resampled with a longer core configuration.

The cores were split into smaller sections onboard the ship, then investigated with Multi-Sensor Core
Logger (MSCL, which will be described more in details below in section 3.4.1), then they were stored

at 4°C, at the BAS facilities in Cambridge, until they were opened in February 2016.

3.4 Laboratory work

The laboratory work was done both at the BAS facilities in Cambridge in February and March, 2016,
and at the Department of Geology at the University of Tromsg (UiT) between April and September,
2016. Visual core descriptions, logging, shear strength measurements, sampling, and production of
smear slides were performed at BAS. MSCL was done at the British Ocean Sediment Core Research
Facility (BOSCORF), in Southampton. The remaining analyses were carried out at UIT. A detailed

description of the analyses will follow below.
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3.4.1 Multi-sensor core logger (MSCL)

The cores were logged prior to opening with a GEOTEK MSCL Standard (Fig. 3.6), at BOSCROF, in
Southampton, to determine some of the physical properties of the sediments in a hon-destructive way,
such as, Magnetic susceptibility (MS), P-wave velocity and wet-bulk density. Temperature
measurements and core diameter were also measured during logging. After opening the cores were
logged with a GEOTEK MSCL-S at the UIT, with a magnetic susceptibility point sensor, except for
GC636, because of repeated instrumental failure.

Prior to logging the different sensors needs to be calibrated, and the cores need to be at room
temperature, as changes in temperature can influence the physical parameters during the measurements
(Weber et al., 1997). The cores are placed on the belt of the MSCL and are moved by a core pusher,
driven by the belt, and as the core moves past the different sensors, the physical parameter are measured.
A laser beam together with a positioning sensor, identifies at which depth the measurements are taken
in the core (GEOTEK, 2000). The measuring- increment and -time can be in different intervals, and the
measuring- increment and —time was set to 1 cm and 10 seconds for the point sensor. The measuring

increment at BOSCROF was also 1 cm.

cable to ship

weight

-

core liner

Fig. 3.5. Simplified illustration of a gravity corer in operation. The core weight is sufficient to penetrate into the
sediments, a core catcher is placed at the bottom of the core allowing sediments to enter the core, but keeps the
sediments within the core when it is hauled back to the ship. From http://chem.libretexts.org/.
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Fig. 3.6. lllustration of the GEOTEK Multi Sensor Core Logger, with its main features. From GEOTEK (2000).

3.4.1.1 Magnetic susceptibility (MS)

Magnetic susceptibility (MS) is a dimensionless parameter, which measures the material ability to
become magnetic in response to an applied magnetic field (Dearing, 1999). In the MS sensor, an
oscillator circuit generates a low intensity, non-saturated, alternating magnetic field. If the sensor is
influenced by material with magnetic susceptibility, this will cause changes in the oscillator frequencies
(Bartington, 2002). Material with high MS (e.g. magnetite) will strengthen the magnetic field, whereas
material with low MS (e.g. calcite) will weaken the magnetic field (GEOTEK, 2014). The recorded
changes in frequencies are converted into magnetic susceptibility values, which are displayed as basic
mass or volume specific unit of either SI or CGS (Bartington, 2002). Gunn and Best (1998) found the
typical values to be between -10 x 10 and 900 x 107 (SI) for marine sediments. The MS values used

in this study are displayed in (10°) Sl units.

MS can be of great use in reconstructing palaeo climate (Dearing, 1999), where it can be used to: e.g.
correlate changes in depositional environment, correlation between cores and correlation to marine
oxygen isotope records (e.g. An et al., 1991; Anderson, 1993; Bloemendal et al., 1995; Mosola and
Anderson, 2006; Jessen et al., 2010). However, the MS values in different cores should not be compared,

but patterns of stronger and weaker MS can certainly be compared over larger areas.

The whole cores were measured with a BARINGTON MS2C loop sensor. A BARTINGTON MS2E
point sensor was used on the archive halves of the cores to obtain higher resolution of the MS, and
correct for unrepresentative MS values, produced by e.g. single pebbles or cobbles in the sediment. Fig.

3.7, illustrate the two different ways of measuring.
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According to Gunn and Best (1998) the loop sensor takes an average reading over 14 cm on each side
of the sensor, whereas as Weber et al. (1997) states an average reading of 10 cm on each side of the
sensor. Thus, even if it takes an average reading, the sediment closest to the loop sensor will have the
highest influence on the values. The loop sensor is sensitive to slumping and irregularities inside the
core, such as pebbles and cobbles, which will affect the MS values and can give anomalous values,
whereas slumped regions where there are less sediments will typically produce anomalous low values
(Gunn and Best, 1998). At both top and bottom of the core sections, air measurments influence the

results leading to lower values.
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Fig. 3.7. lllustrates the differences between loop and point sensor measurements on a whole and a split core
affected by slumping. The dark grey illustrates sediments with equal MS inside the core, and the light grey circle
illustrates the area that is influencing the sensor. The loop sensor readings show anomalously low values in the
slumped region, due to less volume of sediment, which also affect the measurement from the undisturbed
sediments region, due to averaging over a large area of the core. The point sensor show constant values from the
undisturbed sediment region, which are not affected by the slumped region, since the measurements are influence
by a smaller area. However, the point sensor also show anomalously values in the slumped region, which are most
likely caused by poor contact with irregular sediment surface. The loop sensor also show anomalously low values
at the bottom of the core, as it’'s averaging outside of the core.
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In comparison, the point sensor is only affected by sediments within a diameter of 2 cm, and receives
50% of it’s signal from the upper 3 mm of the sediment, which gives a much better resolution than the
loop sensor (Gunn and Best, 1998). The point sensor is also less affected by irregularities and slumping,
as it can avoid to measure on top of single pebbles and cobbles, and is not as volume dependent as the

loop sensor.

3.4.1.2 Wet-bulk density

The wet-bulk density is simply a measurement of the mass (wet-weight) divided on the wet-volume of
the particles in a material, where mineral composition and compaction of the sediments are important
factors of the bulk density (GEOTEK, 2014).

) Mass
Wet-bulk density =

Volume

The wet-bulk density is obtained by sending a narrow beam of parallel photons (gamma ray) from a
187Cs (cesium) source through the sediment core, and recording the unattenuated photons that pass
through the core with a detector on the opposite side of the core (Gunn and Best, 1998; GEOTEK, 2014).
The incident photons are attenuated by Compton scattering, which means that they are scattered by
electrons in the core and loses parts of its energy (Evans, 1965; Weber et al., 1997). Since the density
of the sediment is directly related to the density of electrons in the core, the wet-bulk density of the core
can be calculated from the received unattenuated photons (Evans, 1965; GEOTEK, 2014). A dense
sediment will have a dense composition of electrons, and less unattenuated photons will be received,
and vice versa. The thickness of the core, which is necessary for calculating the wet-bulk density, is

measured by displacement of transducers, as explained in section 3.4.1.6.

3.4.1.3 P-wave velocity

P-waves (primary waves) are compressional waves which propagate through a medium by alternation
of compression and extension in the medium, in the direction of the propagation (GEOTEK, 2014). The
P-wave velocity is dependent on the density, modulus of incompressibility and modulus of rigidity of
the sediment, and hence, P-wave velocity and changes in the P-wave velocity can give important

information of sediment and its characteristics (e.g. Hamilton, 1971; Burger, 1992; Klages et al., 2013).

The p-wave velocity is measured by sending a short p-wave pulse from a transducer through the core,
which is received at a transducer on the other side of the core. Both the traveling time and the traveling
distance (core diameter) are recorded with a resolution of 50 ns and 0,1 mm, respectively (GEOTEK,

2014). The P-wave velocity are then calculated:
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Where (d) is the traveling distance, (t) the traveling time and (V) is the P-wave velocity.

3.4.1.4 P-wave amplitude

The P-wave amplitude is measuring the intensity of the p-wave signal and is primary a used to obtain
information about the sediments and the core liner contact. The contact between the core liner and the
sediments, will affect both the p-wave velocity and the p-wave amplitude, and if the P-wave amplitudes
is low, the P-wave velocity measurement may not be accurate, (M. Forwick, personal communication).
The P-wave amplitude can also be used for porosity calculations, where high values may reflect a lower
porosity of the sediments (GEOTEK, 2000).

The P-wave amplitude was used to correct for anomalous values in the P-wave velocity. At depths where
the P-wave amplitudes were lower than 89, the P-wave velocity results were excluded. This gave a rather
patchy result for the P-wave velocity, and it was therefore left out of the result part.

3.4.1.5 Temperature measurements

To measure the temperature, a platinum resistance thermometer probe is used. This is important as the
MS, P-wave, wet-bulk density measurements are affected by the temperature, which needs to be
accounted for (Weber et al., 1997).

3.4.1.6 Thickness measurements

Two rectilinear displacement transducers are mounted on the P-wave transducers and can measure the
thickness of the core to a precision of 0.1 mm (Gunn and Best, 1998 206). The core thickness is measured
as the deviation from a reference thickness, derived from a reference core with similar thickness as the
measured core (GEOTEK, 2014). The thickness measurements are then used to calculate the wet-bulk

density and P-wave velocity.

3.4.2 Core splitting

Before splitting the cores, the MSCL data was investigated to identify possible areas were there could
be difficulties in the core splitting process. Two circular saws were used to cut the liners of the cores, a
utility knife was used to cut the caps on the section ends, and a cheese wire was used to cut the sediments
into two halves. The cutting procedure was always from bottom to top of the core sections to prevent
contamination from younger sediments from being dragged into older sediments, which can lead to a
wrong chronology of the sediments when they are dated. One half of the cores was chosen as a working
half, where destructive analysis were made, whereas the other half was chosen as an archive half, and
was only used for non-destructive measurements.
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3.4.3 Visual description

The sediment surface of the half of archive the cores was cleaned and systematically investigated.
Visible observations of lithological boundaries, changes in grain-size, sedimentary structures and
texture, clast-content, organic matter and color variation was described and general remarks were noted.
The color were determined and named according to the Munsell Soil Color Charts (Munsell). These
observations together with the observations done from the X-radiographs and grain-size data are the
results of the lithological logs presented in chapter 6, page 91.

3.4.4 Shear strength

Shear strength measurements provide information of the stiffness of sediments, which are usually related
to grain-size, water content, and processes during and after deposition of the sediments. The shear
strength can therefore be used to infer the depositional environment or the post depositional environment
of the sediments, and can help to distinguish between subglacial and proglacial depositional
environments of diamictons (e.g. Vorren et al., 1983b; Elverhgi, 1984; Hillenbrand et al., 2005; Forwick
and Vorren, 2009; Smith et al., 2011). Subglacial diamictons deposited by a slow flowing grounded ice
(lodgment till), have high shear strength (> 50 kPa), which can be used to separate it from diamictons
deposited below fast flowing ice streams (soft deformation till) and diamictons deposited in proglacial
environments (glaciomarine), which have lower shear strength (e.g. Elverhgi, 1984; Evans et al., 2005;
O Cofaigh et al., 2005b; Forwick and Vorren, 2009; Reinardy et al., 2011b).

The shear strength measurements were preformed every 5-10 cm, using a hand-held shear vane in the
working half of the cores. The shear vane was pushed vertically into the sediment, and was rotated
slowly until the sediment gave in to the rotation stress applied. This way of measuring assumes that the
shear vane is uniformly shearing a cylinder of sediment around the axis of the vane, and fails in a

cylinder around the shear vane when the maximum shear strength is reached (Kuhlmann, 2013).

One of the core section had de-watered in one half, meaning that most of the water had left one half of
the section, and entered the other. Shear strength measurements was obtain from both the working half
and the archive half of this section, and the values plotted in the results (e.g. Fig. 6.11; page 102) are

average measurements.

3.4.5 X-radiographs

X- radiographs is a valuable method, using electromagnetic radiation to image the sediments in the core,
which makes it possible to recognize features such as shells or fine-scaled sedimentary structures, which
are not visible at the sediment surface (Lofi and Weber, 2001). As the X-rays travel through the sediment

core, they are attenuated by the sediments in the core. More X-ray are attenuated in material of high
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density (e.g. gravel-cobble rich and compacted sediment), whereas less is attenuated in low density
material (e.g. fine-grained, soft and bioturbated sediment ) (Van Geet et al., 2000; Ketcham and Carlson,
2001). The level of attenuation through the cores is commonly displayed as a greyscale image, where
the grey values are proportional to the attenuation, which again is related to the density (Van Geet et al.,
2000). Hence, the grey scale intensity reflects spatial differences in the sediment density, and it should
be noted that the radiographs are not “true visualizations” of the density differences (Van Geet et al.,
2000).

X-radiographs were taken both of the working half and the archive half sections of the cores, using a
GEOTEK MSCL-XCT, with a voltage of ~120 kV, and a current of ~225uA, taking images every 2 cm.
The working half was photographed for investigation of calcareous material that could be dated, whereas
the archive photos was used for investigating structures, clast distribution, and for calcareous material.
The contrast was adjusted to make the features on the X- radiographs as clearly as possible. X-
radiographs images were re-taken with 1cm and 0.5 cm spacing in one core section to investigate
possible artifact, this is described more in details in section 6.1.6 page 95.

3.4.6 XRF scanning

X-ray fluorescent (XRF) core scanning, is a non-destructive method, which is measuring bulk sediment
element composition directly at the surface of split sediment cores (e.g. Jansen et al., 1998; Richter et
al., 2006; Tjallingii et al., 2007). It uses X-rays from rhodium (Rh) to excite the material on the surface

of the core, which then generates and emits secondary, fluorescent X-rays (Richter et al., 2006).

The X-rays emitted from the X-ray tube are generated by electrons transmitted from a cathode, which
collides with an anode. The amount of electrons emitted are dependent on the current in the cathode and
the acceleration of the electrons are dependent on the voltage between the cathode and the anode. If the
incoming X-rays have enough energy, they eject an electron from an inner shell of the atom, making the
atom unstable (Jansen et al., 1998; Richter et al., 2006). To create a more stable electronic configuration,
an electron from an outer orbital will fall back into the inner orbital, and the energy difference between
the orbitals is emitted as a secondary fluorescent X-ray (Fig. 3.8; Jansen et al., 1998; Richter et al., 2006;
Tjallingii et al., 2007). The fluorescent X-rays are measured by a detector of the XRF scanner, processed

and analysed for the geochemical composition of the surface of the sediment core (Brouwer, 2006).
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Since each element produces a characteristic X-ray- energy and —wavelength, the amplitude peaks in
the XRF spectrum will be proportional to the concentration of elements in the core surface (Richter et
al., 2006).

The whole system measures through a flushed helium chamber to improve the detection of lighter
elements (e.g. Mg and Al), and to prevent absorption of emitted soft radiation through air (Richter et al.,
2006). The current detection limit for the Avaatech XRF core scanner is ranging from Mg to U in the
periodic table (Avaatech). Since the range of energy required to excite the different elements is too large
to collect the data in one run, the measurements are normally acquired during several runs, with different
current and voltage intensity’s. Additional filters can be applied to attenuate some of the hard radiation

from the X-ray tube and improve detection of the elements of interest (Richter et al., 2006).

Before scanning, the cores were adjusted to room temperature to avoid condensation and formation of
water film between the foil and the sediment surface to prevent reduction of the lighter elements XRF
signal (Tjallingii et al., 2007). After reaching room temperature, the sediment surface was smoothened,
covered with a 4um Ultralene foil to prevent contamination and excess air trapped between the film and
sediments were removed. The measured area was 10 mm in down-core direction and 12 mm in cross-
core direction. The cores were scanned every 10 mm as long as the surface of the core allowed it.
Counting time was 10 sec. The measurements were conducted in two runs, with the different settings
listed in Table 3.2.

Fig. 3.8.Simplified diagram showing the principle of XRF logging on spilt sediment cores and response of selected
elements to incoming X-ray. From Richter et al. (2006).
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Table 3.2.
The two different settings used together with the elements, which were analysed in the different settings.

Setting Voltage Current Filter Elements analysed
1 10 kV 1000pA non Al, Si, S, K, Ca, Ti, Mn, Fe,
2 30 kV 2000pA Pd thick Rb, Sr, Zr

When interpreting and presenting the XRF data, the data should be plotted as element ratios, e.g. Fe/Al,
or as Fe/Sum of several abundant elements, instead of presenting results of single elements (Weltje and
Tjallingii, 2008). By using the element ratio, matrix effects related to dilution of secondary radiation
are reduced, which can be caused by; uneven/rough surface, porosity differences in the sediment, water
film and/or air bubbles between the sediment surface and the 4um Ultralene foil (Weltje and Tjallingii,
2008). This is because all the elements in the area that is affected by dilution will have lower values
and their ratios will still be similar, even if the light elements will be more affected. Whereas by plotting
them as single elements, they will have artificially low values.

3.4.7 Color imaging
Color images were taken of the core shortly after opening at the BAS facilities in Cambridge. Prior to
taking the photos, the sediment surface of the core was cleaned using plastic card, and the images were

taken using a SLR camera.

The cores were also photographed in Tromsg, about two months later, using a Jai L-1070CC 3 CCD
RGB Line Scan Camera, which has a resolution of 70 um. The sediment surface was cleaned and were
exposed to air for some time to let water at the sediment surface evaporate, as it can cause reflections

and poorer quality of the images.

3.4.8 Water content

Individual sub-samples, 1 cm thick slices of the sediments were taken at intervals of 5-20 cm down core
and on either side of lithological boundaries. The samples were then weighed, freeze dried, and weighed
again to obtain the sediment water content. About 2 g from each sample was stored as archive samples,
the remaining sample was weighed again to be prepared for further analysis. One of the core sections
had de-watered, meaning that most of the water had left one half of the core. The water content

measurements were obtained from the half that had gotten most of the water.
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3.4.9 Grain size distribution

Selected samples used for water content analysis were chosen for further grain-size distribution
analyses. The samples were choses so the analysis would show a representative grain size distribution
throughout the core, and help identifying lithological boundaries. The samples were wet-sieved using a
63 um sieve, and a 2mm sieve. The first 250 ml of water and mud was collected and stored. The fraction
was then dried in a heat oven at 50°C. The samples were then weighted, and the weight percent (wt. %)
of each fraction was calculated. The classification of grain-size used is based in the Udden-Wentworth
grain-size scale for clastic sediments, where mud is less than 63 pum, sand is between 63 um-2 mm, and
gravel are above 2 mm. (Fig. 3.9; Nichols, 2009Db).

Boulders

64 Cobbles

Gravel

“ Pebbles

Granues

Very coarse sand

Coarse sand

Medium sand

Sand

Fine sand
0.125

Very fine sand
0.063

Coarse sitt

0.031
Medium sit
0015

Fine silt

Mud

0.0078

Very fine sit
0.0039

Cay

Fig. 3.9. The Udden-Wentworth grain-size scale for clastic sediments. The clast diameter in millimeters is used to
define the different sizes of the scale Based on Udden (1914) and Wentworth (1922). Slightly modified from Nichols
(2009b).

3.4.10 Smear-slide analysis

Smear slides can be used to make quantitative estimates on the biogenic content in the mud fraction (<
63 um), and investigate biogenic assemblages in the mud fraction such as diatoms and siliconflagellates,
which are typically too small from the sand fraction, and making (e.g. Dahlgren and Vorren, 2003;
Hillenbrand et al., 2010; Smith et al., 2014). Thus, also morphology grains and mineral assemblage can

be investigated with smear slides.
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Most of the smear slides were prepared at the BAS facilities in Cambridge, while few were prepared at
UiT. The smear slides at BAS were prepared following the standard procedure at BAS. The procedures
are; (1) A small amount of a mud sample is placed on a thin glass slide, water is added to the mud, and
the mud sample is smeared out on the thin glass slide. (2) The sample is left to dry. (3) When the
sediments has dried completely, 2-3 drops of optical cement (Norland Optical Adhesive) is added to the
sample and a cover slide is placed on top of the sample and the optical cement. (4) The smear slides is
then placed under ultraviolet light for 30 min. Smear slide preparation at UiT did not following these
procedures. Instead of the optical cement, glue was used and the samples were not placed in ultraviolet

light. However, the samples turned out to be good.

The smear slides were investigated using a light microscope, where the biogenic content and

assemblages in the mud fraction were estimated.

3.4.11 Analysis of sand fraction

Analyses of the grain composition in sediments can be used to infer the source area of the sediments,
and changes in the depositional environment where sediments from a different source area are introduces
to the environment(e.g. Hobbs, 1998; Diekmann and Kuhn, 1999; Domack et al., 1999; Forwick and
Vorren, 2009; Baeten et al., 2010).

The sand grain fraction of the samples used for water content and grain size analyses was used for
analysing the sand fraction. The sand fraction samples were split using a sample splitter to make the

volume of the samples appropriate for counting the grains.

At least 300 grains were counted under a microscope. The grains were distinguished between:
Terrigenous, authigenic, and biogenic components (Table 3.3). The terrigenous components were
further distinguished on behalf of their mineralogical composition, and when a grained contained more
than on mineral it was defined as a lithoclasts (e.g. one sand grain containing mafic and quartz mineral).
The authigenic and biogenic component was also distinguished between different specimens, which are
all listed in Table 3.3. The sand fraction content of the different compounds could then be calculated in

percentages.
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Table 3.3.
The different components of the sand fraction that were distinguished when counting the grains in the sand
fraction.

Terrigenous Authigenic Biogenic
Quartz and feldspar Micro manganese nodule Planktic foraminifera
Lithoclast Pyrite Benthic calcareous foraminifera
Mafic Glauconite Benthic agglutinated foraminifera
Mica Radiolaria
Volcanic glass Diatoms
Other terrigenous Sponge spicules

Other biogenic

3.4.12 Scanning electron microscope (SEM)

Scanning electron microscope (SEM) can be used to obtain high-resolution images of microscopic
specimens, and element composition of the specimen (Todokoro and Ezumi, 1999; Hitachi, 2011). The
SEM uses focused beams of high energy electrons that interact with atoms on the surface of the
investigated specimens. This produces emission of secondary electrons, which are used to produce the
SEM images. The beams of high energy electrons also excites the atoms in a similar manner as the XRF
scanning (section 3.4.6), producing XRF emission, and as each element produces a characteristic signal,

the element composition can be estimated (Kanemaru et al., 2009).

A SEM Tabletop TM3030 Hitachi was used to investigate the element composition and the structures
of 19 grains from the sand fraction, to verify what type of grains they were. One of the SEM images are
displayed in Fig. 6.4 (p. 94).

3.4.13 Radiocarbon dating

Four radiocarbon dates were obtained, using the Accelerator Mass Spectrometry (AMS). Two
calcareous radiocarbon dates were obtained from GC634. One from the planktonic foraminifera
Neogloboquadrina pachyderma sinistral (N. Pachyderma sin.) and one date from a benthic foraminifera
Cibicides specimen (Cibicides sp.). Additionally, one acid-insoluble organic (AlO) fraction radiocarbon

date was obtained from the same core at the same depth. One calcareous date was obtained in GC635
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from one shell valve (Table 3.4). The calcareous and the AIO material was sampled from 1 cm thick
slides of sediments (e.g. 12.5-13.5 and 49.5-50.5 sample interval).

Due to low calcareous content in the sample interval, the samples was analysed at the Eidgendssische
Technische Hochschule (ETH) laboratory in Zurich, which can date calcareous matter down to 0.6 mg,
by using the new MIni radioCarbon Dating System (MICADAS). For more details about the MICADAS
see Synal et al. (2007), Wacker et al. (2010); ETH (2013).

Table 3.4.
The calcareous microfossils and shell collected for radiocarbon dating. Mg- milligram, g-gram.

LAB CORE SAMPLING DEPTH SPECIES WEIGHT OF
REFERENCE (C™M) SAMPLE
69711.1.1 GC634 12 N. Pachyderma sin. 1.1mg
69710.1.1 GC634 12 Cibicides sp. 1.2mg
70776.1.1 GC634 12 AlO 26.4¢
69709.1.1 GC635 50 One shell valve 2.7 mg

3.4.13.1 Principle of radiocarbon dating

14C is a radioactive carbon isotope that is formed in the upper part of atmosphere, when nitrogen (**N)
and neutrons from cosmic rays collides (Bowman, 1990). The *C is then rapidly combined with oxygen
molecules and forms chains of carbon dioxide (CO2). The CO- is then mixed throughout the atmosphere
and enters the oceans, where it via photosynthesis processes enters plant material and can become part
of calcareous (CaCOs) marine organisms. In this way, the *C is included into the carbon cycles, where
the organisms are continuously taking up “newly formed” *C. When organisms die, they stop being
part of this exchange, and the radioactive *C isotope starts decaying with a half-life of 5730 years
(Bowman, 1990).

3.4.13.2 Calibration and marine reservoir effect

The formation of *C production trough time has varied due to variations in different factors such as,
sunspot activity and the earth’s magnetic field (Bowman, 1990; Hughen et al., 2004). This leads to a
non-constant concentration of *C in the atmosphere and in living organisms trough time, and the
radiocarbon ages obtained from calcareous or organic matter needs to be calibrated in order to be

presented in calendar years (Bowman, 1990).
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At the ocean-atmosphere interface, *C is mixed into the ocean water, resulting in input of *C that
compensates for the reduction of “C in the surface waters, and a more or less similar concentration of
14C in the surface water and the atmosphere. However, when water masses sink downwards, the input
of 1C to the water masses stops. Due to the decay of *C, the water masses get diluted in *C.
Consequently, the apparent age of the water masses increases due to the lower content of 4C. The
apparent age of the water masses is dependent on, (i) how long the waters have been subdued from the
surface, (ii) income of “fresh” water and *C from surface layers and, (iii) income of “older” waters
diluted in **C (Bowman, 1990). Due to mixing and currents, “older” water masses are injected into the
surface water masses, which causes a difference in the concentration of *C in atmosphere and the
surface water in the ocean, known as the marine reservoir effect (Bowman, 1990). The reservoir effect
can vary locally over short distances, depending on the factor mentioned above. These factors need to
be corrected for when marine organisms are dated. Because they will have an apparent age that are older
than their real age, since they incorporate carbon (C) from older water masses that are diluted in **C
(Bowman, 1990).

The CALIB 7.1 software (Stuvier and Reimer, 1993; Reimer et al., 2013) was used to calibrate the
radiocarbon ages. The program uses the Marinel3 calibration curve with an average marine reservoir
age of 405 years (Reimer et al., 2013). However, the Marinel3 only corrects for the average marine
reservoir effect and local marine reservoir effect needs to be corrected for. In this thesis, correction for
the marine reservoir effect used is 1300 + 70 years, as suggested by Berkman and Forman (1996), and
also applied by Hillenbrand et al. (2014) for marine dates obtained from the Weddell Sea. As the pre-
fixed correction for the marine reservoir effect for Marin13 is 405, the local reservoir effect used was

895 £ 70. The calibrated ages are based on the mean 1o range (Table 6.1, page 94)

The calibrated dates presented in this study are shown in calibrated years before present (cal. years BP)
or calibrated kiloyears before present (cal. ka BP). The BP (before present) refers to before 1950 in
modern calendars, which is regarded as the zero point in the radiocarbon timescale (Bowman, 1990).
This year has been chosen due to the impact that nuclear weapon testing from 1945 and the increasing
fossile fuel burning have on the C concentration in the atmosphere and thus also in the oceans
(Bowman, 1990).

3.4.13.3 AlO dating

Due to spars amounts of calcareous material in marine sediments from the Antarctic shelf, it is
sometimes necessary to date the AIO fraction of the sediments (e.g. Licht et al., 1996; Domack et al.,
1999; Smith et al., 2011). A bulk sample is taken from the targeted depth, and the sample is treated with

acid to remove any carbonate in the sample (Kihl, 1975; Andrews et al., 1999). One problem with the
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AIO dating is that it is subjected to contamination from old organic matter eroded from the Antarctic
continent or reworked from older sediments, which can lead to significant “apparent” older ages for the
sediments (e.g. Licht et al., 1996; Domack et al., 1999; Smith et al., 2011). The age difference between
the apparent age and the real age of the sediments are often called local contamination offset (e.g. Smith
et al., 2011). One way to correct for the local contamination offset is if you have *C ages from
calcareous microfossils at the same depth. However, AlO dating is typically used due to lack of
calcareous matter. Another way to correct for the local contamination offset is by obtaining the local
contamination offset from the seafloor surface at the position of the core, and applying that for the
sediment down core. However, changes in depositional environment and source area can possibly
change the local contamination offset due to changes in the input of “older” organic matter (e.g. Heroy
and Anderson, 2007; Smith et al., 2011; Hillenbrand et al., 2010).
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4 Swath Bathymetry

The available swath bathymetrical data from offshore the Brunt Ice Shelf System reveals a variety of
geomorphological landforms indicative of former grounded ice within the study area. These landforms
have been identified, described and interpreted more in details bellow and based on these observations,

a map has been produced of the landforms observed (Fig. 4.2).

4.1 Large-scale morphology

The swath bathymetrical data was draped on top the IBCSO data set (Arndt et al., 2013) in order to
investigate the large-scale morphology of the study area (Fig. 4.1). The water depths within the swath
bathymetrical data set, vary between ~202-640 m, which are relatively shallow compared to the southern
Weddell Sea (Fig. 1.3; Arndt et al., 2013; Fretwell et al., 2013). In the southwestern-western part of the
study area, a shallower curving bank is separating the Brunt Basin and the Halley trough (Fig. 4.1; Gales
et al., 2014). The shallower bank is oriented in an oblique angle (~45°) to the shelf edge and has a
varying topography with large ridges and depressions. The slope between the bank and the Brunt Basin
is irregular and varies between ~3,5°to less than 1°.

The Brunt Basin is located in the northeastern-eastern part of the data set, and is a depression on the
seafloor in front of the Brunt Ice Shelf System. The Brunt Basin has a landward dipping geometry,
which is similar to troughs eroded by Antarctic palaeo-ice streams, with an over-deepened inner basin,
mainly the result of subglacial erosion during repeated glacial cycles (e.g. Ten Brink et al., 1995;
Anderson, 1999; Livingstone et al., 2012; Fretwell et al., 2013). The Brunt Basin is divided into three
sub-basins: the inner, middle, and outer basin (Fig. 4.1). The area defined as the inner basin is shallower
than the other parts of the basin, with seafloor depths between ~420-500 m. From the inner part of the
basin, the seafloor slopes gently towards a depression in the middle of the basin, with seafloor depths
down to ~640 m. In the outer part of the basin, towards the shelf edge, the seafloor has a gentle slope,
dipping southward, away from the shelf edge, where the seafloor depth reaches between 490-500 m at
the shelf edge (Fig. 4.1).
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Fig. 4.1. Large-scale bathymetry with the location of the bank, basins and the shelf edge. The swath bathymetrical
data is draped on top the IBCSO bathymetry (Arndt et al., 2013), with an Envisat synthetic aperture radar image of
the Brunt Ice Shelf System, taken the 4" March 2011. The bathymetry is illuminated with an azimuth of 57°, and a
sun angle of 6,5°.
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overlain the IBCSO (Arndt et al., 2013), and a Envisat synthetic aperture radar image of the Brunt Ice Shelf System
from 4t of March 2011.
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4.2 Elongated linear features:
Mega-scale glacial lineations (MSGL) and glacial lineations

4.2.1 Description
Several sets of linear to curvilinear elongated linear features are observed in the basin. They are
generally symmetrical in cross profile and can be subdivided into four different types based on their

morphology.

Type-I lineations consist of two sets of lineations that occur as prominent parallel ridges and troughs
(Fig. 4.3). These lineations are between 0.7-6 km long, but they are presumably longer as they seem to
extend beyond the limits of the bathymetrical data set and some appear to be overprinted by iceberg
scours (described in section 4.3; Fig. 4.3d and e). The width and height of these ridges are between 100-
300 m and 2-10 m, respectively. The elongation ratio (length: width) varies between 6:1 and 40:1 and
the wavelength between the crest of the ridges varies between ~250-200m. Bifurcation of a few Type-I

lineations are observed, which are shown in Fig. 4.3b.

Type-I1 lineations consist of three sets of lineations that are less pronounced than the Type | lineations
and occur as smaller and narrow ridges aligned parallel (Fig. 4.4). These lineations are between 0.5-1.4
km long, and their widths and heights vary between 80-150 m and 2-5 m, respectively. Their length-to-
width ratios vary between 5:1 and 8:1. Some of the Type-II lineations are located on top of a GZW (Fig.
4.4a; described in section 4.8, page 75), and the two sets of Type-II lineations in Fig. 4.4d, have a GZW

and recessional moraines (described in section 4.5, page 67) located between them.

Type-I1I lineations consist of a complex pattern of linear to curvilinear ridges, located in the inner part
of the basin in front of the slope towards the bank (Fig. 4.5). The ridges are between ~0.4-3.2 km long,
with a various height and width of ~1-6 m and ~60-200 m, respectively. Some of the ridges are highly
linear, whereas others show less linearity which creates the complex pattern (Fig. 4.5¢). The ridges that
are less linear are located on a topographical high, where they appear to bifurcate or bend, and on the
western side of this topographical high, there is a cluster of arch-shaped ridges (Fig. 4.5c and d; arch-
shaped ridges- iceberg scours, see section 4.3). The ridges are generally symmetrical in cross-profile

(Fig. 4.5e), but have a slightly steeper slope than the Type-I lineations.

Type-1V lineations consist of one set of very subtle lineations (Fig. 4.6) that occur on an almost
featureless sub-horizontal seafloor, at depths between ~600-640 m. These lineations are 0.7-2.2 km long,
a width of ~60-100 m and a general height less than 1.5 m. Due to their subtle appearance, it is difficult

to measure the exact width and length, and therefore their elongation ratio was not measured. From Fig.
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4.6b, we can see that these subtle lineations are not generally parallel or transverse to the cruise track

suggesting that they are real features, rather than artifacts.

Seafloor

Ridge Ridge
Trough

|

Aligned curvilinear
depressions

Fig. 4.3. Type-I lineations: Mega-scale glacial lineations (MSGL). (a) The white box indicates the location of Fig. b.
(b) Type-I lineations in the inner part of the shelf, note the bifurcation if the lineation in the northern part of the figure.
The white line indicates the profile line in Fig. c. (c) Cross-sectional profile line through the Type-I lineations, with
ridges and troughs. (d) Grayscale image of the outer basin with Type-I lineations and cross-cutting curvilinear
depressions. (e) Interpretaion of Fig. d. All images are illuminated with an azimuth of 57°, and a sun angle of 6.5°
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Fig. 4.4. Type-ll lineations: Glacial lineations. (a) Type-Il lineations that are slightly curving towards the south, some
of the lineations are located on top a grounding zone wedge (GZW). The white line shows the location of the profile
line in Fig. ¢ (c) Profile line through Type-Il lineations. (d) Two sets of Type-Il lineations with slightly different
directions. All images are illuminated with an azimuth of 38°, and a sun angle of 4.9°, except the image in Fig. b.
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Fig. 4.5. Type-lll lineations: Glacial lineations. (a) Inset map indicating the location of Fig. b. (b) Location of the
Type-l, Type-Il, and Type-Ill lineations in the inner basin. The with box indicates the location of Fig. c. (¢c) The Type-
Il lineations with a complex pattern of bifurcation and arch-shaped ridges (iceberg scours). The black line show the
location of Fig. e (d) 3D-veiws of the Type-lll lineations, with the bifurcation and the arch-shaped ridges visualized
in an oblique angle. View angle is indicated in Fig. d. (e) Profile line through the Type-Ill lineations. All images are
illuminated with an azimuth of 42°, and a sun angle of 6.5°, except the image in Fig.b. Vertical exaggeration of Fig.
dis 6.
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Fig. 4.6 Type-1V lineations: Glacial lineations. (a) Inset map indicating the location of Fig. b. (b) Grayscale image of
the Type-IV lineations (the very subtle lineations) located in the middle basin. The short white arrows points towards
some of the Type-IV lineations. The image in Fig. b is illuminated with an azimuth of 15,5°, and a sun angle of 3.6°.

4.2.2 Interpretation

The elongated linear features describe above are interpreted to be glacial lineations, which have been
formed at the base of grounded ice in the Brunt Basin, where they reflect the direction of ice flow during
their formation (Clark, 1993; Stokes and Clark, 2002b; Ottesen et al., 2005a; King et al., 2009).

The Type-I1 lineations (Fig. 4.3) are of similar morphology as MSGL reported from a number formerly
ice-stream filled troughs on the Norwegian, Svalbard, Greenland and Antarctic continental margin (e.g.
O Cofaigh et al., 2002; 2005a; Evans et al., 2004; 2005; Ottesen et al., 2005a; 2007; Dowdeswell et al.,
2014). MSGL have for a long time been suggested to be forming parallel to the ice flow in a soft
deforming till layer at the bed of fast flowing ice streams (e.g. Clark, 1993; Dowdeswell et al., 2004),
which was confirmed by observations done by King et al (2009) from a radio-echo survey of MSGL
forming bellow the Rutford Ice Stream. They are hence inferred to be MSGL, formed parallel to the
former ice flow direction. Bifurcation of MSGL has also previously been reported from the continental
shelf on Svalbard and Antarctica (O Cofaigh et al., 2005b; Dowdeswell et al., 2010; Hogan et al., 2010a).

The Type-II lineations (Fig. 4.4) are smaller in dimension and not as clearly defined as the Type-I
lineations or MSGL typically found in high-latitude troughs, and are therefore believed to reflect
different dynamics, with a more slow flowing ice during their formation (e.g. Stokes and Clark, 2002b;
Ottesen and Dowdeswell, 2009). However, processes after their deposition can have affected their
preservation, and hence their morphology, such as high post-sedimentation rates or grounded ice
retreating over and modifying the lineations, making them more subtle. An indication of this could be
deposition of recessional moraines or GZW in near vicinity of the lineations (Dowdeswell et al., 2008),

which are in fact located near the Type-11 lineations in Fig. 4.4d (see also Fig. 4.11d, page 69). However,
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it is not possible to say from the currently available data, wheatear the morphology of the lineations
have been modified after their formation, as there is no clear cross-cutting relationship between the two
landforms resolvable in the bathymetrical data. The Type-II lineations are therefore only tentatively

interpreted as glacial lineations at this point.

The set of Type-Ill lineations observed in Fig. 4.5, has also been considered to be recessional moraines,
crevasse squeeze ridges or being a produced of iceberg scouring due to their bifurcation/bending and
their lesser linearity. However, due to their symmetrical shape in cross-profile and that their orientation
is similar to the other glacial lineations in the inner basin, they have also been interpreted as glacial
lineations. Their complex pattern has most likely been created by later iceberg scouring (section 4.3),
which has created the arch-shaped ridges and the bending/bifurcation of the ridges in Fig. 4.5c. The
bifurcation observed could also have been formed as a result of topographical variation in the part of
the inner basin and/or the steep slope towards the bank located in front of the bifurcated lineations. This
could have affected the basal conditions and the dynamics of the ice, and as shown in Fig. 4.5a, the
bifurcation of these lineations has occurred over a topographical high. This topographical high could
have acted as a sticky spot where ice diverged around it, and/or the steep slope towards the bank could
have made the ice flow diverge (e.g. Stokes et al., 2007; see also Fig. 4 therein).

The Type-1V lineations (Fig. 4.6) are even smaller and more subtle than the Type-II lineations. As the
ridges are located in the deepest part of the basin, the subtle appearance of the ridges are inferred to have
been be caused by a thin ice, which were lightly or episodically grounded in the areas of the subtle
lineations. Evans et al. (2005) observed similar subtle lineations in the Prince Gustav Channel and the

Robertson Trough, and suggested a similar formation of the subtle lineations.

There is an on-going debate regarding the origin of MSGL, if they are product from deposition, erosion
or a combination of both (Clark, 1993; Clark et al., 2003a; O Cofaigh et al., 2005b; Spagnolo et al.,
2014). Furthermore, bifurcation of MSGL do not support the groove ploughing theory (Clark et al.,

2003a), and the exact formation of the various types of glacial lineations remains difficult to infer.

4.2.3 Distribution and direction

The different sets of glacial lineation sare distributed from the outer basin to the inner basin (Fig. 4.2),
and their orientation varies between the different sets. One set of MSGL (Type-I lineations) is located
in the outer part of the basin, and one set is located in the inner part of the basin (Fig. 4.3 and Fig. 4.5a).
In the outer part of the basin, MSGL are observed 24 km from the shelf break, where they are situated

on a relatively flat surface, oriented in a northwesterly direction (Fig. 4.3). The MSGL located in the
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inner basin, are located in an area of uneven topography and are slightly curving, with a general direction

towards the west-northwest, where they appear to curve around the bank towards the west.

The glacial lineations (Type-Il lineations) located in the inner part of the basin (Fig. 4.2 and Fig. 4.4),
have slightly different directions. The glacial lineations in Fig. 4.4a have a similar direction as the MSGL
in the inner basin and have the same curving trend. The two sets of glacial lineations (Type-Il and Type
I11) furthest to the southeast have a direction towards the west (Fig. 4.5), and the glacial lineations (Type-
I1) furthest towards the southwest have a more west-northwestern direction. The subtle lineations located

in the middle of the basin have a direction is towards the northwest (Fig. 4.6).

4.3 Curvilinear depressions and rimmed semi-circular
depressions: Iceberg scours

4.3.1 Description

Large parts of the study area consist of both linear to curvilinear depressions on the seafloor with a
cross-cutting pattern (Fig. 4.7 and Fig. 4.8). They are commonly U-shaped in cross profile, but some
are V-shaped or have a flat bottom. Most of the features have berms on the along their sides and some
of these features have arch-shaped ridges and/or semi-circular depression at their termination (Fig. 4.7).
The depths of the depressions vary between 7 m and less than 1 m, and the length varies between a
couple of hundred meters to 11 km. Profile lines along the center axis of some of these depressions show
corrugated ridges along the center of the depressions (Fig. 4.8d). The longest curvilinear depressions
are located in the outer part of the basin, whereas on the gentler slope towards the bank, the curvilinear
depressions are shorter with a complex pattern of arc-shaped ridges and rimmed semi-circular
depressions (Fig. 4.7a and d). On the steeper slopes, such as the slope between the basin and the bank
or the slope at the shelf edge, a complex pattern with semi-circular depressions and ridges occur (Fig.
4.7d). The curvilinear depressions commonly occur with random orientations, but in the outer basin,
there are several aligned curvilinear depressions (Fig. 4.8), that are linear to semi-linear with a semi-
parallel orientation towards the northwest. These are cross-cutting some of the MSGL (Fig. 4.3d and e),

but are cross-cut by randomly oriented curvilinear depressions (Fig. 4.8).
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Fig. 4.7. Curvilinear depressions, arch-shaped ridges and rimmed semi-circular depressions: Iceberg scours. (a)
Inset map indicating the location of Fig. b, c and d. (b) Curvilinear depressions at the shelf edge (c) Chaotic pattern
of rimed semi-circular depression on the steeper bank basin slope. (d) Curvilinear depressions with berms on the
side, with arch-shaped ridges at their termination, and rimmed semi-circular depressions. Fig. b is illuminated with
an azimuth of 38°, and a sun angle of 4,9°, Fig. c is illuminated with an azimuth of 89,4°, and a sun angle of 4,9°,
and Fig. d is illuminated with an azimuth of 123,7° and a sun angle of 12,1°.
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Fig. 4.8. (a) Grayscale image of aligned curvilinear depressions in the outer basin and random oriented curvilinear
depressions (See also Fig. 4.3 where the curvilinear depression has been mapped out). Note the artifacts at the
side of the bathymetrical lines, and in the overlapping parts. (b) 3D view of a random oriented curvilinear depression
superimposed on the aligned curvilinear depression. Black line shows the profile line in Fig. d. View direction and
location are indicated in Fig. a. (c) Indicating the location of Fig. a. (d) Profile line along the axis of the curvilinear
depression showing corrugated ridges. Fig. a and b are illuminated with an azimuth of 98,1° and a sun angle of
7,4°. Vertical exaggeration of Fig. b is 6.
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4.3.2 Interpretation

Both the randomly oriented and aligned linear to curvilinear depressions are interpreted as iceberg
scours, formed by an iceberg keel scouring the sediments and creating a depression. Simultaneously,
the sediments that the keel plows from the depression are deposited on the sides as berms (Belderson et
al., 1973; Wellner et al., 2006). Iceberg scours are commonly observed on continental shelves, both in
the Antarctic and Arctic, where iceberg keels have ploughed into soft substrate and reworked the surface
sediments into iceberg turbate (Vorren et al., 1983a; Barnes and Lien, 1988; Dowdeswell et al., 1993).
A result of this is that iceberg scours can obscure other preexisting geomorphological and
sedimentological imprints of ice sheet presents and behavior. However, iceberg scours are not typically
seen in areas consisting of bedrock or stiff till, due to the resistance of the substrate to scouring (e.g.
Klages et al., 2015). The ridges inside the iceberg scours (Fig. 4.8d) could have been formed by tidal
cycles as described by Jakobsson et al. (2011).

Parallel and aligned sets of iceberg scours are suggesed to have been formed by two processes: either as
several icebergs trapped in multiyear sea ice maintaining the icebergs in relative same positions to each
other, or they were produced by multiple keels of a single huge iceberg (Jakobsson et al., 2011; Larter
et al., 2012; Andreassen et al., 2014; Dowdeswell and Hogan, 2016). Since the aligned iceberg scours
observed in the study area only are semi-parallel, and do not change direction simultaneously, they are
suggested to have been formed by the keels of several icebergs trapped in a multiyear ice. Similar to the
present conditions in the western part of the Brunt Ice Shelf System (Hulbe et al., 2005; section 2.2),
but with icebergs large enough to ground on the seafloor. Since the direction of the iceberg scours is
fairly similar to the direction of the set MSGL (Fig. 4.3d; section 4.2), it can be speculated that the
mélange of icebergs has been pushed towards the shelf edge by an ice shelf extending from the formerly
grounded ice that formed the MSGL and the icebergs. Similar to what Larter et al. (2012) suggest for
parallel iceberg scours in the Filchner Trough. However, it is also possible that the transport of icebergs
was driven by strong katabatic winds, or by ocean currents. The latter is less plausible, as the present
coastal current and the Weddell Sea Gyre are flowing towards the southwest (Gladstone et al., 2001;
Nicholls et al., 2009a; section 2.6.3), however the direction might have been different during the

formation of the aligned iceberg scours.

The arch-shaped ridges and rimmed semi-circular depressions (Fig. 4.5b; Fig. 4.7c and d) are also
suggested to be caused by grounded icebergs. These could have been formed when the icebergs
encounter water depths where they were too big to float and ground on the seafloor, creating depressions
and pushing sediments up to form ridges (Bass and Woodworth-Lynas, 1988). Examples of this are
visible on Fig. 4.7c and d, where the arch-shaped ridges in association with the icebergs scours occur

where the water depths decreases. The rimmed semi-circular depressions on the steeper slope are
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interpreted to have been formed by floating icebergs bumping into the steep slope, scouring and/or
grounding on the slope, similar to what Gales et al. (2014) observed on the steep slopes of the

neighboring Halley Trough.

4.3.3 Distribution

The iceberg scours are dominating the seafloor in the outer part of the basin towards the shelf edge (Fig.
4.2), as well as the shallower middle part of the basin. The steeper slopes also contain iceberg scours.
However, the iceberg scours are less abundant in the deeper part of the middle basin, in the inner basin,
and on the shallower bank.

4.4 Hole and hill: Iceberg rolling

4.4.1 Description

Close to the shelf edge, there is a hill and a hole (Fig. 4.9), which both are mirroring each other in a
cross-profile view (Fig. 4.9b). The hole is ~16 m at its deepest, whereas the hill is 15 m at its highest,
the width and the length of both the hole and the hill is ~200 m and 160 m, respectively. The hill is
located north of the corresponding hole, and a cross profile through both have a direction north-south
(350°). There are no clear indications of any iceberg scours going into to the hole, and the feature appears

to be very well preserved.

4.4.2 Interpretation

The feature described above closely resembles features describe by Klages et al., (2013) and Klages et
al. (2015) from West Antarctica, where they interpreted the landform to be hill-hole pairs. Hill-hole
pairs are believed to form by cold-based ice, where the ice freezes onto the bed beneath and rips up
sediment rafts, forming a hole, and depositing the sediment raft downstream from the hole, forming a
hill (Bluemle and Clayton, 1984; Hogan et al., 2010a). However, the distance between the hole and the
hill observed in Fig. 4.9, is only minor, therefore, this feature could also be explained by tilting and
rolling of an iceberg that pushes the sediments up from the hole to form a hill (Bass and Woodworth-
Lynas, 1988). The latter is also supported by the preservation of the hill and the hole, as it appears to
not have been reworked by iceberg scours, which you might expect if the feature was formed at the
LGM or even before that, deposited when grounded ice would have reached the shelf edge. In addition
the absence of similar features on the shelf edge supports the iceberg rolling formation of the hill and

hole. The hill and the hole are therefore inferred to have been formed by an iceberg rolling over.
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Fig. 4.9. (a) Indicates the location of Fig. b. (b) Hole and hill close to the shelf edge which are both mirroring each
other. Note the abundant iceberg scours surrounding the hole and the hill. (c) 3D view of the hole and the hill, view
direction is indicated in Fig. b. (d) Cross-sectional profile going through the hole and the hill. Fig. b and c are
illuminated with an azimuth of 64,1° and a sun angle of 7,2°. Vertical exaggeration of Fig. c is 6.

4.5 Small curvilinear sets of ridges: Recessional moraines

4.5.1 Description

Two sets of small curvilinear ridges are located within the study area (Fig. 4.10 and Fig. 4.11). One set
is located on the western side of the bank, on the slope down towards the Halley Trough with a northeast-
southwest orientation of the ridges (Fig. 4.10). The other set is located in the inner basin, which has a
less uniform orientation of ridges, but with a general direction of the crest line in a north-south direction
(Fig. 4.11). In cross profile, the ridges are nearly symmetrical to asymmetrical, where the slope is
generally steeper on the western side of both sets of ridges (land-distal). The ridges are relatively small,
with heights and widths that vary between 2-15 m and 80-400 m, respectively. The spacing between the
ridges varies between ~200-600 m for the ridges on the western side of the bank, and is less than 300 m
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for the ridges in the inner part of the basin. The ridges in the inner part of the basin (Fig. 4.11), are partly
overlapping each other, and are transverse to semi-parallel to the glacial lineation (described in section
4.2). Ten ridges were observed in the western part of the bank, but the data quality landwards from the
westernmost ridge gets progressively poorer, which could prevent observation of more ridges. Four

ridges were observed in the inner part of the basin.

4.5.2 Interpretation

These ridges are interpreted as recessional moraines, formed during minor still stands of the grounding
line and/or by a small re-advances, where sediments are pushed into a ridge during an overall general
retreat phase (e.g. Ottesen et al., 2005a; 2007; Dowdeswell et al., 2008). Their regular spacing, limited
size, lack of linearity and asymmetric shape are all properties associated with small recessional moraines
(Benn and Evans, 2010). Furthermore, the ridges resemble features interpreted as sets of recessional
moraines from other formerly glaciated shelves (e.g. Ottesen et al., 2005a; 2007; 2009; Todd et al.,
2007; Hogan et al., 2010a; Winsborrow et al., 2010; Klages et al., 2013; Rydningen et al., 2013). Some
of these ridges have been suggested to be De Geer moraines (Hoppe, 1959), formed at or close to the
grounding line during small still stands or re-advance during winter, when sea-ice covers suppressed
iceberg calving. This could further indicate an annual cyclic deposition of these ridges, but long-term

ice-front stability is also suggested to form the De Geer moraines (Lindén and Méller, 2005).

Seafloor

Fig. 4.10. Small curvilinear set of ridges: Recessional moraines. (a) White box indicates the location of Fig. b. (b)
Small curvilinear set of ridges on the western side of the bank. (c) Profile line crossing several ridge fragments. The
image in Fig. b is illuminated with an azimuth of 99,2° and a sun angle of 4,9°.
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Fig. 4.11. Small curvilinear set of ridges: Recessional moraines. (a) White box indicates the location of Fig. b. (b)
Small curvilinear set of ridges in the inner basin. (c) Interpretive image of Fig. b, black dotted lines indicate the
location of the recessional moraines. (d) 3D view of the small curvilinear ridges, also note the glacial lineations
(Type-ll lineations) and the grounding zone wedge (GZW). 3D view angel is indicated in Fig. b. All images are
illuminated with an azimuth of 99,2° and a sun angle of 6°, except Fig. a. The vertical exaggeration in Fig. d is 6.
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Flink et al. (2015) provided compelling evidence that De Geer moraines can form on an annual basis as
re-advance during wintertime, by comparing ice-front position and velocity data from satellite images
with bathymetrical data in front of Tunabreen (a tidewater glacier in a fjord on Svalbard). Whether the
recessional moraines observed in this study are formed annually by pushing or deposition is difficult to
tell based on the bathymetry alone and the difference in size of these ridges may indicate a difference in
the durations of halts or the distance in ice re-advancing (Ottesen et al., 2007). Nevertheless, the
recessional moraines indicated a stepwise and slow retreat of the grounding line towards the east (e.g.
Dowdeswell et al., 2008).

The westernmost ridge of the recessional moraines on the western side of the bank might in fact be a
terminal moraine, marking the maximum extent of the grounded ice (Fig. 4.10). However, Gales et al.
(2014) observed a large ridge, ~40 km further seaward from these ridges, which they interpreted to be
a terminal moraine, marking the maximum extent of grounded ice in the Halley trough during the last
LGM.

4.6 Sub-parallel bank basin ridges: Lateral shear-moraine

4.6.1 Description

At the lower part of the bank basin slope (Fig. 4.12), there are three fragments of ridges covered by four
bathymetrical lines, going sub-parallel to the slope between the bank and the basin. The ridges are
asymmetrical in cross profiles (Fig. 4.12), with a gentle slope (~1-2°) on their southern sides (towards
the bank). The northern sides of the ridges (towards the basin) have a longer slope, which are generally
steeper (~3-5°). The heights of the ridges relative to the adjacent seafloor vary between 5-15m on the
southern side and between 15-40 m on the northern side. The widths of these ridges are between ~400-
1200 m. To the south of the two westernmost ridge fragments, there is a sub-horizontal zone (Fig. 4.12c
and e). The ridge fragments have relatively large amounts of iceberg scours (described in section 4.3)

in their northern slope, whereas the southern slope of the ridge fragments have less iceberg scours.

4.6.2 Interpretation

These fragments of ridges have been interpreted to be one continuous ridge, based on their similar
geometry, similar orientation, and their position along the slope (Fig. 4.12). They are further believed
to be lateral shear-moraines, because they are oriented sub-parallel to the inferred ice-flow direction
from the glacial lineations and MSGLs (described in section 4.2). This is also based on their position
along the slope and that their geometry is resembles other lateral shear-moraines (Batchelor and

Dowdeswell, 2016, named ice-stream lateral shear-moraine therein).
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Fig. 4.12. Sub-parallel ridge fragments: Lateral shear-moraine (a) The white box indicates the location of Fig. b. (b)
Location of the sub-parallel ridge fragments on the slope between the bank and the basin. White boxes indicate the
location of the ridges and the location of Fig. c, d, and e. (c) The westernmost ridge fragment on the slope and a
profile line across the ridge and parts of the slope, marked by the black line. Note the sub-horizontal zone above
the ridge (south). (d) The easternmost ridge fragment on the slope and a profile line across the ridge, marked by
the black line. Note that there is no sub-horizontal zone above the ridge (south). (e) Shows the ridge fragment in
the center, with a profile line crossing the ridge and part of the slope. Note the large sub-horizontal zone above the
ridge, and the marked change in the slope gradient towards the bank (south). All images are illuminated with an
azimuth of 181,2° and a sun angle of 6,9°, except Fig. b.
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Ice stream lateral shear-moraines, are suggested to form subglacially, at the transition between fast-
flowing ice and slower flowing ice (e.g. Stokes and Clark, 2001, 2002a) and commonly have a steeper
trough proximal side and a gentler trough distal side (Fig. 11 in Batchelor and Dowdeswell (2016)),

which area similar to the geometry of the lateral moraine in this study (Fig. 4.12).

Ice stream lateral shear-moraines have been described from terrestrial environments in Canada (e.g.
Stokes and Clark, 2002a; Cofaigh et al., 2010), from marine environments on Svalbard (Ottesen et al.,
2005b) and on the Norwegian shelf (Ottesen et al., 2008; Rydningen et al., 2013), but have not been
observed in Antarctica. Only a few lateral marginal-moraines have been observed on the Antarctic shelf,
two in the Ross Sea (Ship et al., 1999), and one in East Antarctica, south of the Mertz Banks (e.g.
Beaman and Harris, 2003). As the lateral marginal-moraines are deposited at the margin of an ice
bordering ice-free ocean/terrain, their formation and shape differ from the ice-stream lateral shear-
moraines. The lateral marginal-moraines are suggested to be formed by lateral accretion of sediments at
the ice margin, prograding away from the ice, which creates an asymmetric ridge, with a steeper trough
distal slope (Ship et al., 1999; Rydningen et al., 2013; Batchelor and Dowdeswell, 2016). This does not
resemble the geometry of the lateral moraine in this study (Fig. 4.12), and further supports the
interpretation of the ridges as lateral shear-moraine, rather than lateral marginal-moraine.

The sub-horizontal zone above the ridge (Fig. 4.12) is suggested to represent progradation of the ridge
towards the basin, where the sediments are sourced from strain heating and basal melt-out from the shear
zone between fast and slow flowing ice (Hindmarsh and Stokes, 2008). The steeper northern side of the
ridge (Fig. 4.12) is interpreted to be caused by erosion of the faster flowing ice in the basin, similar to

the suggestion of Batchelor and Dowdeswell (2016).

4.7 Arcuate Ridge: End moraine / Ice shelf moraine

4.7.1 Description

One prominent arcuate shaped ridge is located on the east side of the bank (Fig. 4.13). This ridge is
asymmetric in cross profile, with a generally steeper distal slope (up to 17°) and a gentler proximal slope
of ~2°-9°, The ridge stretches ~9 km in a northeast-southwest direction and reaches 55 m above the
distal seafloor at its highest. The width of the ridge is difficult to measure, due to limited data, but it is
~800 m at its narrowest point in the north. The crest of the ridge has a very low gradient (Fig. 4.13),
between less than 0,1° to 0,2°, and the width of the crest varies between 200-600m. The proximal slope
is characterized by a hummocky terrain, with smaller ridges and depressions (Fig. 4.13c). One smaller
continuous ridge segment is situated on the proximal side of the crest, on the northern part of the ridge.

and is ~2m high. The small ridge segment has a gentle slope of ~2° towards the crest of the arcuate
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ridge, and a steep slope (~9°) towards the proximal side of the arcuate ridge. The northern part of the

arcuate ridge is lying on top of a undefined ridge.

4.7.2 Interpretation

The arcuate shape of the ridge resembles moraines deposited in front of valley or tidewater glaciers,
either as moraines that are deposited inside the valley/fjords or moraines deposited just outside the
valley/fjords. E.g., the arcuate moraine in front of Raudfjorden, in Northwestern Spitsbergen (Ottesen
and Dowdeswell, 2009), the arcuate moraine inside the Royal Bay, South Georgia (Hodgson et al.,
2014), and the moraines in the valley Bolterdalen (Sletten et al., 2001). Moraines in front of piedmont
glaciers also resemble the arcuate shape (Barr and Clark, 2012), but are much more circular, with gentler
slopes and lower reliefs. However, the ice depositions of the moraines mentioned above have been
partly constricted by valleys and fjord topography and differ from the setting on the bank in the study
area (Fig. 4.13).

A large arcuate moraine ridge named East Tromsgflaket Arcuate Moraine by Winsborrow et al. (2010),
is described from a similar setting on the continental shelf offshore northern Norway, at ~170 m bellow
the sea surface and deposited on a topographical high (Ottesen et al., 2008; Winsborrow et al., 2012).
The ridge was suggested to have been formed during a re-advance, where grounded ice pushed

sediments into the arcuate moraine (Winwsborrow et al., 2010).

The arcuate ridge (Fig. 4.13) is therefore interpreted to have been formed at the margin of grounded ice.
Due to the morphology of the accurate ridge, it is suggested to have been formed by pushing sediments
into the ridge, in a somewhat similar process as the East Tromsgflaket Arcuate Moraine (Winsborrow
et al., 2010; Winsborrow et al., 2012). This is also supported by the hummocky terrain and the small
continues ridge on the proximal side of the ridge (Fig. 4.13c), commonly observed together with push
moraines, formed by thrusting of the sediments (Hambrey et al., 1997). Thus, the hummaocky terrain can
also partly have been formed by iceberg scours, but the resolution of the data makes it hard to tell. The
steep slope on the distal side of the arcuate ridge may indicate that the ridge is highly compacted, which
could be explained by compaction of the ridge from pushing, and even compaction by a partly grounded
ice shelf floating up and down due to tidal cycles (Doake et al., 2002; Fricker and Padman, 2006).

The limited spatial extent of the ridge (Fig. 4.13) indicates a small and narrow ice forming the moraine.

The arcuate ridge is therefore suggested to have been formed by either a narrow grounded ice (re-)

advancing onto the bank, or by a small part of an ice shelf grounding onto the bank.
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Fig. 4.13. Arcuate ridge: End moraine or ice shelf moraine. (a) White box indicates the location of Fig. b and c. (b)
The arcuate ridge on the eastern side of the bank. Note its possible extent based on the IBCSO (Arndt et al., 2013).
(c) The arcuate ridge and two profile line across the ridge, where the small ridge segment and the hummocky terrain
are indicated. Note the low angeld crest of the ridge in profile line X-X". Fig. b is illuminated with an azimuth of 57°,
and a sun angle of 6,5° and Fig. c is illuminated with an azimuth of 57° and a sun angle of 5,3°.
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In the scenario where a small part of the ice shelf grounded onto the bank, it most likely partly froze
onto the seafloor (Vorren et al., 1983a), which would have provided friction, lower velocity and created
an ice rumple on the surface of the ice shelf at the grounding point (e.g. Hulbe et al., 2005; Matsuoka et
al., 2015). As the ice shelf landwards would have remained in floatation, with less friction and higher
velocities, it would push the grounded part of the ice shelf in front of it. As the grounded part of the ice
shelf was partly frozen to the seafloor, it would push the sediments up into the arcuate ridge. In a
somewhat similar process to the formation of push moraines in front of polythermal glaciers, where the
front of the glacier is cold based, and the main body is warm based (e.g. Hambrey et al., 1997; Glasser
and Hambrey, 2003). In fact, parts of the modern Brunt Ice Shelf is grounded in an area called the
McDonald Ice Rumples (Fig. 4.1), close to the ice shelf front (Hulbe et al., 2005), which might be a
modern analog to the formation of the ridge. The low gradient crest of the ridge is also consistent with
what is expected of ice shelf moraines, which reflect the low gradient of the base of an ice shelf (Benn
and Evans, 2010). A similar theory of ice shelf grounding have been suggested for the Porcupine Bank,
west of Ireland, where an ice shelf in front of the British-Irish Ice Sheet grounded onto the Porcupine
Bank, pushing up sediments into moraine ridges (Peters et al., 2015).

In the scenario where the arcuate moraine (Fig. 4.13) was formed by a narrow grounded ice that re-
advanced. The main body of ice must have been constantly retreating, as it has not been leaving any
imprints, and only a small and narrow part of the ice would have re-advanced and pushed the sediments
up into the arcuate moraine. Additionally, | suggest that there must have been an ice shelf in front of the
grounded ice, that limited the vertical accommodation space and formed the low angled crest of the
arcuate moraine (e.g. Powell and Alley, 1997; Dowdeswell and Fugelli, 2012; Batchelor and
Dowdeswell, 2015). However, the spatial data coverage is rather limited and could be hiding critical

information of the origin of the arcuate moraine.

4.8 Wedge-shaped ridges: Grounding zone wedges (GZW)

4.8.1 Description

Several fragments of wedge-shaped ridges are observed in the study area (Fig. 4.14). Their wedge shapes
are caused by their asymmetrical morphology, with a steep slope on one side (7-12°), and a gentler slope
on the other side (1-1,5°). The ridge fragments are located in two regions, in the inner part of the basin
and at the edge of the bank (Fig. 4.14a). The height of these ridges varies between 15-50 m, where the
smaller ridges are generally located in the basin. The length and width of these ridges are difficult to
measure, but by measuring from where there is a marked change in slope gradient inferred to be the start
of the ridge, to the steep slope, the width varies between ~1-3 km. The orientation of the ridges varies

within the inner basin and on the bank (Fig. 4.14b and e), but the steeper slope of the ridges are generally
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located on the western side. Glacial lineations and MSGL (described in section 4.2), are located in front
of the gentle slope of some of these ridges (Fig. 4.4d), and one ridge has glacial lineations on top of it
(Fig. 4.4a). Iceberg scours and grounding pits (described in section 4.3) are located on top of some of
these ridges (Fig. 4.14d).

4.8.2 Interpretation

The asymmetric morphology of the ridges resembles landforms that have previously been interpreted as
GZW, which are suggested to form predominantly by delivery of subglacial debris at the grounding line
of marine-terminating ice sheets (e.g. Christoffersen et al., 2010; Dowdeswell and Fugelli, 2012;
Batchelor and Dowdeswell, 2015). Due to their subdued relief and asymmetry, the GZWs are believed
to form preferentially by grounded ice with ice shelves extending beyond the grounding line, where the
vertical accommaodation space is restricted (Dowdeswell and Fugelli, 2012; Batchelor and Dowdeswell,
2015). They differ from the classical marginal moraines, which have a clear positive relief, due to almost
unlimited vertical accommodation space (Powell and Alley, 1997). As GZWs are usually related to ice-
streams, and they are commonly found as transverse wedge-shaped ridges in palaeo-ice stream troughs,
with a steeper ice distal side (e.g. O Cofaigh et al., 2005a; Graham et al., 2010; Larter et al., 2012;
Rydningen et al., 2013; Hogan et al., 2016).

The ridge fragments located on the bank edge (Fig. 4.14) differ from this typical location of GZWSs, but
have a similar geometry and location as lateral GZWs described from the M’Clure Strait Trough in the
Amundsen Gulf (Batchelor et al.,, 2014). They also show similarities to GZWs deposited on
topographical highs that have acted as pinning points for the ice stability (Dowdeswell and Fugelli,
2012; Batchelor and Dowdeswell, 2015). The ridge fragments in the basin are more similar to the GZWs,
in the way that they are located in the deeper areas, where one could expect a warm based and fast-

flowing ice.

The ridge fragments are therefore interpreted as GZWs, where the use of GZW, refers to a non-generic
term for sediment accumulation at or near the grounding line, where the deposition mechanisms are not
specified at this point. The limited spatial coverage and the complex pattern of the ridges, especially on
the edge of the bank (Fig. 4.14b and e), makes it very ambiguous to connect the ridges in a suitable
manner, and hence subdividing them into lateral or frontal components. The asymmetrical shape is
inferred to have been caused by an ice shelf extending beyond the grounded line, limiting the vertical
accommodation space, where the steeper slope of the GZW fragments are interpreted as the ice distal
side of the ridge (Powell and Alley, 1997; Dowdeswell and Fugelli, 2012; Batchelor and Dowdeswell,
2015). As it is not possible to connect all the ridge fragments into one continuous ridge, the ridge

fragments must reflect at least more than one grounding line position, during different stages.
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Fig. 4.14. Wedge-shaped ridges: Grounding zone wedges (GZW). (a) The white box indicates the location of Fig.
b. (b) Location of the wedge-shaped ridges on the bank and in the inner basin. The white boxes indicate the location
of Fig. ¢, d, and e. (c) Wedge-shaped ridge located in the inner basin and a profile line (Z-Z’) going across the ridge.
(d) Two wedge-shaped ridges on the eastern edge of the bank and a profile line (X-X’) going across the two wedge-
shaped ridges. (e) Two wedge-shaped ridges on the edge of the bank, with their steep slope facing in different
directions. The wedge shaped ridges are outlined with white dotted lines. Fig. b, ¢, and e are illuminated with an
azimuth of 90°, and a sun angle of 6° and Fig. d is illuminated with an azimuth of 51,5° and a sun angle of 6°.
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The sizes of these GZWs fragments (Fig. 4.14d) indicate that the grounding lines remained relatively
stable for a longer period, during a still-stand either in a retreat phase or related to a re-advance of the
ice-margin (Batchelor and Dowdeswell, 2015). From Fig. 4.14d, we can see that the ridge fragments
show a back stepping trend landwards, which might indicate an episodic retreat, with longer still stand

in an overall retreat phase (cf. Dowdeswell et al., 2008).

4.9 Sediment scarp: Palaeo-grounding line

4.9.1 Description

At the transition between the middle and outer basin, there is a distinct sediment scarp, which is between
5-12 m high and has sinus shape in bird view (Fig. 4. 15). The MSGL on the northern, elevated side of
the sediment scarp have a different orientation than the subtle glacial lineations on the southern side of
the sediment scarp. The sediment scarp is parallel to semi parallel to the MSGL on the northern side.

Sediment scarp ‘

Seafloor

400 800 1200 1600 2000 2400 2800 3200 3600 4000 4400 4800 5200
Z VL

800 900 1000 1100

Fig. 4. 15 Sediment scarp: Palaeo-grounding line. (a) The white box indicates location of Fig. b. (b) Location of the
sediment scarp at the transition from the middle to outer basin. Note the different directions of the MSGL and the
subtle glacial lineation. The white lines indicates to location of profile line in Fig. ¢ and d. (c and d) Profile line
crossing the sediment scarp, vertical scale displays the height of the sediment scarp. Fig. b is illuminated with an
azimuth of 29,7°, and a sun angle of 5,3°.
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4.9.2 Interpretation

Based on the different orientations of the MSGL and the subtle glacial lineations, this sediment scarp
has been interpreted to represent a palaeo-grounding line position. This is also supported by the fact that
the MSGL and subtle glacial lineations are not cross cutting each other. The sediment scarp is similar
to other sediment scarps described on the Antarctic continental shelf, where they have been interpreted
to represent palaeo-grounding lines (O Cofaigh et al., 2005a; 2008; Graham et al., 2010). In those other
cases, the sediment scarp has been linked to the distal part of a GZW, and it is plausible that the sediment
scarp observed in the study area represents a distal part of a GZW. However, since the orientation of the
MSGL are parallel to semi-parallel to the sediment scarp, it is presumably a lateral component of the
palaeo-grounding line (Fig. 4. 15).

4.10 Undefined ridges

Several fragments of ridges are located within the study area, which are generally only covered by one
or two bathymetrical lines. The limited spatial coverage of the data set, together with the low resolution
from the IBCSO data set makes it difficult to assign any conclusive formation processes for the
individual ridges. However, their character may suggest that they are formed or modified by glacial
processes, but they might also be related to structural features. For now the ridges remain undefined.

Page 79 of 158



Page 80 of 158



5 Acoustic stratigraphy

The following chapter will assess the TOPAS sub-bottom profiler data collected during the JR2444
cruise to combines, surface, near-surface and deep sub-bottom profile information within the study area,
to the landforms described in section 4, and to the sediment cores in section 6. The reflection patterns
vary between the defined zones within the study area, and therefore, the description of the TOPAS data
is divided into four subchapters, where the reflection patterns in each area will be described separately.
The main seismic reflections and units are named accordingly to their location (bank-B, inner basin- I-
B. middle basin, M-B, and outer basin, O-B).

The y-axis on the TOPAS profiles are shown in two-way travel time (TWT) in milliseconds (ms).
Vertical scales in meters (m) shown in the profiles are converted from the TWT into meters using a
sound velocity of 1500 m/s (e.g. Larter et al., 2012). In most of the TOPAS profiles, there is a “cloud-
looking” feature above the seafloor reflection regarded as noise (e.g. Fig. 5.1e and g). Attempts to
remove this during processing of the TOPAS data resulted in the disappearance of other features

assumed real. In order to preserve real features, the “cloud” was not removed.

5.1 Description

5.1.1 Bank area

The TOPAS profiles from the bank (Fig. 5.1) show one acoustically strong reflection, defined as Ref.
B. The Ref. B. are continues throughout the entire bank area, where it follows the seafloor, except for
where the seafloor is locally intersected by features interpreted as iceberg scours (described in section
4.3; Fig. 5.1c). The reflection has a characteristically strong signal that is generally constant over the
whole bank, both on the smooth featureless seafloor, as well as on the (moraine) ridges. However, it is
weaker on the steeper slopes (Fig. 5.1¢c and d). In certain areas, there is a very subtle sub-bottom
reflection (SBR), traceable for about 500-1000 m, and between ~2-7 ms in TWT below the seafloor
reflection (~1-5 m; Fig. 5.1f and g).
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Fig. 5.1. TOPAS profiles from the Bank area. (a) The white box indicates the location of Fig. b. (b) Bathymetry of
parts of the bank area, indicating the location of the TOPAS profiles in Fig. c and d. (c) TOPAS profiles from the
bank area, displaying the Ref. B, and the location of Fig. f and g. Note that the Ref. B. is cut by an iceberg scour in
the southwest part of the line. (d) TOPAS profile over a more uneven surface on the bank area, showing the Ref.
B, and the location of Fig. e. (e) Close up of Ref. B, in a topographic depression, showing a chaotic and prolonged
seafloor reflection. (f) Ref. B and a subtle continues SBR. (g) Ref. B over a topographical high, and a subtle SBR.
Ref. B- Reflection bank area, SBR- sub-bottom reflection.
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5.1.2 Inner basin

The TOPAS profiles from the inner basin are characterized by a strong reflection, defined as Ref. 1-B
(Fig. 5.2). Similar, to the Ref. B on the bank, the signal is weaker on the steeper slopes, and continues
throughout most of the inner basin. However, patches of subtle SBRs occur occasionally below the Ref.
I-B (Fig. 5.2c). Locally, acoustically transparent to semi-transparent ridges (ATR), with weak seafloor
reflections, defined as ATR I-B, are located on top of the Ref. I-B (Fig. 5.2e and f). The ATRs are between
~2-7 ms TWT thick (~1-5 m) and 100-200 m wide (Fig. 5.1). At the southernmost part of the TOPAS
line in Fig. 5.2c, there is a complex pattern of ATRs where the Ref. I-B disappears. This complex pattern
is suggested to be caused by diffractions due to the oblique angle (~45°) of the TOPAS line above the
MSGL. The seafloor in the inner basin are composed of glacial lineation and MSGL (Fig. 5.2b; see also
section 4.2; page 56; Fig. 4.3) and the location of the lineations appears to correlate to the location of
the ATR in the TOPAS profiles.

5.1.3 Middle basin

The TOPAS profile from the deeper area in the middle basin shows an acoustically transparent to semi-
transparent layer, defined as ATL 1 M-B (Fig. 5.3), above a distinct and continuous SBR, and below a
smooth seafloor reflection. The ATL 1 M-B varies in thickness between less than 2 ms in TWT (~1 m)
to ~8 ms in TWT (~6 m). The configuration of the ATL 1 M-B appears to infill the deeper part of the
middle basin. However, it terminates at the transition to the outer part of the basin (Fig. 5.4c and d), and
pinches out on the slope towards the shallower area of the middle basin (Fig. 5.3c). Locally the ATL 1
M-B grades into ATRs towards the seafloor (Fig. 5.3d). The seafloor in this area is characterized by
subtle glacial lineations (Fig. 5.3b; see also section 4.2; page 56; Fig. 4.6). Most of these lineations are
too small to be resolved by the TOPAS system, but the ATR in Fig. 5.3d appears to correspond to a

subtle lineation on the seafloor.

The TOPAS profile from the shallower part of the middle basin shows a chaotic acoustically transparent
to semi-transparent layer, defined as ATL 2 M-B, between an irregular seafloor reflection, and a
continuous SBR (Fig. 5.3e and f). The ATL 2 M-B is between ~2-4 ms in TWT thick (~1-3 m). It is
thickest in the east, towards the feature interpreted as GZW (Fig. 5.3; see also section 4.8; page 75; Fig.
4.14c) However, it terminates abruptly on the steeper slope of the GZW. The ATL 2 M-B gets thinner
towards the west, where it is less conform, and appears more as individual ATRs. Further to the west it
pinches out towards the feature interpreted as a lateral shear-moraine (Fig. 5.3e; see also section 4.6;
page 70; Fig. 4.12). Features interpreted as iceberg scours (see section 4.3; page 62) characterize the

seafloor in this area (Fig. 5.3b).
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Fig. 5.2. TOPAS profiles from the inner basin. (a) The white box indicates the location of Fig. b. (b) Bathymetry of
the inner basin. White lines indicates the location of the TOPAS profiles in Fig. ¢ and f. (c) TOPAS profile from the
inner basin. (d) Interpretive line drawing of the TOPAS profile shown in Fig. ¢ with Ref. I-B, ATR I-B, and subtle
SBR. (e) Close-up of the TOPAS line in Fig. ¢, with a prominent ATR |I-B located on top of the Ref. I-B. (f) TOPAS
profile with ATR I-B located on top of the Ref. I-B. ATR I-B, - acoustic transparent ridges inner basin area, Ref. I-B.
- reflection inner basin area. SBR —sub-bottom reflection.
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Fig. 5.3. TOPAS profiles from the middle basin. (a) The white box indicates location of Fig. b. (b) Bathymetry of the
middle basin, with white lines indicating the location of TOPAS profiles in Fig. c and e. The short yellow arrows
indicates the location of subtle glacial lineations. (c) TOPAS profile with ATL1 M-B, a distinct SBR and the location
of Fig. d. (d) Close up of the ATL 1 M-B, the SBR, and an ATR. (e) TOPAS profile with the ATL 2 M-B, the SBR, an
irregular seafloor reflection, and the location of Fig. f. (f) Close up of the irregular seafloor reflection above the ATL
2 M-B. (g) Interpretation of the TOPAS profile in Fig c. (h) Interpretation of the TOPAS profile in Fig e. ATL 1 M-B,
- acoustic transparent layer 1 middle basin area, ATL 2 M-B, - acoustic transparent layer 2 middle basin area, SBR
—sub-bottom reflection. ATR- acoustic transparent ridge, GZW- grounding zone wedge.
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5.1.4 Outer basin

At the transition from the middle to the outer basin, there is a marked change in the TOPAS profile,
where the sediment scarp is located (Fig. 5.4). A thick unit of acoustically transparent to semi-
transparent layer is located on the northern side of the sediment scarp, defined as ATL 1 O-B. The ATL
1 O-B is located above a smooth SBR that is relatively subtle and discontinuous (Fig. 5.4c). The seafloor
reflection, which marks the top of the ATL 1 O-B, displays a set of regularly spaced ridges at the surface
of ATL 1 O-B. The unit is up to 20 ms thick in TWT (~15 m) at the south of the unit, and thins gradually
in the northwesterly direction to a thickness of ~8 ms in twt (~6 m). Multiple MSGL occur in this area
of the ATL 1 O-B (section 4.2; p. 56), which are partly cross-cut by iceberg scours (section 4.3; p. 62)
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Fig. 5.4. TOPAS profile from the middle and outer basin. (a) The white box indicates the location of Fig. b (b)
Bathymetry of the transition from the middle to the outer basin, marked by the sediment scarp. White line indicates
the location of the TOPAS profile in Fig. c. The short yellow arrows indicates the location of subtle glacial lineations
in the middle basin. (c) TOPAS profile with acoustically transparent to semi-transparent layer above a distinct to
subtle sub bottom reflection (SBR). (d) Interpretation of the acoustic units on TOPAS profile shown in Fig. c. ATL 1
M-B- acoustic transparent layer 1 middle basin area, ATL 1 O-B- acoustic transparent layer 1 outer basin area, ATL
2 O-B- acoustic transparent layer 2 outer basin area.
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There is a diffuse change in the character of the ATL towards the northwest (Fig. 5.4c). Where the
seafloor reflection of the ATL, defined as ATL 2 O-B, gets much more irregular, with larger depressions,
and more patchy continuation towards the northwest (Fig. 5.4c). A smooth SBR is located below the
ATL 2 O-B, which is subtle to distinct and continuous to discontinuous. Further to the northwest, towards
the shelf edge, the ATL 2 O-B becomes more patchy and thinner, and appears more as individual ATR,
than an actual layer (similar to observations on other TOPAS profiles from the vicinity of the shelf edge,
but not shown here). Multiple iceberg scours have been identifies in the area where ATL 2 O-B occurs
(Fig. 5.4b; see also section 4.3; p. 62; Fig. 4.8b).

5.2 Interpretation

5.2.1 Reflections

Strong seafloor reflections with poor TOPAS penetration imply a hard substratum such as stiff till or/and
bedrock (e.g. Batchelor et al., 2011; Reinardy et al., 2011a; Klages et al., 2014). Based on the character
of the Ref. B (Fig. 5.1) and Ref. I-B (Fig. 5.2), which are similar on the smooth seafloor as well as on
the moraine ridges, that the reflection is intersected by iceberg scours and the subtle SBR below Ref. B
and Ref. I-B, they are interpreted to reflect the surface of stiff till. However, it is possible that the strong
reflection might actually represent bedrock cropping out at certain areas. As one would expect similar
reflection characteristics. However, given the smoothness of the seafloor (e.g. Fig. 5.1b) which do not
resemble areas interpreted as bedrock (cf. Larter et al., 2009; Graham et al., 2010; Hogan et al., 2010b),
it is likely that the reflections represents stiff till in most parts of the bank and inner basin. The subtle
SBR bellow Ref. B and Ref. I-B, probably represents the top of bedrock and/or internal structures within
the stiff till (Forwick and Vorren, 2010).

The SBR bellow the ATL 1 M-B, ATL 2 M-B (Fig. 5.3c and e), ATL 1 O-B and ATL 2 O-B (Fig. 5.4¢) is
suggested to represent the surface of stiff till of bedrock, based on the fact that the SBR appears to be
acoustically impenetrable with the TOPAS system. Vibrocores recovered from troughs on the West
Antarctic continental shelf, has demonstrated that such SBR below ATL often correspond to the surface
of stiff till (e.g. Evans et al., 2005; O Cofaigh et al., 2005a; Reinardy et al., 2011a). However, with the
current available data it is not possible to determine if the SBR correspond to the surface of stiff till or
bedrock.
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transparent ridges.
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seafloor.
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transparent layer.

Located in an area with
subtle glacial lineations.

ATL 2 M-B = Iceberg turbate
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transparent layer and ridges.

Located in an area dominated
by iceberg scours.

ATL 1 O-B = Soft deformation till

Acoustic transparent to semi-
transparent layer.

Located in an area dominated
by MSGL.

ATL 2 O-B = Iceberg turbate

Acoustic transparent to semi-
transparent layer.

Located in an area dominated
by iceberg scours.

Fig. 5.5. Summary of acoustic units in the study area, together with interpretation of the units.
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5.2.2 Acoustic units

5.2.2.1 ATRI-B, ATL 1 M-B, and ATL 1 O-B: Soft deformation till

The ATR I-B, which correspond to the MSGL and glacial lineations (Fig. 5.2c), the ATL 1 M-B, located
in the area of subtle lineations, (Fig. 5.3c), and the ATL 1 O-B, located in the area of MSGL (Fig. 5.4c),
are interpreted to be composed of predominantly soft deformation till, where the ridge represents soft
deformation till moulded into glacial lineations and MSGL. Similar ATL and ATR bellow MSGL and
glacial lineations have been observed in a several troughs on the Antarctic shelf, and cores recovered
from these units have been inferred to be composed of soft deformable till (e.g. © Cofaigh et al., 2002;
2005a; 2005b; Dowdeswell et al., 2004; Evans et al., 2005; Reinardy et al., 2011a). Typically, ATL
composed of soft deformation till, are more continuous than what is observed in the inner basin (Fig.
5.2c and f). However, it possible that any soft deformable till layer between the ATR I-B are too thin to
be resolved by the TOPAS system, or that ice flow occurred by localized basal-sliding over bedrock or
stiff till, rather than by deformation sliding (Engelhardt and Kamb, 1998; Evans et al., 2005; King et al.,
2009; Reinardy et al., 2011a).

The ATL1 M-B (Fig. 5.3c) might also represent glaciomarine sediments, as it appears to infill the deeper
part of the basin. However, as the glaciomarine sediment thickness elsewhere is thinner than the vertical
resolution of the TOPAS system, it is rather unlikely that the ATL 1 M-B represent glaciomarine
sediment with a thickness between ~2-8 ms twt (~2-6 m).

5.2.2.2 ATL 2 M-B and ATL 2 O-B: Iceberg turbate

The ATL 2 M-B, (Fig. 5.3e), and the ATL 2 O-B (Fig. 5.4c) located in the areas characterized by iceberg
scours, is interpreted be composed of sediments heavily affected by iceberg scouring that have caused
the highly irregular upper surface of the ATLs, and transformed most of the sediments into iceberg
turbate (e.g. Vorren et al., 1983a; Dowdeswell et al., 1993; Batchelor et al., 2011).
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6 Lithostratigraphy

6.1 Introduction

Four gravity cores (GC) were recovered from the Brunt Basin (Fig. 6.1). GC634 and GC635 were
recovered from the inner basin, GC635 was recovered from the deeper part of the middle basin, and
GC637 was recovered from the outer basin. This chapter presents a compilation of the results obtained

from the different methods described in chapter 3 that was applied on the sediments in the cores

Stancomb-Wills
Ice Tongue
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Seafloor
depth (m)
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Fig. 6.1. Location of the cores (circles) used in this study. The swath bathymetrical data is draped on top the IBCSO
bathymetry (Arndt et al., 2013), with an Envisat synthetic aperture radar image of the Brunt Ice Shelf System, taken

the 4t March 2011.
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6.1.1 Color code

The color and color codes of the sediments are based on the color of the core immediately after opening
and can be compared to the color images in Fig. 6.6 (p. 96). The sediment colors changed between the
opening of the cores and acquisition of line-scan images with the XRF core scanner. Images acquired
with the XRF core scanner are used in figures showing physical properties, element compositions and

sand fraction analyses, because they reveal the structures of the cores more clearly.

6.1.2 Lithological and structural logs

The lithological and structural logs presented in this chapter were created based on integration of visual
core observation, X-radiographs, biogenic content in sand fraction and smear slides and grain-size data.
The lithological key used from the lithology is displayed in Fig. 6.2. The key has been adapted from
Melles and Kuhn (1993) and has been used by BAS for investigating sediments on the Antarctic shelf.

The sediment cores are composed of diamictons (see below). The definition used for diamicton are as
followed: Unsorted to poorly sorted terrigenous sediment, consisting of mud, sand, and (more than
12.5%) gravel, (sub) angular gravel and/or cobbles is present throughout, and the sediment shows some
consolidation. If the gravel and cobble grains are predominantly in contact with each other: grain-
supported diamicton; if not: matrix-supported diamicton. If the sediment is dominated by a sandy

matrix: sandy diamicton, if the sediment is dominated by a muddy matrix: muddy diamicton.

“F'a-.-el.ly

. sand

el I
muddy  sandy mud
sand mud

sand

Fig. 6.2. Triangle diagram displaying the classification system for mud sand and gravel used. Modified from
Melles and Kuhn (1993)
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6.1.3 Smear-slide analysis
Several smear slides from different depths in the cores were taken to investigate the biogenic content in
the mud fraction. Where the sediment had more than 15% biogenic content, it was named accordingly.

The typical biogenic component was sponge spicules, diatoms and rare foraminiferas (Fig. 6.3).

6.1.4 AMS radiocarbon dating

The results from the AMS radiocarbon datings and the calibrated ages are displayed in Table 6.1. Three
14C dates was obtained from GC634, and one “C date was obtained from GC635. The ages displayed
in the figures and discussed further in the text are the calibrated ages. For GC634, at 12 cm, an ages of
2.8 cal. ka BP will be used. For GC635, at 50 cm, an age of 8.5 cal. ka BP will be used.

Qh >> “‘
Zh if.d' .,.:‘ ,fh
4 " o onesmules
(, o~
o¢f,

l

Fig. 6.3. Images of smear slides. (a) Fragment of a diatom. N.B.The black air bubble is from making the smear
slide. (b) Example of a sponge spicules. (c) Well preserved sponge spicules. (d) Foraminifera. Note that there are
no scale on the images, because of time constrains.
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Table 6.1.

Uncorrected, corrected and calibrated AMS 14C dates from the Brunt Basin, together with sample depth and
dated material. (AlO- acid insoluble organic matter) A marine reservoir effect correction of 1300 + 70 years
(Berkman and Forman, 1996) is used. Both the o 1 and o 2 range is plotted for each calibrated age (min-max),
but the mean age are used trough out the text. AMS 4C was carried out at the ETH laboratory in Zurich, using the
MICADAS. The 4C ages were calibrated using the Calib 7.1 software, with the Marine13 (Reimer et al., 2013). As
the “pre-defined” marine reservoir effect in the Marine13 is 405, the delta R used to calibrate was set to 895.

Lab Core  Sampling Species 14C age Cal. yr BP Cal.yrBP  Cal.yr BP
reference Depth BP Calib7.1 Calib 7.1 Calib 7.1
(cm) o 1 range 2 6 range 1 6 mean
69711.1.1 GC634 12 N. Pachyderma 5470 2673-2948 2543-3097 2826
sin. (£70)
69710.1.1 GC634 12 Cibicides 5490 2705-2996 2559-3161 2857
sp. (£70)
70776.1.1 GC634 12 AlO 11550 9676-10491  9303-10632 10010
(£220)
69709.1.1 GC635 50 One shell valve 10475 8340-8623 8240-8764 8499
(£90)

6.1.5 Glauconite

During the investigation of the sand fraction from each core, green and orange grains were observed
(Fig. 6.4). Some of these grains had a similar shape as foraminiferas, whereas others were elliptic to
almost flat. These grains are suggested to be glauconite. Element composition and structures
investigated with acquired with a SEM, correlated well with compositions of glauconite grains from
other studies (Odin and Matter, 1981; Bornhold and Giresse, 1985; Lim et al., 2000).

Fig. 6.4. (a) Image of glauconite grain acquired with a scanning election microscope (SEM). The white minerals in
the middle of the glauconite crack are pyrites. (b) Color image of the same glauconite grain.
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6.1.6 Subtle layer artifact

The X-radiographs of the cores show repeated subtle stratification that was ~1 cm thick, with “layers”
of coarser sediments that appeared denser, and finer grained sediments that appeared less dense
throughout all the core sections (Fig. 6.5). This subtle stratification were artifacts. This were proved by
acquisition of new X-radiographs of one core section. By changing the settings to taking images every
1 cm, the “layers” became thinner (~1cm) and by taking images every 0.5 cm, the subtle stratification

disappeared (Fig. 6.5).

6.1.7 Mottles

During the visual core observation immediately after opening of the cores, more grayish brown mottles
were observed on the fresh surfaces. These were most probably caused by small variation in the matrix
of the sediments and/or the ability of the sediment to keep the water, rather than by bioturbation, as the
latter was absent. E.g. intervals with mottles in the lower part of GC635 (101-93 cm) observed strait

after opening revealed a more sandy matrix when surface of the core dried.

GC636 GC636

Images taken every 2 cm Images taken every 0.5cm

e ayers

oarse laye

oarse layel

fine layer

oarse laye

10 cm

e layorl
Lo L \-%

N

Real features

Fig. 6.5. The X-radiograph to the left is displaying the subtle stratification of finer and less dense layers, and the
coarser and more dense layers. The X-radiograph to the right, is absent of subtle stratification, where images were
taken every 0.5 cm.

Page 95 of 158



GCB37 &sn  GC636 'wsin GC6B35 san GC634 s

Basin
Color X-radiograph Line-scan Color X-radiograph Line-scan Color

X-radiograph Line-scan  Color X-radiograph Line-scan
0 image code image code image code image code
. 2:5 1 L 10YR 4/3] 1 . b 10YR 5/3
10YR 4/2 5Y 5/1 65 4 e
2.5Y5/3 5 : 10YR 5/ 1
e e, 10YR 5/4
S X-radiograph  Color Sediment
= i OYR 4/2 sketch Image facies
a with
] 25Y4/2 | | 2.5YR
o 10YR 4/1 spot at
10 cm 2
50
10YR 3/1
5Y 4/1
with
10YR 5/1 laminae 3
and
stratificatior|
0 of
10 10YR 412
10YR 5/1 Fos %
X-radiograph  Color Sediment
sketch Image facies
5Y 5/1
to
2.5Y 4/1
150
X-radiograph Color Sediment
3 sketch Image facies
- higher density clast / lamination /
200 Key' Elgravel to cobble stratification
. shear strength
void measurements
250
X-radiograph Color Sediment
sketch Image facies

Fig. 6.6. X-radiographs, X-radiograph sketches, line-scan images, color codes and sediment facies from the
different cores. Note: The color codes can be compared to the color images of the cores, and not the line-scan

image of the core.
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6.2 Sedimentary facies

Based on visual core observation and description, lithology, color, structures, grain-size, X-radiographs,
physical parameters, sand fraction analysis, and the partly element composition of the cores, the
sedimentary facies 1 to 3 have been defined. The main goal of this facies approach is to establish the
major depositional environments for the sediments in the cores. The different facies will be described
further in detail below, starting at the lowermost facies (facies 3), then the middle facies (facies 2), and
then the uppermost facies (facies 1), and their representative sedimentary environments will be
discussed in the next chapter (section 7, p. 115). GC635 and GC636 contain all three facies, GC637
contained facies 3 and 2, and GC634 contains exclusively facies 1 (Fig. 6.6-Fig. 6.19; Table 6.2).

6.2.1 Facies 3

6.2.1.1 Lithology and stratigraphy

Facies 3 consists of a massive matrix supported diamicton, with subangular to subrounded gravel and
cobbles dispersed throughout in a muddy matrix (Fig. 6.6) of very dark gray (10YR 3/1) to gray (10YR
5/1 and 5Y 5/1) color (Fig. 6.6).

GC635 contains 44-50 % mud, 42 % sand and 8-14 % gravel, GC636 contain 52-54 % mud, 37-41 %
sand and 7-10 % gravel, and GC637 contain 53-57 % mud, 34-38 % sand and 6-13 % gravel.

In GC637 there appears to be some weak fabric, where clasts are arranged in a sub-horizontal to incline
angle and there are also some layers or bands of denser and less dense sediments sub-horizontal to
slightly inclined visible on the X- radiographs (Fig. 6.10). In GC635, between 101-93 cm there are some
patches of more sandy matrix. It appears to be some crude stratification in the upper part of GC637
(153-105 cm) in line-scan image (e.g. Fig. 6.6 and Fig. 6.7), but this is caused by reflection of water at

the core surface.

Facies 3 was recovered in GC637 (269-106 cm), GC636 (168-105 cm), and GC635 (116-70 cm). The
transition to the overlaying facies in GC635 is very diffuse, due to its location around where the core
sections are split and where there is one large cobble, around 70 cm (e.g. Fig. 6.6). The transition to the
overlying facies at GC636 and GC637 are gradational, where there is a transition from the massive

diamicton to a stratified to laminated diamicton (Fig. 6.10b and c).
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Fig. 6.7. Lithological composition, sedimentary structures, physical properties, grain size parameters, and facies
interpretation of core GC637. MS- magnetic susceptibility. For facies description and interpretation see Table 7.1,

p. 118.
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Fig. 6.8. Lithological composition, sedimentary structures, element composition and facies interpretation of core
GC637. The element composition is displayed as the ratio of the Sum of the 10 most abundant elements. For facies
description and interpretation see Table 7.1, p. 118.
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Fig. 6.9. Lithological composition, sedimentary structures, sand fraction analysis, smear slide analysis and facies
interpretation of core GC637. The sand fraction analysis is displayed as % of the representative grains in the sub-
samples. ‘Lithoclasts’ represent grains containing more than one mineral e.g., pyroxene and feldspar. ‘Other
terrigenous’ represents grains not fitting to the other categories or unidentified grains. ‘Silica specimens’ represents
diatoms, radiolarians and sponge spicules. ‘Foraminifera specimens’ represent agglutinated, benthic and planktonic
foraminifera. ‘Other biogenic’ represents shell fragments and ostracods. For facies description and interpretation
see Table 7.1, p. 118.
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Fig. 6.10. X-radiographs of the cores. (a) Inclined weak fabric and bands of lower density in the massive muddy
diamicton in facies 3. (b) GC636 showing an up-core transition from massive muddy diamicton (facies 3) to an
overlying laminated to stratified muddy diamicton (facies 2), to a massive gravelly sandy mud (facies 2). Note the
two lowermost laminae are bent downwards at the core side, which are caused by lateral friction drag of the core
liner, during coring (cf. Skinner and McCave, 2003). Whereas, the middle laminae seem to be bent in the middle
caused by the cobble above. Note also the irregular vertical lines and spots at the transition to a massive gravelly
sandy mud. The red solid line highlights some. These irregular lines and spots are suggested to represent
bioturbation. (c) GC637 showing an up-core transition from massive muddy diamicton (facies 3), to a overlying
laminated to stratified sandy diamicton (facies 2), to a massive gravelly sandy mud (facies 2). Note the low amount
of gravel and cobles around the mud stratification. (d) Clast alignment in GC636 which was observed both on the
surface and in the X-radiograph. Shear strength measurements were taken in the archive half section of GC636,
due to dewatering and compaction of this core section.

6.2.1.2 Physical properties

The wet-bulk density is moderate to high (mean 2,28 g/cm?®). It varies little in GC635 (Fig. 6.14) and
GC637 (Fig. 6.7). However, at the base of GC637, the wet bulk density is lowest in the core catcher
section, correlating to less sediment in the core catcher section. It decreases towards the top of the
massive diamicton in GC636 (Fig. 6.11). Shear strengths are moderate to high, ranging from 2-21 kPa,
and increases towards the base. (40 kPa was measured in the core catcher section of GC636, and are
artificial high and should not be trusted, but it still indicates an increase in shear strength. (C-D.
Hillenbrand, personal communication)).
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Fig. 6.11. Lithological composition, sedimentary structures, physical properties, grain size parameters, and facies
interpretation of core GC636. MS- magnetic susceptibility. For facies description and interpretation see Table 7.1,

p. 118.
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interpretation of core GC636. The sand fraction analysis is displayed as % of the representative grains in the sub-

samples. ‘Lithoclasts’ represent grains containing more than one mineral e.g., pyroxene and feldspar. ‘Other

terrigenous’ represents grains not fitting to the other categories or unidentified grains. ‘Silica specimens’ represents

diatoms, radiolarians and sponge spicules. ‘Foraminifera specimens’ represent agglutinated, benthic and planktonic

foraminifera. ‘Other biogenic’ represents shell fragments and ostracods. For facies description and interpretation

see Table 7.1

,p. 118.
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Table 6.2.

Min, Max, and Mean values for measured physical properties, water content and biogenic content. Mean values

from measured element composition ratio.

Facies 1 Facies 2 Facies 3
GC637 X 0-106 cm 106-269
GC636 0-6 cm 6-105 cm 105-170 cm
GC635 0-9cm 9-70 cm 70-106 cm
GC634 0-14 cm X X
Wet bulk density (g/cm?)
Min 1.79 1.94 191
Max 2.26 2.69 2.50
Mean 2.01 2.21 2.28
Magnetic susceptibility (10-°SI)
Min 36 64 47
Max 244 339 203
Mean 83 180 150
Shear strength measurements (kPa)
Min 0 2
Max 15 21 (40)
Mean 4 11
Water content (wt. %)
Min 19.9 12.5 12.0
Max 32.8 24.6 19.3
Mean 26.7 17.9 15.1
Biogenic (% in sand fraction)
Min 1 0 0
Max 17.05 0.7 1
Mean 4.01 0.08 0.2
Fe/Sum ratio (Mean) 0.468 0.487 0.477
Ti/Sum ratio (Mean) 0.053 0.051 0.052
Ca/Sum ratio (Mean) 0.121 0.127 0.130
S/Sum ratio (Mean) 0.007 0.005 0.004
Si/Sum ratio (Mean) 0.136 0.136 0.137
Al/Sum ratio (Mean) 0.008 0.011 0.011
Rb/Sum ratio (Mean) 0.008 0.006 0.005
Zr/Sum ratio (Mean) 0.024 0.015 0.015
Sr/Sum ratio (Mean) 0.014 0.010 0.009
K/Sum ratio (Mean) 0.160 0.153 0.160
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Fig. 6.14. Lithological composition, sedimentary structures, physical properties, grain size parameters, and facies
interpretation of core GC635. MS- magnetic susceptibility. The number to the right show calibrated “C ages of
calcareous material (in ka BP). For facies description and interpretation see Table 7.1, p. 118.

The mean water content is 15.1 wt. % with generally little variation. It increases towards the top of the
facies, especially for GC636, which correlates to a decrease in the wet bulk density, shear strength and
sand content (Fig. 6.11).

The MS loop sensor and point sensor values are on average around 150 *10° Sl, with little fluctuation

in the loop sensor values. However, in the upper part of the massive diamicton in GC636 (130-105 cm),
some larger fluctuations result most likely from clasts (Fig. 6.11). There is more fluctuation in the point
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Fig. 6.15. Lithological composition, sedimentary structures, element composition and facies interpretation of core
GC635. The element composition is displayed as the ratio of the Sum of the 10 most abundant elements. The
number to the right show calibrated “C ages of calcareous material (in ka BP). For facies description and
interpretation see Table 7.1, p. 118.

sensor values, but no distinct trends can be observed. Discrete peaks and troughs in the physical
properties can typically be correlated to large cobbles and pebbles, and/or lack of sediment.

6.2.1.3 Element compaosition

The Ca/Sum and S/Sum ratios are low to moderate with generally little fluctuations, but distinct peaks
in S/Sum in GC637 at 208 and 132 cm (Fig. 6.8) and GC636 at 110 cm (Fig. 6.12). These peaks are
accompanied with a narrow smaller peak in Ca/sum ratio. At the same depth, both Fe/Sum and Ti/Sum
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Fig. 6.16. Lithological composition, sedimentary structures, sand fraction analysis, smear slide analysis and facies
interpretation of core GC635. The sand fraction analysis is displayed as % of the representative grains in the sub-
samples. ‘Lithoclasts’ represent grains containing more than one mineral e.g., pyroxene and feldspar. ‘Other
terrigenous’ represents grains not fitting to the other categories or unidentified grains. ‘Silica specimens’ represents
diatoms, radiolarians and sponge spicules. ‘Foraminifera specimens’ represent agglutinated, benthic and planktonic
foraminifera. ‘Other biogenic’ represents shell fragments and ostracods. The number to the right show calibrated
14C ages of calcareous material (in ka BP). For facies description and interpretation see Table 7.1, p. 118.

ratios have small depressions, which are slightly wider than the peaks in S/Sum and Ca/sum ratio. Also
at the same depth, the Al/Sum and Si/Sum ratios show peaks, but wider than the S/Sum and Ca/sum

ratios.
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Si/Sum and Al/Sum ratios are fluctuating, especially in GC637, below 155 cm (Fig. 6.8). Fe/Sum and
Ti/Sum ratios appear be mirroring the fluctuation of the Si/Sum and Al/Sum ratios, but with a smaller
amplitude of fluctuation. Zr/Sum and Rb/Sum ratios have the same trend as Fe/Sum and Ti/Sum ratio,
but with minor fluctuations. The same is observed in GC635 and GC636, but with smaller amplitudes

of fluctulation (Fig. 6.12; Fig. 6.15). The K/Sum ratio is generally higher in facies 3 than in facies 2.

6.2.1.4 Biogenic content and sand fraction analysis

The biogenic content in the sand fraction is low, i.e. less than 1% to absent. It consists of broken sponge
spicules and broken shell fragments. The smear slides for this facies are also typically absent of biogenic
material, however, traces (less than 5 %) of sponge spicules and diatoms occur at some depths, typically

as small and broken fragments of the sponge spicules.

The quartz and feldspar grains within facies 3 in the three cores exceeds 80%; lithoclasts, mafic, mica
and other terrigenous grains occur in lower abundances. There are generally very small variations, but
the amount of mica grains in GC635 is relatively high compared to the two other cores. Both GC636
and GC637 are composed of 0.5-2.4 % glauconite grains in the sand fraction. No glauconite grains were
observed in GC635.

6.2.2 Facies 2

6.2.2.1 Lithology and stratigraphy

Facies 2 consists of gray (10YR 5/1), dark gray (10YR 4/1 and 5Y 4/1) to dark grayish brown (10YR
4/2 and 2.5Y 4/2), laminated to stratified, muddy to sandy diamictons to massive gravelly sandy mud,
with random to horizontal orientation of gravel and cobbles throughout the facies (Fig. 6.6). The
sediments are poorly sorted, and the grain size data have slightly more variations than the underlying

facies. The grain size data is generally showing a coarsening upwards trend.

GC635 contains 38-51 % mud, 36-41 % sand and 13-20 % gravel, GC636 contains 50-67 % mud, 24-
37 % sand and 6-16 % gravel, and GC637 contains 38-57 % mud, 28-51 % sand and 6-15 % gravel.

The lower parts of this sedimentary facies consist of stratification and lamina of mud and sand in GC636
and GC637. At the lower part of facies 2 in GC636, between 104-74 cm, there is muddy stratification
(thicker than 1 cm) and lamination (thinner than 1 cm) (Fig. 6.10b). At the same depth, the mud content
is increasing and the sand content is decreasing. One of these laminae is bent in the middle, most
probably due to deformation by a cobble up core of the laminae (Fig. 6.10b). Also in GC636 between

~84-70 cm (Fig. 6.10b), some irregular sub-vertical lines and spots can be observed in the X-photograph,
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going through the laminated and stratified diamicton to the massive gravelly sandy mud, which are

suggested to have been caused by bioturbation.

In the lower part of facies 2 in GC637 (between 102-78 cm) there are sandy laminas, but also one muddy
stratification (Fig. 6.6c). At the same depth, the sand content is increasing, and the mud content is
decreasing (Fig. 6.7). The X-radiograph shows that there are less gravel and cobble clasts around the

muddy stratification (Fig. 6.10c).

The upper part of this facies is predominantly massive, with some patches of more sandy sediments in
GC637 (Fig. 6.7). Some sub-horizontal zones of less dense and denser sediment, and occasionally sub-
horizontal clast alignment can be observed on the X-radiographs. However, it is difficult to tell if all of
these features are real due to the subtle layer artifact described in section 6.1.6. However, clast alignment
at 21 cmin core GC636 is real, as it was also observed on the surface, in addition to the X-radiographs
(Fig. 6.10d). A reddish brown patch (2.5YR 4/3), with sand and mud grains of similar color, was
observed at ~11 cm in core GC635 (Fig. 6.6 and Fig. 6.14).

Facies 2 was recovered as the middle facies in both GC636 (105-6 cm) and GC635 (70-9 cm), and is
the uppermost facies of GC637 (106-0 cm). The border to facies 1 in GC635 and GC636 is gradational
and is defined by color changes and changes in biogenic content.

6.2.2.2 Physical properties

The wet-bulk density of facies 2 is moderate to high (mean 2.21 g/cm?), but generally lower than in
facies 3. The lower part of GC637 has the highest wet-bulk density, which is not related to discrete
peaks that can be correlated to cobbles and pebbles (Fig. 6.7), which correlates to a increase in sand
content. In contrast, GC636 has the lowest values of wet bulk density at the lower part of facies 2 (Fig.

6.11), which correlates to a decrease in sand content.

The shear strength is generally low to moderate (0-15kPa) and fluctuates little in cores GC635 and
GC636. It decreases towards the top of GC637, which correlates to an increase in water content and a

decreases sand content and wet bulk density.

The water content increases slightly towards the top of facies 2 in GC635 and GC637, but decreases in
core GC636, before there is an abrupt increase towards facies 1. As shown in Fig. 6.11, and mentioned
in the methods (section 3.4.8), this core section of GC636 had dewatered and compacted in one-half.

However, it doesn’t seem like the dewatering and compaction of the core section has a large influence
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on the reliability of the data, as the decrease in water content seems to be correlating well with the wet

bulk density increase towards the top of this facies.

The magnetic susceptibility (both MS loop sensor and point sensor) is generally moderate to high (mean
180 *10°° SI). It varies more and is generally higher than in facies 1 and 3. Discrete peaks and minima
in the physical properties can typically be correlated to large pebbles and cobbles, and/or lack of

sediments in the end of the sections (Fig. 6.6).

6.2.2.3 Element compaosition

Al/Sum and Si/Sum ratios have a somewhat similar trend in all the cores, which increases up-core from
transition from facies 3, but starts decreasing towards the top of facies 2, but increases again close to the
transition to facies 1 in GC635 (Fig. 6.15).

The element composition is strongly fluctuating in the lower part of facies 2 in GC637 between 105-78
cm (Fig. 6.8), where Ca/Sum and S/Sum ratios are increasing and Fe/Sum and Ti/Sum ratios are

decreasing up-core from the transition from facies 3, but “recovers” its mean values again at ~78 cm.

In GC636 (Fig. 6.12), the Ca/Sum ratios increases, whereas the Rb/Sum ratio decreases up-core from
facies 3. In both GC636 and GC637, the K/Sum ratio is decreasing up-core from the transition from

facies 3. The S/Sum ratio, has as “spiky* appearance at 35-42 cm in GC637.

6.2.2.4 Biogenic content and sand fraction analysis
Similar to facies 3 the biogenic content in facies 2 is low or nearly absent, and traces (less than 3%) of
sponge spicules and diatoms occur at certain depths (Fig. 6.9, Fig. 6.13 and Fig. 6.16). One shell valve

was observed at 50 cm in core GC636. This was sampled for dating purposes.

The lithology of the grains in the sand fraction is fairly similar to facies 3, but the quartz and feldspar
content decreases slightly up-core from facies 3 in cores GC636 and GC637 before it increases again
towards the top of the facies (Fig. 6.9 and Fig. 6.13). Simultaneously, the mafic content in GC636
increases and the mica content increases in GC637. Opposite to the other cores, the quartz and feldspar
content increases up-core in GC635 (Fig. 6.16). The lithology of the reddish brown patch in GC635
differs a lot from the general lithology in the sand fraction and is dominated by lithoclasts, with a reddish

brown color.

The glauconite content increases slightly up-core above facies 3 in GC636 and GC637 and then starts

decreasing to where the glauconite grains are absent or very few in the upper part of facies 2 in GC636.
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interpretation of core GC634. MS- magnetic susceptibility. The number to the right show calibrated 4C ages of
calcareous material (in ka BP). For facies description and interpretation see Table 7.1, p. 118.

In GC637 the glauconite content increases again towards the top of facies 2, whereas no glauconite
grains were observed in facies 2 in GC635, except for at 63 cm, where the lithological composition

contained ~0.1 % glauconite grains.

6.2.2.5 AMS radiocarbon dates
One radiocarbon date was obtained from a shell valve in GC635, at 50 cm, that yielded an age of ~8.5

cal. ka BP.

6.2.3 Facies 1

6.2.3.1 Lithology and stratigraphy
Facies 1 is composed of a brown (10YR 5/3 and 10YR 4/3), gray (10YR 5/1 and 5Y 5/1), dark gray (5Y
4/1), yellowish brown (10YR 5/4), to light olive brown (2.5Y 5/3), massive and occasionally laminated

to stratified, sponge bearing gravelly sandy mud.

The granulometric composition of core GC634 varies between 49-61 % mud, 15-35 % sand, and 10-24
% gravel. Only one sample from facies 1 was taken from GC635 and GC636, and thus there is no
variation. GC635 contains 47 % mud, 43 % sand and 10 % gravel, and GC636 contains 55 % mud, 41

% sand and 4 % gravel.

Facies 1 overlies facies 2 in GC635 ( 9-0cm) and GC636 (6-0 cm) and it is the only facies in GC634
(14-0 cm).
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interpretation see Table 7.1, p. 118.

6.2.3.2 Physical properties

Wet bulk density (mean 2.01 g/cm?®) and shear strength (0-5 kPa) are generally low and the water content
is typically higher than in the two other facies. MS point and loop sensor values (mean 83 *10-°SI) are
low for GC634 and GC635, and have little variation, whereas the MS loop sensor values are high in
GC636 (Fig. 6.11). The discrete peak in wet bulk density and MS point sensor at 12 cm in GC634 is
caused by a large cobble (Fig. 6.17).

6.2.3.3 Element compaosition

Sr/Sum, Rb/Sum, Zr/Sum, Ca/Sum and S/Sum ratios are generally increasing, and Fe/Sum, Ti/Sum ratio
are generally decreasing up-core in facies 1. GC634 and GC635 have a similar trend in element
composition, with positive peaks in both Ca/Sum, S/Sum, Rb/Sum, Zr/Sum, K/Sum and Sr/Sum ratios,
and a minimum in Fe/Sum and Ti/Sum ratios in the middle of the facies at ~5 cm. Al/Sum and Si/sum
ratios are decreasing in GC635 and increasing in GC634 and GC636 up-core in this facies. K/Sum ratio

is decreasing up-core in GC635 and increasing in GC634 and GC636.

6.2.3.4 Biogenic content and sand fraction analysis

The biogenic content in facies 1 is relatively high compared to facies 2 and 3. Smear slides have between
15-30 % of biogenic content in facies 1, dominated by sponge spicules. The sand fraction also contains
relatively high amounts of biogenic material, where sponge spicules also dominate the biogenic

composition.

GC634 has a decreasing trend in the biogenic content towards the top of the facies, especially in terms
of foraminifera specimen content. Only one sample was investigated in GC635 and GC636 and thus the

biogenic content has no variation, but are increasing upwards from facies 2.
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Fig. 6.19. Lithological composition, sedimentary structures, sand fraction analysis, smear slide analysis and facies
interpretation of core GC634. The sand fraction analysis is displayed as % of the representative grains in the sub-
samples. ‘Lithoclasts’ represent grains containing more than one mineral e.g., pyroxene and feldspar. ‘Other
terrigenous’ represents grains not fitting to the other categories or unidentified grains. ‘Silica specimens’ represents
diatoms, radiolarians and sponge spicules. ‘Foraminifera specimens’ represent agglutinated, benthic and planktonic
foraminifera. ‘Other biogenic’ represents shell fragments and ostracods. The numbers to the right show calibrated
14C ages of calcareous material (in ka BP). For facies description and interpretation see Table 7.1, p. 118.

The quartz and feldspar amount in GC634 increases, as the biogenic content decreases. Other lithologies
only change slightly. The glauconite content in GC636 is low, less than 1%, and no glauconite was
observed in GC635. Some less developed glauconite grains were observed at 12 cm in GC634, where

they appeared to be coating or growing on mica grains.

6.2.3.5 AMS radiocarbon dates
Three radiocarbon dates were obtained from this facies in GC634, all at 12 cm. One sample from a

planktic foraminifera (N. pachyderma sin.) with an age of 2826 cal. yr BP, one sample from a benthic
foraminifera (Cibicides sp.) with an age of 2857 cal. yr BP, and one sample from AIO fraction with an

age of 10010 cal. yr BP.
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7 Discussion

7.1 Correlation of lithological and acoustic data
In this section, the sediment cores and acoustic data will be correlated to improve the interpretation of

the depositional environments archived in the sediments in the cores.
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Fig. 7.1. Geomorphological map of the study area, including the extent of ART I-B, ATL1 M-B and ATL1 O-B,
together with the location of the gravity cores (GC) from this study. A transparent version of the swath bathymetry
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3-7-1 from Stolldorf et al., (2012) used in the discussion.
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GG634 and GC635 were retrieved from the inner basin (Fig. 7.1; Fig. 7.2), where the seafloor is
characterized by features interpreted as MSGL. The TOPAS profiles (Fig. 7.2c) show locally ATR (ATR
I-B) on top of a strong reflection (Ref. I-B). The ATR I-B was interpreted to consist of soft deformation

till, moulded into ridges, and the Ref. I-B was interpreted to possibly represent the surface of stiff till.

GC636 was retrieved in the deeper part of the middle basin (Fig. 7.1; Fig. 7.2). The seafloor in this

region is characterized by subtle linear features interpreted as glacial lineations. The subtle appearance
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Fig. 7.2. (a) Bathymetry of the inner basin, with the location of GC634 and GC635 (b) Bathymetry of the middle and
outer basin, with the location of GC636 and GC637. The black line indicates the location of TOPAS profiles in Fig.d
and e. (c) TOPAS profile with the approximately location of GC634 and GC635. (d) TOPAS profile with the
approximate location of GC637. (e) TOPAS profile with the approximate location of GC636.
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of the glacial lineations was suggested to be caused by a thin ice, which was lightly or episodically
grounded. The TOPAS profiles from the deeper part of the middle basin revealed an ATL (ATL 1 M-B),
with a thickness between ~1-6 m, interpreted to consist of soft deformation till. A distinct SBR is located
below the ATL 1 M-B (Fig. 7.2e).

GC637 was retrieved in the outer basin (Fig. 7.1; Fig. 7.2). The seafloor in this region is characterized
by features interpreted as MSGL, which are locally crosscut by iceberg scours. The TOPAS profile from
the outer basin reveals a thick ATL (ATL 1 O-B), with a thickness of ~6-15 m, interpreted to consist of
soft deformation till. A subtle SBR is located below the ATL1 O-B (Fig. 7.2d).

7.2 Sedimentary facies and depositional environment

7.2.1 Facies 3: Subglacial facies

The massive muddy diamictons in facies 3 are similar to other massive diamictons reported from the
Antarctic shelves, where they have been interpreted as soft deformation till, deposited subglacially
beneath ice streams (e.g. Domack et al., 1999; Licht et al., 1999; Evans and Pudsey, 2002; Evans et al.,
2005; Hillenbrand et al., 2005; 2010; O Cofaigh et al., 2005a; 2005b; 2007; Reinardy et al., 2011a;
2011b; Smith et al., 2011; 2014). However, similar lithologies, structures and physical properties have
also been described from sediments such as glaciogenic debris flows, iceberg turbated sediments, and
sub-ice shelf glaciomarine sediments proximal to the grounding line (e.g. Domack et al., 1999; Licht et
al., 1999; Evans and Pudsey, 2002; Hillenbrand et al., 2005; 2009; 2010; 2012; Smith et al., 2011). The
bathymetry and the TOPAS profiles do not reveal any features that could represent glaciogenic debris
flow close to the cores that recovered the facies 3 diamictons (e.g. Fig. 7.2). Furthermore, features
interpreted as iceberg scours occur exclusively in the vicinity of core GC637. Such iceberg-turbated
sediments typically display more spikey shear strength values (e.g., VC430 and VC436 in Smith et al.,
2011).

The swath bathymetry and TOPAS profiles reveal features interpreted as glacial lineations and MSGL
together with ATR and ATL (section 4.2 and 5.2.2; Fig. 7.2), indicative of ice streaming and soft till
deformation (Dowdeswell et al., 2004; o) Cofaigh et al., 2007; King et al., 2009; Reinardy et al., 2011a)
close to all coring sites. Therefore, it is suggested that the facies 3 diamicton is a soft deformation till,
deposited beneath grounded ice in the Brunt Basin (Fig. 7.3). This is also supported by several other
parameters, such as, lack of sediment structures (e.g. lamination and stratification) indicative of current
activity, low to absent biogenic content in the smear slides and sand fraction, generally higher wet bulk
density, and lower water content than facies 1 and 2. The shear strength values are also generally higher,

and typically display an increase down-core, and that the grain size data and the MS values showing
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little variations are also consistent with soft deformation tills (e.g. Domack et al., 1999; Hillenbrand et
al., 2005; 2010; Smith et al., 2011; 2014). In addition, similar weak fabric and layers or bands of less
dense sediments as observed in GC637 (Fig. 6.10a), have also been observed in sediments interpreted
as soft deformation tills from the western and eastern Antarctic Peninsula shelves (Evans et al., 2005;
O Cofaigh et al., 2005b; 2007).

The transition from facies 3 to facies 2 has in GC636 and GC637 been defined mainly on the basis of
the onset of stratification and lamination in facies 2, but also partly because of fluctuations in the element
composition (Fig. 6.8 and Fig. 6.12), as well as more pronounced variation in the physical properties.
The transition in GC635 is more diffuse and, therefore, defined by more consolidated sediment in facies

3, with higher wet bulk density and shear strength, as well as decreasing water content down-core.

Table 7.1.

Diagram of facies interpretation of the different sediment types recovered in the cores from the Brunt Basin.

Lithology Sedimentary Key sedimentological properties Facies
structures Interpretation
Sponge bearing Massive, to Relatively high biogenic content ~ Glaciomarine

gravelly sandy

stratified or

and water content, moderat to

deposition, with

mud laminated high variability of parameters. seasonal sea ice
cover (1)

Muddy to sandy ~ Massive to Low to absent biogenic content, Glaciomarine
diamicton and laminated or  low to medium wet bulk density deposition, in an sub-
gravelly sandy stratified, and shear strength, moderate ice shelf setting or
mud (bioturbated  water content and variation in with perennial sea

in GC636) grain size ice cover (2)
Massive muddy Massive Low to absent biogenic content, Subglacial deposition

diamicton

(weak fabric
in GC637)

low to high shear strength and wet
bulk density, moderate to low
water content. Little variation in

grain size and MS

)
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However, it is possible that the upper parts of facies 3 may have been partly deposited in an glaciomarine
sub-ice shelf environment, proximal to the grounding line. As sediments deposited close to the
grounding line in sub-ice shelf cavities will mainly be composed of basal debris derived from the ice
shelf, it can be similar to subglacial till (c.f. Licht et al., 1999; Domack et al., 1999; Hillenbrand et al.,
2005). More proxies are therefore wanted to determine an accurate transition from subglacial to
glaciomarine environment (cf. Hillenbrand et al., 2005; 2009 vs. Hillenbrand et al., 2010). Especially
the low shear strength in the upper part of facies 3 in GC636 is suspicious, but similar low shear strength
have been reported from soft deformation tills (Evans et al., 2005; O Cofaigh et al., 2005b). It is therefore
suggested that the low shear strength in GC636 reflects less pressure ice-sediment interface, presumably

caused by lightly grounded ice.

a Subglacial b Proximal grounding line

Ice sheet

Ice sheet Glauconite

Core location

Glauconite Fast flow

v
- Soft till
Subglacial debris transport

and recycling
Bedrock or stiff till? Bedrock or stiff till?

C Distal grounding line d Seasonal open marine
El x ® v x ‘ x x v

__a © ° e - —
, anl do @& — —— -
e e T+ —

=

Soft till Soft till

Bedrock or stiff till? Bedrock or stiff till?

Fig. 7.3. Schematic model of the depositional environment for the sediments in the cores from the Brunt Basin. (a)
Subglacial environment. (b) Proximal grounding line to (c) distal grounding line in a sub-ice shelf environment or
perennial sea ice cover. (d) Seasonal open marine environment. El- exotic iceberg, BISS-Brunt Ice Shelf System.
Model is not to scale.
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7.2.2 Facies 2: Glaciomarine sub-ice shelf /perennial sea ice cover facies
The coarse grained sandy to muddy diamictons and gravelly sandy muds in facies 2 are believed to be
deposited in a transitional environment, from subglacial (facies 1), to an open marine (facies 3)
environment as the grounded ice retreated from the core locations (Fig. 7.3b and c¢). The lamination and
stratification in the lower part of facies 2 in GC637 and GC636, bioturbation in the lower part of GC636,
and a shell valve of Holocene age in GC635, reflect a marine influence (e.g. Domack and Harris, 1998;
Lichtetal., 1999; Evans and Pudsey, 2002; Hillenbrand et al., 2010). However, the low biogenic content
could indicate a sub-ice shelf environment or perennial sea ice cover at the core positons during the
deposition of the facies 2. This is also supported by the similarities to sediments reported from Holocene
ice shelf environments (Domack et al., 1999; Evans and Pudsey, 2002; Hillenbrand et al., 2009; 2010).
In addition, the modern Brunt Ice Shelf System exists in close proximity to the core locations today and
it is therefore likely that a palaeo version of the Brunt Ice Shelf System existed during the time when
the facies 2 sediments were deposited. As climatic conditions would have been colder and more
favorable for ice shelf and sea ice formation (e.g. Benn and Evans, 2010). The sand fraction of the facies
2 are also very similar to the soft deformation till in facies 3, which could indicate that the sediments
predominantly are sourced by basal melt from sub-ice shelf cavities and iceberg rafted sediments source
by the same ice (e.g. Domack et al., 1999). The depositional environment for the facies 2 sediments is

therefore suggested to be glaciomarine environment under sub-ice shelf or perennial sea ice cover.

The sediments reflect a transition from a proximal grounding line position to a more distal positon,
where it is suggested that the laminated and stratified diamictons in GC636 and GC637 are deposited
close to the grounding line (e.g. Domack et al., 1999; Hillenbrand et al., 2010; Klages et al., 2013). The
laminated and stratified diamictons may have formed from episodic plumes of sediment-laden water
emitted from grounding line cavities with settling of fine-grained material, and/or sorting of fine grained
material by bottom currents and tidal pumping, and/or gravity flows (e.g. Domack et al., 1999; Evans
and Pudsey, 2002; Evans et al., 2005), rather than melt-water driven subagqueous outwash, which would
not be expected due to the polar climatic conditions (Evans and Pudsey, 2002; Evans et al., 2005). The
cobble causing the bending of the lamination in GC636 (Fig. 6.10) has most likely been ice rafted or

melted out from the base of an ice shelf.

The differences in the grain-size and the various composition of the lamination and stratification
possibly reflects differences in the proximity of the grounding line, the thickness of the basal debris
layer in the ice shelf, and/or the strength of the bottom currents at the location of GC636 and GC637
(Domack et al., 1999). The lack of lamination and stratification of the lower part of facies 2 in GC635
does not exclude it being deposited close to the grounding line. The coarse sediment with the large
cobble above the facies 3 transition in GC635 (Fig. 6.6; Fig. 6.14) might be what Domack et al. (1999)
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refer to as the granulated facies, which they suggest is caused by ice shelf lift off from the seafloor and
deposition of coarse-grained material. However, the lack of lamination and stratification indicates
somewhat different conditions, than at the location of GC636 and GC637 after the grounding line

retreated.

The structureless, upper part of facies 2 is suggested to reflect a gradual transition to a more distal
grounding line position for the core locations (Fig. 7.3c). The increase in gravel content towards the top
of facies 2 in GC635 and GC636 might reflect the landwards retreat of the ice shelf calving line over
the core sites (cf. Domack et al., 1999). This is also supported by the reddish brown patch in GC635,
where the grain composition differs from the typical composition and thus, most likely reflects
deposition from an exotic iceberg (Fig. 7.3c). The random to horizontal orientation of gravel and pebbles
in this facies indicates basal melt-out from the below an ice shelf, or iceberg rafting (Smith et al., 2011),
and the sub horizontal clast alignment in GC636 at 21 cm might be formed during one event, either by
ice shelf calving or tilting of an iceberg.

7.2.3 Facies 1. Seasonal open marine facies

The sponge bearing gravelly sandy mud overlying facies 2 in GC635 and GC636 and being the only
facies in GC634, is interpreted to have been deposited primarily in a seasonal open marine environment
with plankton production, similar to the present day conditions at the core sites (Fig. 7.3). This is
primarily based on the relatively high biogenic content, contrasting the sub-ice shelf/perennial sea ice
cover environment in facies 2. This interpretation is consistent with other deposits of seasonally open
marine environment from the Antarctic continental shelf (e.g. Domack et al., 1999; Licht et al., 1999;
Evans and Pudsey, 2002; Hillenbrand et al., 2009; 2010; Smith et al., 2011; 2014).

However, the typically seasonal open marine facies from other regions of the Antarctic shelf differ from
the sponge bearing gravelly sandy mud in the seasonally open marine facies observed in the Brunt Basin.
The seasonally open marine facies is generally composed of diatom bearing- to diatomaceous mud,
foraminifera bearing- to foraminiferal mud to terrigenous mud in e.g., the Bellingshausen Sea
(Hillenbrand et al., 2005; 2009; 2010), the Amundsen Sea (Smith et al., 2011; 2014) and the eastern
Antarctic Peninsula (Evans and Pudsey, 2002; Evans et al., 2005). The seasonally open marine facies in
the southern Weddell Sea is more similar in the way that it is composed of more coarse-grained
sediments (cf. Hillenbrand et al., 2012 and reference therein). The texture of the sediments in the Brunt
Basin indicates that terrigenous detritus from icebergs, but also partly from tidal currents and wind
driven currents, dominates the seasonal open marine depositional environment. Whereas sedimentation

from biogenic content is low, dominated by sponge spicules. Other studies have also found that the

Page 121 of 158



eastern Weddell Sea shelf is composed of coarse-grained sediment, where they suggested ice rafting to

be the most important depositional process (Elverhgi and Roaldset, 1983; Elverhgi, 1984).

Sponge spicules are typically related to zones of hard seafloor or coarse-grained sediments with gravels
and pebbles, high productivity in overlying water masses and low sedimentation rates (Barthel and Gutt,
1992). The suitable substratum in the Brunt Basin is ice rafted and the ice shelf probably also acted as a
sediment trap, keeping the sedimentation rates low (e.g. Elverhgi and Roaldset, 1983). Nutrition are
possibly sourced by upwelling around the eastern margin of the Weddell Sea continental shelf, and
transported along with the coastal current (Ryan et al., 2016). However, it is possible that the sponge
spicules dominance partly is related to low concentration of diatoms and foraminifera, as a result of

harsh conditions.

The absence of this facies in the top of GC637 does not necessary mean that the location of this core
site has not been exposed to seasonal open marine environments. As mentioned in the methods (section
3.3, page 36), this core over penetrated during coring, which could have caused the uppermost sediments
to be pushed out of the core liner. Furthermore, it is also not possible to exclude that winnowing by
strong bottom currents has removed the biogenic content, which is the most important criteria for
distinguishing open marine facies and sub-ice shelf/perennial sea ice cover facies (cf. Domack et al.,
1999).

7.2.4 Element composition

This is the first time XRF-measurements of soft-sediment cores in cm resolution have been used on
gravity cores recovering the transition from soft deformation till to open marine facies. This novel
approach provides interesting results and has helped defining the sedimentary facies, but it is difficult
to correlate the element composition data from the cores to other parameters of the cores. This may
partly be due to the measured element compositions mostly are dependent on the fine-grained matrix,
such as the clay mineralogy, which was not investigated in this study. Thus, some speculation on what
the result from the element composition might indicate in relationship to the depositional environment

and the difference between the environments is possible.

The large fluctuations observed in GC637, and the smaller amplitude fluctuations in GC636 and GC635
in the soft deformation till, are suggested to be reflecting changes in element composition in the matrix.
Aluminum (Al) and silicon (Si) are abundant elements in clay minerals, and the fluctuation observed
might reflect changes in clay mineral assemblages in the matrix. These changes in the clay minerals

possibly reflect small changes in the basal regime of the grounded ice depositing them, and/or might
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reflect different dynamics and minor changes in source area of the ice and the sediments (Monien et al.,
2012).

The marked change in element composition from subglacial environment (facies 3) to marine
environment (facies 2) in GC636 and GC637 is suggested to be caused by the influence of marine

environment. The largest difference is observed the in K/Sum ratio.

The higher K/Sum ratio in the subglacial environment (facies 3), compared to the marine environment
(facies 2), might reflect a different clay mineral composition. This is because potassium (K) is an
important element in clay minerals such as illite (McKay et al., 2012). The difference in potassium
content could be explained by enhanced current activity during deposition of facies 2, where other clay
minerals with lower potassium (K) content have been supplied by marine currents, or that clay rich
minerals are removed by current sorting. Whereas a subglacial environment is unaffected by current
activities, which might lead to differences in the clay content and the potassium content between the
different facies. The up-core decreases in potassium in GC636 could be related to increasing distance to
the grounding line and the source of clay rich potassium. Such differences in clay mineral content and
composition between subglacial facies and marine facies have been reported from several areas on the
Antarctic shelf; e.g., the Bellingshausen Sea (Hillenbrand et al., 2010), the Ross Sea (Domack et al.,
1999), and eastern Antarctic Peninsula (Evans and Pudsey, 2002).

The marked change in element composition in the seasonal open marine environment is suggested to be
related to more productivity in the water masses, more supply from marine current and possibly ice

rafting from exotic icebergs (Fig. 7.3).

There are also some differences in the element composition between the cores. The most obvious
difference is the K/Sum ratio in GC635 vs. GC636 and GC637. This difference is suggested to be related
to the core location and the source area. GC635 is located closer to the Brunt Ice Shelf, whereas GC636
and GC637 are located closer to the Stancomb-Wills Ice Tongue (Fig. 6.1; Fig. 7.1). These two ice
shelves are fed by different source areas (Hulbe et al., 2005), which could be, at least partly, the reason
for the difference in element composition. However, differences in current regime in the different
locations could also affect the element composition, as GC636 and GC637 are located closer to the shelf
edge and are possibly supplied more by marine currents than GC635, which is more “sheltered” in the

inner basin.

The spikes in the S/Sum ratio, are not fully understood, but are believed to be artifacts. An explanation

is presented in the appendix.
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7.2.5 Glauconite

Glauconite grains in subglacial tills have also been reported from the Ross Sea (Anderson et al., 1980),
despite the conditions below ice sheets and glaciers are not favorable for the formation of glauconite
(e.g. Odin and Matter, 1981; Bornhold and Giresse, 1985; Lim et al., 2000). The glauconite in facies 3
must therefore be reworked from bedrock or glaciomarine sediments deposited prior to grounding line
advance. The traces of broken diatoms and sponge spicules in the subglacial environment might indicate
that it is composed of partly recycled glaciomarine sediments (Fig. 7.3).

The glauconite in GC636 and GC637 in the facies 2 might also be reworked glauconite, sourced from
basal melt-out from under the ice shelf. Based the *C age obtained in GC635, the sediment rates are
probably too high for the formation of glauconites, at least mature glauconites (cf. Odin and Matter
1981). The decreases in glauconite in GC636 towards the top of the core could be related to a more
distal ice shelf position and less basal melt-out from below the ice shelf. However, I can’t exclude that

some glauconite also were formed in facies 2.

The glauconite in facies 1 could also have been ice rafted, possibly from icebergs calved from the same
ice shelf. However, the observed coating of glauconites in GC634 could indicate that glauconite

formation occurred in the facies 1.

The (almost) absence of glauconite grains in GC634 and GC635 might be caused by their location is
closer to the Brunt Ice Shelf, whereas GC636 and GC637 are closer to the Stancomb-Wills Ice Tongue
(Fig. 7.1; Fig. 6.1). This could further indicate that the glauconites are transported by the Stancomb-
Wills Ice Tongue.

7.2.6 AMS radiocarbon ages
The shell valve at 50 cm in GC635 yields an age of 8499 cal. yr. BP. This can be used as a minimum
age of deglaciation from the inner basin, as it was recovered 20 cm above the transition from subglacial

to glaciomarine sub-ice shelf /perennial sea ice environment.

The 1C dates from the planktonic, N. pachyderma sin. (2826 cal. yr. BP) and the benthic, Cibicides sp.
(2857 cal. yr BP) from GC634 at 12 cm, are in good agreement with each other, giving confidence in
the ages. These ages can be used as a minimum age from the onset of seasonal open marine environment.
This could indicate that the Brunt Ice Shelf System front had reached close to its modern position or
further southeast of it, and possibly the grounding line as well, which marks the completion of the

deglaciation.
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As these 1“C ages were obtained from cores located less than 2 km apart (Fig. 7.1), similar age for the
retreat of the grounding ice, as well as the onset of seasonal open marine environment can be assumed.
This implies that the onset of deglaciation in the inner part of the Brunt Basin occurred prior to ~8.5 cal

ka BP, and a possible retreat of the ice shelf front further south of the inner basin ~2.8 cal. ka BP.

The *C date of the AIO fraction is 10,010 cal. yr. BP. From this, the local contamination offset from
the AIO fraction can be calculated by using the C!* age from the calcareous microfossils at the same
depth. This gives a local contamination offset of ~7160 cal. yr. BP (10,010 - ~2850). This local
contamination offset, can be used to correct the local contamination offset in future AlO dates obtained

from the cores in the vicinity of GC634.

7.3 Reconstruction the ice sheet history in the Brunt Basin
region

7.3.1 Timing and extent of grounded ice

The knowledge of maximum extent and subsequent retreat of the Antarctic Ice Sheet is important in
order to understand its contribution to sea level rise (e.g. Bentley et al., 2014) and Hillenbrand et al.
(2014) stressed the need of more constrains on the glacial extent in the Weddell Sea during the LGM
and the subsequent deglaciation.

The swath bathymetry documents a widespread distribution of glacial landforms on the continental shelf
off the Brunt Ice Shelf System, both in the Brunt Basin and on the unnamed bank, separating the Brunt
Basin and the Halley Trough, providing evidence of ice sheet advance on to the shelf in the past (Fig.
7.1). Gravity cores recovered from the seafloor with MSGL and glacial lineations, recovered soft
deformation till interpreted to be deposited beneath fast flowing ice (except for GC634).

One C date obtained from glaciomarine sediments overlaying the soft deformation till in the inner
basin, gives an age of ~8.9 cal. ka BP, indicating that the soft deformation till in GC635, and the MSGL
in the inner basin was formed during the last glaciation. The timing of the formation of the glacial
lineations and the MSGL in the middle and outer basin remains unconstrained in terms of **C dating.
However, | suggest that these landforms were formed during the last glaciation as well. This is based on
the pristineness of the MSGL, and the fact that the TOAPS system is not able to resolve any overlying
sediments above the ATLSs, interpreted as soft deformation till, indicating that less than 1 m of sediment
has accumulated after the grounded ice retreated. This is also consistent with the glaciomarine sediments
overlaying the soft deformation till recovered in the gravity cores, which are typically less than 1 m
thick.
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Deposition of the undated glacial landforms and the soft deformation till during previous glaciations is
also possible, as sedimentation rates reported from some sub-ice shelf settings on the Antarctic shelf are
as low as 2-3 cm/ka (Hemer et al., 2007). More *“C dates from the sediment cores in the middle and
outer basin are needed to verify if the deposition of the MSGL, glacial lineations, and the soft
deformation till occurred during the last glaciation. However, the ~50 cm of sediments that has
accumulated in the location of GC635 since 8.9 cal. ka BP, further supports the interpretation that the
MSGL and glacial lineation in the middle and outer basin also were formed by grounded ice in the Brunt

Basin close to the last glaciation.

By assuming a constant sedimentation rate for the deeper part of the transition from subglacial to
glaciomarine sub-ice shelf/perennial sea ice cover environment in GC635 (70-50 cm) that is similar to
the average sediment rate after ~8.5 cal. yr BP in GC635 (50-0 cm). The transition from subglacial to
glaciomarine sub-ice shelf/perennial sea ice cover environment would have occurred ~11.9 cal. ka BP,
which also puts a date on the deglaciation of the inner basin.

MSGL occur 24 km from the shelf edge in the Brunt Basin, and GC637 recovered subglacial soft
deformation till below glaciomarine sediments in the location of the MSGL. As these features are
formed subglacially (Fig. 7.4; King et al., 2009), they provide direct evidence that grounded ice extended
close to shelf edge (e.g. Clark, 1999; Evans et al., 2005; Reinardy et al., 2011a). Unfortunately, iceberg
scouring has eradicated the seafloor and any evidence of MSGL, with in 24 km of the shelf edge that
might have formed during full glacial conditions. Ice contact features within 24 km of the shelf edge,
such as GZW or marginal moraine, which would have marked the extent of grounded ice, might also
have been removed by iceberg scouring and are limiting an accurate reconstruction of the ice extent in
the Brunt Basin during the last glaciation. However, the lack of ice contact features could also be
explained by grounded ice reaching all the way to the shelf edge. If so, ice contact features did not
necessary need to form in front of the MSGL in the outer basin. However, with the current available

data it remains uncertain if the ice extended all the way to the shelf edge.

The landform assemblage on the bank also indicate the presence of grounded ice in the past (Fig. 7.1).
Recessional moraines on the western side of the bank show that grounded ice extended across the bank
(e.g. Todd et al., 2007; Benn and Evans, 2010). Several grounding line features are located on the eastern
side of the bank, indicating episodic retreat or repeated advance of grounded ice onto the bank (cf.
Dowdeswell et al., 2008). The lateral shear-moraine also points towards grounded ice located on the
bank (e.g. Stokes and Clark, 2002a; Batchelor and Dowdeswell, 2016), and the extent of the lateral
shear-moraine might indicate the extent of ground ice on the bank. However, as no cores were recovered

from the bank and thus no “C dates, it is not possible to constrain when grounded ice advance and
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Fig. 7.4. Formation of mega-scale glacial lineations (MSGL) beneath the Rutford Ice Stream. (a) Location of the
radar survey on the Rutford Ice Stream, and the location of Fig. b and c. Inset map indicates the location of the
Rutford ice stream within Antarctica. (b) Three dimensional image of the bed of Rutford Ice Stream, with MSGL
dominating the topography. (c) Map view of MSGL beneath Rutford Ice Stream. Slightly modified from King et al.,
2009.

retreated from the bank. However, the pristineness of the glacial landforms, and the lack of a sediment

cover thicker than 1 m on top of the glacial landforms, indicate that ice retreated relatively recently.

These results are in conflict with interpretations of Stolldorf et al. (2012) who suggested that the
grounded ice had retreated from the eastern Weddell Sea shelf, and that the grounding line was located
close to its present day location before ~33 cal. ka BP (section 1.3.2, page 12). This includes the
continental shelf in front of the Brunt Ice Shelf System (Stolldorf et al., 2012). The interpretation was
based on *C dates obtained from benthic foraminifera assemblages, that spanned the last ~33 cal. ka
BP in core 3-7-1 (for location see: Fig. 7.1). However, the **C ages showed inverted ages (Table 1.1,
page 12). Whereas the lowermost *C agesobtained was the youngest, ~14 cal. ka BP, and the uppermost
14C age obtained exceeded the dating range (older than 52.8 cal. ka BP). The inverted down core dates
of the core were attributed to iceberg scouring (Stolldorf et al., 2012). It could, of course, be that
grounded ice on the bank, in fact, had retreated before ~33 cal. ka BP, and that the ice in the Brunt Basin
was more sustainable. Another solution could be that the “C ages that pre-dates the LGM, where
preserved beneath cold-based ice (cf. Kleman, 1994) and later reworked into the core location of core
3-7-1. Nevertheless, | suggest that the deglaciation age obtained from the GC635 (8.9 cal. ka BP / 11.9
cal. ka BP) is more reliable for the onset of deglaciation in the inner part of Brunt Basin, than the ages
obtained from core 3-7-1. Based on the fact that core 3-7-1 is clearly composed of reworked material
and was retrieved from the bank, whereas GC635 was retrieved from the Brunt Basin, and is less prone

to reworking by current winnowing and iceberg scouring (e.g. Vorren et al., 1984).

The results from this study are also in conflict with terrestrial data, which show limited thickening of
the ice sheet in the EAIS region during the LGM (Hein et al., 2011; Thor and Low, 2011). In addition
to ice core data from the EPICA core in Dronning Maud Land (Fig. 1.3, page 6), which showed that
accumulation rates during the LGM was 1.5-2 times lower than after ¢.15 ka (Huybrechts et al., 2009).
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However, the limited observed thickening could also be explained by cold-based ice covering the sample
locations used for reconstructing the ice-sheet thickening during the LMG (cf. Clark, 2011), which
simply did not remove the bedrock used for surface exposure dating (Hein et al., 2011) and the mumiyo
samples used for *4C dating (Thor and Low, 2011).

However, the mismatch between the terrestrial data could also be explained by the fact that there was
no significant thickening in the EAIS region and that the ice sheet could advance due to LGM sea-level
low-stand, which was ~130 m lower than present-day sea level (e.g. Weber et al., 2011; Hillenbrand et
al., 2012). If the LGM sea-level low-stand was taken into account for the seafloor depths in the study
area, most of the bank would be at ~120 m-, the shelf edge would be at ~370 m-, and the deepest part
of the middle basin would be at ~510 m below the sea surface during the LGM. Presently, the ice shelf
thickness of the Stancomb-Wills Ice Tounge is more than 450 m close to the grounding line and thins
to 200 m at the ice shelf front, and the Brunt Ice Shelf is presently between 100- 250 m thick (Humbert
et al., 2009). During the LGM, climatic conditions would be colder and more favorable for ice-shelf
formation (e.g. Benn and Evans, 2010). This would presumably lead to a thickening of both the
Stancomb-Wills Ice Tongue and the Brunt Ice Shelf during the last glacial, and ice-shelf grounding
would almost be unavoidable. Ice-sheet surface elevation required for such a grounding event would
not have to be much higher than the present ice-sheet surface. A similar scenario has been proposed for
ice sheet grounding in the Flichner Trough (cf. Hillenbrand et al., 2012; Larter et al., 2012; section 1.3.1,
page 5). This supports my suggestion of ice-shelf grounding scenario in the study area. However, such
a grounding event in the Brunt Basin could have resulted in ice-sheet thickening in the drainage basin
due to increased basal friction, unless the basal conditions were very “slippery” and fast flow occurred
(Hillenbrand et al., 2012; Larter et al., 2012). MSGL and glacial lineations in the Brunt Basin indicate
that the ice flow was fast (Stokes and Clark, 2002b), which would allow for more ice to be drained from
the interior of the EAIS, effectively lowering the ice sheet profile, and could explain why there was little
thickening in the interior of the EAIS. Additionally, the subtle glacial lineations in the deeper part of the
middle basin and the low shear strength and wet bulk density values in the top of the soft deformation
till in GC636, could point to a relatively thin ice, with a low surface gradient, similar to an ice plain in
front of ice streams (Bindschadler et al., 2005). This could also explain why the ice sheet could advance

close to the shelf edge without a major thickening in the drainage basins.

The results from this study are consistent with the results obtained by Weber et al. (2011), who suggested
that the EAIS advanced onto the continental shelf during the LGM. These authors based their
conclusions on **C ages obtained by N.pachyderma sin. and sedimentological changes on the continental
slope and rise. The sedimentological changes were related to deposition of siliciclastic varves, which

the authors suggested was caused by formation of polynyas over the continental slope and rise, which
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they again argued was formed because the EAIS was located at the shelf edge during the LGM (Weber
etal., 2011).

Nevertheless, the results from this study help improve significantly on the recent ice-sheet
reconstruction in the Weddell Sea (Hillenbrand et al., 2014). It provides important information about
the ice-sheet extent in a previously unmapped area, where reconstructions so far were based on spare
data along the eastern Weddell Sea (section 1.3.1), and where the chronology was only constrained in
the Brunt Basin region by the suspiciously inverted down core *4C ages in core 3-7-1 (Stolldorf et al.,
2012).

7.3.2 Basal regime and dynamics

The distribution of glacial landforms on the seafloor and information obtained from the TOPAS sub-
bottom profilers and the sediments in the cores have been used to infer former basal regime and
dynamics of the grounded ice in the Brunt Basin and on the shallower bank prior to the deglaciation. A
schematic model of the basal regime and dynamics is presented in Fig. 7.5 (p. 131).

MSGL and glacial lineations are confined within the Brunt Basin, but are absent on the bank and in the
southern part of the inner basin (Fig. 7.1). The absence of these landforms, together with the general
smoothness of the seafloor, indicates slow flowing ice (e.g. Evans et al., 2005; Klages et al., 2013; 2015;
Rydningen et al., 2013). In addition, the TOPAS profiles from the bank show a strong seafloor reflector,
interpreted as the surface of stiff till (section 5.2, page 87), which is typically associated with regions of
slow flowing ice (e.g. Evans et al., 2005; Klages et al., 2013). Both the seafloor on the bank and the
southern part of the inner basin contain comparatively iceberg scours (Fig. 7.1) and it is, therefore,
unlikely that any indications of fast flowing ice have been removed. The occurrence of iceberg scours

indicates that the seafloor surface is not completely composed of solid bedrock (e.g. Klages et al., 2013).

Ice contact features such as recessional moraines and GZW on the bank (e.g. Fig. 7.1) could indicate
that ice was not completely cold based (frozen to the ground), as sediment was available to form the
moraine ridges (e.g. Benn and Evans, 2010; Christoffersen et al., 2010; Hogan et al., 2010a). However,
formation of the ice contact features could also be explained by a (re-) advancing ice, pushing sediment
up into moraine ridges. This could certainly be the case for the recessional moraines on the western side
bank, but based on the size and shape of the GZW (up to 50 m high) on the eastern side of the bank, I
find it unlikely that they were formed by an ice push alone. Therefore, | suggest that basal melt-out and
delivery of subglacial debris was an important factor for their formation, which implies warm based

conditions (cf. Christoffersen et al., 2010; Batchelor and Dowdeswell, 2015). However, it is possible
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that basal conditions change during the deglaciation, and that warm based conditions occurred as the ice

started to retreat from the bank.

The presence of MSGL and glacial lineations, together with ATL and ATR corresponding to soft
deformation till in the Brunt Basin is inferred to represent a zone of fast flowing, warm based ice (Stokes
and Clark, 2002b; Clark et al., 2003a; King et al., 2009; Klages et al., 2015). Modern and former fast-
flowing ice streams in Antarctica are commonly associated with soft deformation till at the base of the
ice stream, which are typically linked to fast flow by deformation of the water saturated soft tills (Smith,
1997; Engelhardt and Kamb, 1998; Dowdeswell et al., 2004; King et al., 2009). Additionally, MSGL
observed on the Norwegian and Svalbard-Barents Sea shelf have been used to reconstruct the presence
of fast ice streams during the last glaciation (Ottesen et al., 2005b; 2007; Rydningen et al., 2013),
representing warm based zones within the ice sheet. The observed contrast with slow flowing ice in the
southern part of the inner basin and the bank, and fast flowing ice in the middle and outer basin, are also
consistent with the lateral shear marginal-moraine observed along the bank basin slope (Fig. 7.1).
However, the subglacial conditions during the last glaciation within the fast flowing zones varied
spatially from the inner to the outer basin in the Brunt Basin (Fig. 7.5).

In the inner basin (Fig. 7.5), a strong reflection (Ref. I-B) is locally overlain by soft deformation till
moulded into ridge, corresponding to ATR I-B and MSGL at the sea floor, indicating that ice flow
occurred by localized basal sliding over hard substratum, presumably stiff till (cf. King et al., 2009; Fig.
7.4).

In the deeper part of the middle basin (Fig. 7.5), a continuous ATL (ATL 1 M-B) of soft deformation till
and subtle glacial lineations, indicates that ice flow occurred by basal deformation of soft deformation
till (cf. Reinardy et al., 2011a). However, the subtle nature of the lineations and the low shear strength
and wet bulk density values are inferred to reflect less pressure at the sediment ice interface, and possibly
a thin ice, just thick enough to remain grounded or periodically ground in the deeper part of the middle
basin (cf. VC 324 and VC337 and Fig. 16 in Evans et al., (2005)).

In the outer basin (Fig. 4a), well defined MSGL above a relative thick layer of soft deformation till

(ATL1 O-B), indicates that widespread deformation sliding at the base of a fast flowing ice that was

properly grounded during the formation of these features (e.g. Evans et al., 2005).
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Fig. 7.5. (a) Schematic ice flow model of the study area, indicating basal conditions and regions of fast flow and
slow flow (not to scale). (b) Palaeo-drainage reconstruction of the study area. The drainage basins are basin on the
present day ice divides according to Fredwell et al., (2013). Flow direction in the Halley Trough are from Gales et
al., (2014). The transparent version of the IBCSO (Arndt et al., 2013) data set is underlain the palaeo-drainage
reconstruction. For reference seafloor depth color scale see (Fig. 6.1, p. 91). ATR-acoustical transparent ridge,
ATL- acoustical transparent layer.

The difference in thickness of the soft deformation till in ATL1 M-B and ATL1 O-B (e.g. Fig 2d; Fig.
4a) is likely to represent a difference in the subglacial conditions and/or possibly duration of ice flow in
the middle and outer basin. However, the detailed origin of this process remains unclear, but a tentative

suggestion of the difference has been made:

If the ice in the deeper part of the middle basin only was slightly grounded, less pressure would be
applied to the base of the ice, which would lead to less basal friction and less heat generated, which
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again would lead to less englacial and basal melt-out and less deposition of soft deformation till.
Whereas in the outer basin, ice was properly grounded on the seafloor, leading to more pressure at the
base of the ice and more deposition of soft deformation till. However, as the transition between the
middle and outer basin, also represent a palaeo grounding line (Fig. 7.1), it is possible that the difference
in thickness of the ATL1 M-B and ATL1 O-B also reflects that ice remained grounded in the outer basin

for a longer time than in the deeper part of the middle basin.

This spatial pattern of ice flow dynamics with localized basal sliding in the inner basin and deformation
of soft deformation till in the middle and outer part of the basin resembles the pattern inferred from
seismic surveys beneath the modern Rutford Ice stream (Smith, 1997; Smith and Murray, 2009). Similar
patterns are also reported from former palaeo-ice stream on the Antarctic continental shelf, where soft
deformation till layers are either absent or patchy on the inner shelf, but increases in thickness towards
the outer shelf (e.g. O Cofaigh et al., 2002; Wellner et al., 2001; Evans et al., 2005; Reinardy et al.,
2011a). This transition has been suggested to reflect a transition from crystalline to sedimentary bedrock,
but also reflects an increase in down flow velocity, that evolve to rapid ice-streaming in the middle and
outer shelf (Wellner et al., 2001; O Cofaigh et al., 2002; 2005a; Evans et al., 2004).

If this transition in the Brunt Basin is related to bedrock boundaries or acceleration in down flow
velocities, remains unclear. However, based on the similarities to modern and former ice streams, |
suggest that the ice draining through the Brunt Basin must have been in the form of fast flowing ice, and
presumably ice streaming in the middle and outer basin. This is further supported by the elongation ratio
of some of the MSGL in the outer basin, which generally excides 1:10 (Stokes and Clark, 2002b; Clark
and Stokes, 2003b), together with the presence of the lateral shear-moraine which is suggested to be

closely related to ice streams (Stokes and Clark, 2001; Batchelor and Dowdeswell, 2016)

The distribution of fast flowing and slower flowing regions within the study area is believed to be
predominantly linked to the palaeo-drainage area of the ice in the different regions. To illustrate this, a
palaeo-drainage reconstruction has been made (Fig. 7.1). The slower flowing regions are suggested to
have been occupied by slower flowing ice from the same drainage area that are currently feeding the
Brunt Ice Shelf (Drainage area 1 in Fig. 7.5). Whereas the fast flow regions are suggested to have been
occupied by fast flowing ice from the same area that is feeding the Stancomb-Wills Ice Tongue

(Drainage area 2 in Fig. 7.5).

This is supported by the orientation of the MSGL and subtle glacial lineations in the outer and middle
basin, which are very similar to the current flow of the Stancomb-Wills Ice Tongue. Additionally, parts

of the ice shelf is actually located above some of the MSGL in the outer basin. This supports that the
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middle and outer part of the basin was drained by ice with a similar drainage basin as the Stancomb-
Wills Ice Tongue is today (drainage basin 1). The glacial lineations in the inner basin show a complex
pattern of flow directions, assumed to have been formed during different stages. Even though, the MSGL
and glacial lineations observed in the inner basin might have been formed during different stages, it is
possible that they represent the ice flow during full glacial conditions. | therefore suggest that during
full glacial conditions, fast flowing ice from drainage basin 1 also moved around the bank, towards the

middle and outer basin. Whereas the slower flowing ice, flowed towards the bank and on top of it.

The current difference in velocities of the ice feeding the ice shelves also supports this (e.g. Hulbe et al.,
2005; Humbert et al., 2009; Wuite and Jezek, 2009). The present flow velocity of the ice feeding the
Brunt Ice shelf is ~170 m/a, whereas the present velocity of the ice feeding the Stancomb-Wills reaches
up to ~900 m/a near the grounding line (Hulbe et al., 2005). The drainage areas are based on the present
day ice divides suggested by Fretwell et al. (2013), by assuming that the drainage area would be fairly
similar during the last glaciation, as there was no major thickening in the EAIS (Hein et al., 2011; Thor
and Low, 2011). This is also consistent with observations done by Hein et al. (2016) who suggest that
the ice sheet divides in the WAIS have been stable for 1.4 million years. | therefore assume that this
suggestion also can be applied for the EAIS, which is regarded as a more stable ice sheet. The palaeo-
drainage reconstruction (Fig. 4b), suggests that drainage area 2 is much larger than drainage area 1,
which could explain why ice flow in the region fed by the drainage area 2 was much faster (Livingstone
etal., 2012).

The slower flowing regions and the faster flowing regions are suggested to have moved as two
independent ice masses, where the slower flowing regions presumably prevent the ice flow in area 2
from diverging, and therefore partly channelized the faster flowing ice. In the same way, the faster
flowing region prevented the slower flowing region to flow northwards and forced it to flow over the
bank (Fig. 7.5).

7.3.3 Deglaciation history

Ice contact landforms formed at the retreating margin of ice sheets provide insight in the retreat rate and
dynamics during the deglaciation (Fig. 7.6; Dowdeswell et al., 2008; Cofaigh et al., 2008). Closely
spaced moraine ridges, such as recessional moraines, indicates a slowly retreating grounded ice margin
(Todd et al., 2007), whereas more spatially spaced GZW indicates episodic retreats, with longer still
stand during the retreat phase (Dowdeswell et al., 2008). The absence of such ice contact landforms
superimposed on well preserved subglacial sedimentary landforms on the continental shelf is typically
associated with fast retreat, caused by flotation of the ice margin and ice loss due to rapid iceberg calving
(Dowdeswell et al., 2008).
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Rapid Retreat Episodic Retreat Slow Retreat
Mega-scale Superimposed grounding Superimposed
glacial lineations zone wedges retreat moraines

Fig. 7.6. Schematic diagram of submarine landform sets indicating rapid, episodic and slower retreat of ice streams
across high-latitude continental shelves, with examples of swath bathymetry data (scale across swath images: rapid
retreat, 15 km; episodic retreat, 40 km, slow retreat, 10 km). Floating ice shelves are included beyond the ice-sheet
grounding zone in the diagram, because they are a pervasive part of modern Antarctic ice-sheet systems. From
Dowdeswell et al. (2008).

The landform assemblage within the study area points towards a complex deglaciation history, including
rapid retreat by floatation interrupted by punctuated still stands, as well as slower retreat of grounded

ice.

On the western side of the bank (zone A in Fig. 7.7.), a set of closely spaced recessional moraines
indicates a slow retreat of grounded ice towards east (Dowdeswell et al., 2008), which produced the
recessional moraines during minor still stands or small re-advances during the retreat phase (Todd et al.,
2007).

The deglaciation in the middle and outer basin (Zone b in Fig. 7.7) is suggested to have been
episodically, but rapid caused by flotation of the ice margin, as recessional moraines or other prominent
moraine ridges cross cutting the subtle glacial lineation and the MSGL are absent (Dowdeswell et al.,
2008). Grounded ice lost its “foothold” first in the deeper part of the middle basin, possibly due to
thinning of the ice sheet, and/or rising sea level, which lead to floatation of the ice located in the deeper
part of the middle basin. The deglaciation of the outer basin occurred sometime later, and is also

suggested to have occurred due to flotation (Zone b in Fig. 7.7). This rapid retreat of the ice margin
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might also have been provoked by the inclined seafloor slope towards land, which is suggested be prone

to rapid retreat and detachment from the seafloor (cf. Katz and Worster, 2010).

The complex pattern of ice contact landforms on the eastern side of the bank, and in the inner basin
(Zone C Fig. 7.7), indicates a slow retreat, punctuated by several longer still stands or re-advances of

the ice margin during the deglaciation.

The size of the GZW on the edge of the bank, (up to 50 m high) indicates that grounded ice remained
stable for a relatively long period (cf. Howat and Domack, 2003). The bank might have acted as a
pinning point and stabilized the ice (Batchelor and Dowdeswell, 2015), before the ice retreated further
towards the inner basin. One set of recessional moraines indicates a slow retreat of grounded ice in the
inner basin, punctuated by a longer still stand, forming the southeastern most GZW, before it eventually
retreated from the inner basin prior to ~8.5 cal. ka BP. The final retreat from the inner basin is inferred
to have occurred rapid due to flotation, as there are no superimposed ice contact features on top of well-
preserved MSGL in the inner basin.

The origin of the end moraine / ice shelf moraine remains unclear, but it is possible that it was formed
during the deglaciation, either by ice shelf grounding or by a narrow ice tongue re-advancing onto the
bank. The absence of similar features observed on the Antarctic continental shelf can at least partly be
explained by the preferential surveying in troughs, where the ice is expected to have been warm based
and the seafloor depth is much greater, which differs from the conditions on the banks (e.g. O Cofaigh
et al., 2002; 2005a; Evans et al., 2005; Jakobsson et al., 2012; Larter et al., 2012). The lack of
information from the banks can hide important clues of ice shelves grounding features and their
contribution to stabilizing ice shelves. As grounding features also provide buttressing for the ice shelves,
it also plays a key role in buttressing discharge of ice from the interior of the Antarctic Ice Sheet, which

is an important factor in its contribution to sea level rise (Matsuoka et al., 2015).
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Fig. 7.7. Map of the interpreted ice contact landforms within the Brunt Basin region, including possible connections
between the landforms, overlying a transparent version of the swath bathymetry data, the IBCSO map (Arndt et al.,
2013), and a Envisat synthetic aperture radar image of the Brunt Ice Shelf System from 4™ of March 2011. Three
zones are marked out to display the different retreat patterns.
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8 Conclusions

Swath-bathymetry data, TOPAS sub-bottom profiles and multi-proxy analyses of four gravity cores
were performed with the purpose of reconstructing the glacial history the Brunt Basin since the last

glacial. The main findings of this study are:

o Mega-scale glacial lineations located 24 km from the shelf edge indicate that the ice sheet
advanced to the outer parts of the continental shelf in the Brunt Basin region during the last
glaciation. Recessional moraines on the western side of the bank imply that grounded ice
extended across the bank as well. However, intense iceberg scouring close to the shelf edge
does not allow to constrain the accurate extent of the advance.

e Whereas the ice occupying the southern part of the inner basin and the shallower bank was
relatively slowly flowing, fast-flowing ice occupied the northern part of the inner basin to the
outer shelf prior to the deglaciation. This contrast between slow and fast flowing ice is inferred
to be related to the different drainage basins of the ice in the two regions.

e The flow dynamics within the fast flowing regions vary spatially, from localized basal sliding
in the inner basin where soft deformation till was moulded into glacial lineation and MSGL, to
widespread deformation sliding above soft deformation till in the middle and outer basin.

e The fast flowing ice is inferred to have been in the form of an ice stream, draining the interior
of the East Antarctic Ice Sheet, and is suggested to have efficiently lowered or maintained the
ice sheet elevation in the drainage area. The ice-stream was presumably relatively thin, just thick
enough to remain grounded or periodically grounded in the deeper part of the Brunt Basin prior
to the deglaciation.

e Recessional moraines on the western side of the bank are inferred to reflect slow retreat of the
grounding line during the deglaciation.

e The deglaciation of the middle and outer basin appears to have been episodically, but fast,
facilitated by flotation in response to inclined landwards sloping seafloor and ice sheet thinning
and/or rising sea level.

e The assemblage of ice contact landforms, such as GZW and recessional moraines points to a
complex deglaciation history on the eastern side of the bank towards the inner basin. The ice
contact landforms indicate a slow retreat that was punctuated by longer still stands of the ice
margin on the edge of the bank, resulting in the formation of larger GZW. Ice retreat from the
inner basin was initiated with slow retreat by grounded ice resulting in recessional moraines,
and a GZW. The final retreat from the inner basin is inferred to have occurred rapid due to

flotation.
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A 14C date obtained from a shell valve 20 cm above the transition from subglacial sediments
suggests that deglaciation of the inner basin occurred prior to 8.5 cal. ka BP. Assuming a
constant sedimentation rate after the onset of marine sedimentation, ice retreated from the inner
basin occurred around 11.9 cal. ka BP.

After the major deglaciation, extensive ice shelves, or perennial sea ice cover occurred above
the location of the retrieved sediment cores, resulting in deposition of coarse grained terrigenous
debris and low to absent biogenic content in the sediment.

Seasonally open marine environment occurred from ~2.8 cal. ka BP, resulting in increased
productivity in the water masses. However, the coarse grained terrigenous sediments deposited
in the open marine environment, indicates that ice rafting remained the dominant depositional

process in the study area.
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Appendix

Curiosity chapter

The Brunt Ice Shelf was discovered and surveyed during the Imperial Trans-Antarctic Expedition in
January 1915 led by Ernst Shackleton. As the ship, Endurance, was attempting to reach the Antarctic
continent, at VVahsel Bay, the ship entered pack ice and was forced to follow the coast southwestward
along the coast of Coats Land. Shackleton named that part of the Coats Land for Caird Coast, after the
biggest sponsor of the expedition Sir James Caird. A reconstruction of the Brunt Ice Shelf ice front
position in 1915 was done by Anderson et al. (2014b)based on the Endurance survey map.
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S/Sum ratio spikes

The distinct peaks in the S/Sum ratio and the smaller peaks in Ca/Sum ratio in GC636 at 110 cm and
GC637 at 132, 159 and 208 cm, and the “spiky” appearance of S/Sum ratio between 35-42 cm in GC637,
might be related to the present of organic material. As organic material that decompose produces
Sulphur (S). However, there was no black spots was observed when opening the core. During processing
of the element composition data it was noted that the S/Sum ratio had large distinct peaks at the end and
start of each core section, where the measurements was affected by air measurments. This was probably
not caused by an increase of Sulphur at the core section ends, but rather a larger decrease in the measured
amount of the other elements, compared to the Shulphur. A result of this was that the Sum values
dropped more than the Sulphur amount, which are generally low, leading to discreet peaks in the graphs.
Close inspection of the line-scan images, which where taken the same day as the XRF-measurements
and the X-radiographs at the depth of the S/Sum ratio peaks, shows small holes in the line-scan images
and less dense areas in the X-radiographs. The correlation of less sediment and poor measurements are
therefore suggested to be causing these discreet peaks in the S/Sum ratio. However, it might be worth it
to sample the depth of these discreet peaks to investigate the sediment for any biogenic material.
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Fig. A. 2 Zoom in of GC636, at the distinct peak of S/Sum ratio, and the smaller peak in Ca/Sum ratio. The line
scane color image, show a hole in the sediment surface of the core at the same depth as the peaks of S/Sum and
Ca/Sum ratio.









