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ABSTRACT

Existing continental-scale reconstructions of the retreat of the Antarctic ice sheet (AIS)
during the last deglaciations show that the AIS has experienced substantial changes after the
last glacial maximum (LGM, ~ 21 kiloyears ago, ka). The last deglaciation is the most recent,
large-scale climate warming interval during which northern and southern hemispheres ice
sheets retreated and sea level rise at a non-uniform rate. The Antarctic ice sheet is the main
source of uncertainties upon future sea level rise, but little is known about its last
deglaciation chronology and factors triggering ice sheet retreat. In the Ross Sea, where the
ice sheet has mostly advanced up to the continental shelf edge, the deglacial history remains,
however, still debated. In this area, the ice sheet was located below sea level and as such
was sensitive not only to atmospheric warming, but also to ocean warming. Therefore, the
Ross Sea geological record is particularly suitable to reconstruct rates, mechanism and
forcing factors of past ice sheet retreat. These information are crucial to predict future
scenario. Marine data compilations indicate that retreat was not simultaneous between the
east and the western Ross Sea. This has generally been attributed to differences in pinning
areas in seafloor bathymetry. In the western Ross Sea, marine data suggest that the ice sheet
had retreated from the continental shelf edge to a mid-shelf position inside the Pennel and
Joides basins, by 15 ka, and 13 ka respectively. But the location of the ground line along the
coast of Victoria Land is unknown and tentatively located offshore to approximately 8 ka.
To fill this knowledge gap, additional marine data from this area are needed. The coastal
fjords of North Victoria Land (NVL) are ideal environments to retrieve highly resolved

archives as they act as natural sediment traps.

To better understand the significance of these recent changes, I have assimilated a database
of new and published marine sedimentary records spanning the Holocene Epoch (the last
11.5 kyrs). The study area includes 2 coastal embayments: Edisto Inlet Fjord and Robertson
Bay in the NVL, with expanded sedimentary packages and well-dated cores. Multi-proxy
analysis, including, geophysics, sedimentology and geochemistry was conducted at each site

to reconstruct glacial history at millennial-scale resolution.

I combine multibeam, reflection seismic data, and oceanographic measurements with the

southernmost, first evidence of an expanded, ultrahigh resolution, Holocene sedimentary



section deposited in the Edisto Inlet fjord (North Victoria Land, NVL). I find that post-
glacial sedimentation resulted in an up to 130-meters-thick undisturbed diatom ooze
(mainly), locally redistributed by bottom currents over confined drifts-moats in the inner
part of the fjord. This line of evidence indicates that the Edisto fjord was not carved by
grounding ice after the Holocene Climatic Optimum anymore and was subject to seasonal
sea-ice free conditions with regular warm water intrusions. Those findings support an early

retreat of coastal glaciers by ca. 11 ka from the NVL continental shelf after this period.

In Robertson Bay, the second case study, a protected embayment west of Cape Adare and
adjacent to the outlet glaciers of the Transantarctic Mountains, I reported the first
geophysical and morphological characterization of the Bay. I compared radiocarbon dates
with lithological and geochemical proxies to provide a first-order constraint of the ice sheet
retreat in the western Ross Sea. This findings from core BAYO05_32c suggest that ice was
extended in Robertson Bay during the LGM but the glacio-marine diamicton dated 17.5 ka
shows that the ice sheet was no grounded anymore by that time. The multiproxy approach
allowed me to study seabed landforms, ice extent, ocean stratification and primary
productivity from the Holocene to the present.

The geological and paleoceanographic reconstruction presented in this thesis indicates that,
to improve projections of further climate change, global climate models require regional

observations for accurate representation of the Antarctic marginal marine environment.
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Chapter 1

1. INTRODUCTION

1.1 Antarctica’s role in the global environment

During the past decade there has been a great increase in interest and awareness of global
climate change. The warming of the Earth’s climate has been observed in air and ocean
temperatures with effects such as melting of sea ice and glaciers and consequently a rise of
global average sea level (Comiso et al., 2008). However, better understanding of the
environmental impacts from a changing climate and of the climate system’s response to
different forcing is needed. In this context, a long-term perspective of the past environmental
evolution of the ocean and terrestrial system is required. However, a perspective reaching
beyond that provided by instrumental records (Moberg et al., 2005) can only be obtained
from geological archives.

To understand how human activities are influencing the environmental changes and what
mitigation policies of greenhouse gas emissions must be implemented, we must understand
what are the natural mechanisms that control the climate.

Climate change is affecting all parts of the Earth and some of the impacts in Antarctica are
among the most pronounced on the planet.

Antarctica is a keystone to understand the past and present status of the Earth system, as
well as to predict future figures of our planet as viewed from the polar region. The Antarctic
region is composed by an ice-covered continent and it is surrounded by the Southern Ocean.
It has been only partially explored, since the International Geophysical Year (1957-58)
requiring innovative technological development and significant logistic effort involving all
scientific branches of bioscience, physical sciences, geosciences, oceanography. Scientific
challenges in the Antarctic include reconstructing the signature of the presence of the ice
sheets, ice shelves, glaciers, and sea-ice in and around the continent during its past evolution.
In this concern, particularly the cryosphere system is likely to be influenced by temporal
spatial variations in the atmospheric and ocean changes, and continuous researches of their

variability provide direct evidence of climate change.



The Antarctic ice sheet plays a pivot role in global sea-level and thermoaline circulation
changes. Presently, much of the cold and dense bottom water that feeds the Southern Oceans
is produced in large polynyas of the Ross and Weddell Seas, seaward of the largest fringing
ice shelves of the West Antarctic Ice Sheet (WAIS). Models predict that destabilization of
the WAIS, caused by atmospheric and oceanic warming, may result in large melt water
discharges to the Southern Ocean. Such discharges have the potential to disrupt global
thermohaline circulation and increase global sea levels, with important implications for
Earth’s climate system (Jacobs et al., 2002; Shepard et al., 2004; Steig et al., 2009).
Monitoring change in the climate, cryosphere and biosphere of Antarctica is therefore a
critical element in understanding and predicting future global change.

Much of what is known about the evolution of Antarctica’s cryosphere in the geologic past
is derived from ice-distal deep-sea sediment records. Advanced Piston Corer in ocean
drilling technology and climate proxy methods have made it possible to retrieve and interpret
high-quality ice-proximal sedimentary sequences from Antarctic’s margins and the Southern
Ocean. These records contain a wealth of information about the individual histories of the
East and West Antarctic Ice Sheets and associated temperature change in the circum
Antarctic seas that are only obtainable via geologic drilling. For example, studies of
Antarctic drill cores from the Ross Sea (Naish et al., 2007; Naish et al., 2009) provide
evidence of dynamic climate variability on both short and long timescales over the past 35
million years. Integrated discoveries from recovered ice proximal records and distal deep-
sea geochemical records (e.g. Naish et al., 2009; McKay et al., 2012) are improving the
understanding of the links between past Antarctic ice-volume fluctuations and
oceanographic changes necessary for understanding Earth’s long-term climate evolution.
Marine seismic surveys are means for mapping subsurface geologic structures and
stratigraphy over large areas (Bart, P.J. and L. De Santis. 2012). Marine geophysical studies
e.g. Bartek, L et al (1997); Viseras et al (1999); Escitia et al (2000); Rebesco et al (2006);
Hockmuth et al. (2019), show how the continental margin of Antarctica has been influenced
for tens of millions of years by glacial processes and resulted in the development of a
morphology very different from the one of low latitude continental margins (Bartek, L et al
1997). In particular, the shelf is over deepened and landward dipping due to glacial erosion
largely affecting the internal sectors and by ice loading depressing the subglacial and ice
proximal areas. The sediments are generally filling tectonic basins and are transported and
deposited at and beyond the continental margin. Large trough-mouth fans develop at the

ocean termination of main ice streams. A fully protected large-scale marine reserve in the



Ross Sea, in particular, offers science a unique natural laboratory to study the impacts of
climate change free from the influence of other types of human activity.

Exploring the Antarctic time capsule is so the key for reconstructing the Antarctic ice sheet
and ocean history over the past millions of years. The Antarctic ice sheet evolution history
has experienced a large array of global climate and environmental changes since its onset,
such as changes in atmospheric carbon dioxide concentration, which affects atmospheric
and ocean temperature and consequently marine productivity of the Southern Ocean and
Antarctic Bottom water formation (AABW), the main driver of global ocean circulation, and
sea level change due to increase and decrease of Antarctic ice sheet.

In efforts at investigating these issues, Antarctic paleoenvironmental studies provide
essential information to understand the trends and impacts of global climate change.
Continuous records of paleoenvironmental changes can be obtained from marine sediments,
geophysics data, lake sediments and ice cores.

This thesis reports an integrated morpho-bathymetric and seismo-stratigraphic analysis for
paleoclimatic reconstruction based on geophysical, geological and paleo climatic
information from the Edisto Inlet fjord and Robertson Bay along the Ross Sea continental
shelf.

The multidisciplinary approach has allowed the discovery of a Holocene sedimentary record

of great paleoclimatic importance.

1.2 Rationale

The study of late Quaternary sequences at high latitude allows to more directly
reconstructing the fluctuations of the ice sheet, from maximum to minimum extension
reached during glacials and interglacials. This information is needed to estimate the
contribution of the ice sheet to global sea level changes. Information on glacier variations in
Antarctica is limited and sometimes contradictory, mainly related to different ice sheet
evolution in different ice catchment/drainage areas and also due the lack of enough data and
difficulty in dating glacial sediments. However, if the behaviour of the glaciers during the
recent past can be better understood, it helps to evaluate their sensitivity to climatic changes,
so that their contribution to the sea level variation may be more realistically predicted

(Baroni and Hall 2004).



Understanding sediment type and spatial distribution is critical for studies reconstructing
glacial and ice-sheet behaviour based on paleo-records (e.g., Naish et al. 2009; Anderson et
al. 2011; Fernandez, Anderson, Wellner et al. 2011; Stokes et al. 2015). Previous studies in
the western Ross Sea continental shelf document that interglacial phases are characterized
by deposition of diatom mud (Tolotti et al 2013; Kim et al 2020; Khim et al 2021). The
presence of this type of sediment in the geological record is interpreted as representing the
establishment of seasonally sea ice open climatic conditions. However interglacial diatom
mud deposits are difficult to find, because they have been mostly eroded by grounding ice
sheet, during subsequent glacial expansion, remolded by icebergs or swept by bottom
currents. Coastal bays and deep fjords are potentially good candidates to preserve expanded
geological records of past interglacials. This is the case in all the Antarctic margins as it was
shown by ODP Leg 178 (Domack et al., 2001) and IODP Expedition 318 (Escutia et al.,
2011; Behrens et al., 2022) These basins do exist as well in the Ross Sea and can have the
same potential as past environmental change recorders e.g Prothro et al. 2018 and Wellner
et al. 2014 show that the sediment deposited after the LGM in the Ross Sea, are located
mainly in inner shelf basins (where it is preserved from the action of icebergs and of strong
bottom currents impinging the continental margin).

Tidewater glaciers generally respond more rapidly to climatic fluctuations than large ice
sheet because they have small drainage areas and high accumulation rates (Anderson 1999).
Rapid sediment accumulation generally is observed in temperate and subpolar fjords and
coastal bays where tidewater glaciers are debouching and into which they carved deep
depressions during maximum expansion. These depressions are now filled with high-
resolution sedimentary record, deposited after glacier retreat. These sedimentary records can
be used as a tool to reconstruct environmental changes during past glacial and interglacial
times. Environmental variations are reflected in the cyclic alternations between glacial facies
(mainly diamicton and silty-clay mudstone with ice rafted debris - IRD) and open marine
facies (biogenic-rich, silty-clay mudstone). However, characteristics of a single bay can be
widely variable, from the number and type of glaciers draining into the same bay and of
processes carrying and depositing sediment in and out of the bay. Numerous factors control
sedimentation in fjords, including climate, seafloor topography, bay geometry,
oceanographic regime, the presence of sea ice, the size of drainage areas and proximity to
sediment sources (Griffith & Anderson 1989; Domack & McClennen 1996; Ashley & Smith
2000). Each of these contributes differently to the distribution of sediment along the bays.

Therefore, when applying any model of sediment distribution in a fjord or in a bay



environment, one must take into account how local versus regional variations of bay systems

variations affect sediment distribution.

1.3 Research Objectives

The aim of this study is to reconstruct the response of the East Antarctic Ice Sheet to
warming associated with deglaciation and the Holocene climatic optima at the interface
between the Ross Sea and the Southern Ocean by investigating the dynamics of small glacial

systems along its periphery.
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Figure 1.1: Geography map of the North Victoria Land in the western Ross Sea. Location and topographic
map of the study areas Edisto Inlet Fjord and Robertson Bay. (1:250,000-scale topographic maps have
been published by the U.S Geological Survey in cooperation with the National Science Foundation).

The study areas include the Edisto Inlet Fjord and Robertson Bay (Figure 1.1), located along
the North Victoria Land in the western Ross Sea. Their location, at the immediate

termination of the EAIS close to the continental shelf margin, where water masses forming



in the Ross Sea polynya mix with ocean waters, makes the Edisto inlet Fjord and Robertson
Bay key sites for investigating the effects on the glaciomarine depositional environment
where to retrieve highly resolved archives as they act as natural sediment traps.

This can be addressed by aiming at three key objectives:

The first objective is to understand the dynamics of sedimentary processes in the fjords and
map the areas with the highest vulnerability related to the last deglaciation phase.

I performed that Integrating bathymetric and seismic data with the purpose to defining the
geometry and spatial distribution of depositional and erosional features. The aim was to infer
sedimentary processes and their variation during past glacial advance and retreat and current
circulation changes in the Edisto Inlet and Robertson Bay.

The second objective is to investigate which were/are the boundary climatic, oceanographic,
geological conditions that determine the response of depositional systems to climatic
changes in the North Victoria Land coastal bays (in the Holocene and may be earlier) and in
the North western Ross Sea continental margin since the Pliocene.

The third objective is to collect observations to perform models for reconstructing the North

Victoria Land coastal bays evolution, and the north western Ross Sea margin evolution.

1.4 Regional Setting

Isolated from the other continents by the Antarctic Ocean and its strong circumpolar current,
Antarctica is the southern-most continent, and the only one entirely characterized by a polar
climate. It covers an area of about 14 million km2, contains 30 million Km? of ice and is
located southern of the Antarctic Circle. The Antarctic Ice Sheet, the largest single mass of
ice on Earth, covers more or less the 98% of the continent itself (Ingélfsson et al., 1998)

(Figure 1.2).



Figure 1.2: Antarctica. From USGS Landsat Image Mosaic of Antarctica (LIMA).

The Antarctic continent played a key role in the regulation of climate, oceanography, sea
level changes during glacial and interglacial phases that characterized most of the Cenozoic
Era. The white continent has not always been frozen: during the Cretaceous Era, its position
was further north, where nowadays we can find South America. The tectonic evolution of
Antarctica in the Cenozoic was characterized by the igneous activity that was formed as a
result of simultaneous continental rifting and subduction processes acting during the final
stages of the southward drift of Gondwana towards the South Pole.

There are many theories about its formation one of the most accredited is that it could be the
result of modifications to the Drake Passage, the body of water between South America and
Antarctica, which deepened about 35 million years ago and triggered a radical change in
ocean currents. The growing separation between Antarctica and South America has created
a powerful underwater current called the Antarctic Circumpolar Current (ACC). The ACC
prevented the warmer waters of the North Atlantic and Central Pacific from moving towards
Antarctica, isolating it and allowing ice sheets to form.

The Transantarctic Mountains (TAM) appear to be the major structural and morphological



partition line, also due to their partial coverage by the Antarctic Ice Sheet. The principal
mountain range started to raise at the end of Mesozoic, above the Paleozoic Ross orogenesis.
It extends for almost 3500 km, strongly affecting the Antarctic morphology. TAM results to
be a clear separation between East and West side of Antarctica. Two main parts are
identifiable: East Antarctic Ice Sheet (EAIS) and West Antarctic Ice Sheet (WAIS), gone

through a distinct evolution resulting in differences in size, shape and dynamism (Anderson
et al., 1999; Curtis M.L. 2001; Jordan et al 2020; Storey at al 2021). An ice sheet is generally
defined as a mass of ice that covers a total area of more than 50000 km? (Bates J.A. et al.,
1987), consisting mainly of continental ice, of meteoric origin. The EAIS, although it has
large areas where the ice sheet is marine-based, covers much of the continental area, so it is
considered more stable, although some recent studies and models from the marine sediment
record, and glaciological modelling strongly supports the hypothesis of the 14-million-year
stability of the EAIS, the main ice mass on Earth (Cook et al., 2013; Andre, 2017; Sangiorgi
et al., 2018; Wilson et al., 2018), Anycase, East Antarctic Ice Sheet presents about 9 times
the volume of the western one, as an average thickness of 2226m compared with the WAIS
maximum of 1306m, reaches a higher elevation (over 4000m), and a maximum thickness of
4776m. The WALIS is mostly marine-based, and it would speed up the ice flow after the ice
sheet collapse, increasing considerably sea level. It covers a continental archipelago, and
therefore is anchored on sparse bedrock pinning points, but still results as more vulnerable
and unstable then EAIS, in case of sea level rise that will foster detachment of the ice sheet
from the bottom and its subsequently rapid melting/disintegration (Joughin et al., 2014)
(Figure 1.3). Indeed, the marine WALIS instability hypothesis presume that atmospheric and
oceanic warming could result in increased melting and recession at the grounding line on
such a reverse slope gradient. This would activate flotation, basal melting, increased iceberg

production, and further retreat within a positive feedback loop (Andre, 2017).
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Figure 1.3: Basic differences between EAIS and WAIS: ice elevation, thickness, bedrock elevation (From
BedMap?2).
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One fundamental but also controversial problem in Antarctica, indeed, concern mass
balancing and ice sheet stability. The mass balance is defined as the net result of mass gains
above the ice sheet (snow deposition) and mass loss by melting (either at the glacier surface
or under the floating ice shelves or ice tongues) and by ablation caused by calving processes
(production of icebergs) (Hanna et al. 2013).

An essential role in regulating mass balance is played by ice streams, both for the water
volume and the sediment volume they transport, flowing through the ice sheet. Ice streams
are corridors of fast-flowing ice within an ice-sheet and they can reach a velocity of 500
m/year (Whillians .M. Et al., 1993, Scheuchl et al., 2012) discharging ice and sediments
into the sea. Even if they represent only 10% of the volume of the ice sheet, ice streams
present considerable dimensions, up to 50 km in width, 2000 m in thickness and hundreds

of km in length (Bennett, 2003) (Figure 1.4).
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Figure 1.4: Scheme of an ice stream and ice stream processes (From Bennett, 2003).

Ice streams are fed by complex inflows that extend up to 1000 km towards the inner ice
sheet (Bamber J.L. et al., 2000). Ice stream differs from outlet glacier because is bordered
by ice instead of rocks, and from shelf ice because it is not floating (Bentley, 1987). Satellite
data reveal widespread, patterned, enhanced flow with tributary glaciers reaching hundreds
to thousands of kilometres inland, over the entire continent (Rignot et al., 2011). Because of
all these characteristics, ice streams behaviour and their stability have an important role in
the study of the ice sheet dynamics and mass balance (Bennett M.R., 2003).

Ice sheet mass balance results in Rignot et al 2019 reveal that in the Antarctic ice sheet from
1979 to 2017 mass loss was dominated by sectors of the Amundsen / Bellingshausen Sea in
West Antarctica (159 £+ 8 Gt / a), Wilkes Land, East Antarctica (51 = 13 Gt/ y) and the

western and north-eastern peninsula (42 + 5 Gt / year) During the whole period, the mass
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loss was concentrated in areas closest to warm, salty, deep circumpolar deep waters (CDW),
that is, consistent with the increase in the westerlies polars pushing CDW towards Antarctica
to melt its floating ice shelves, destabilize glaciers and raise sea levels.

Drainage from the EAIS and WAIS are divergent mainly toward Ross, Ronne-Filchner,
Amery, Larsen C, Riiser-Larsen, Finbul, Shackleton, George VI, West, Wilkins, and Totten
ice shelves (Figure 1.4). The biggest and largest ice steams draining WAIS flow into
Weddell, Ross and Amundsen Sea (Figure 1.5).
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Figure 1.5: LIMA Antarctica Maps.

Another important element in the Antarctic system is given by the presence of thick floating
ice shelves, bordering the seaward termination of the ice sheet: in some places, the ice shelf
is strongly anchored to submerged banks, which play a key role buttressing the ice sheet. Ice
shelves can be divided in three main categories: ice shelves fed by glaciers, ice shelves
created by sea ice and local snowfall, and composite ice shelves (Jeffries, 2002). The

withdrawal of the ice shelf in some coastal areas accelerates the icebergs calving from
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glaciers and ice streams; this phenomenon affects the reduction in the ice sheet volume and
size. A significant ice shelf retreat occurs on the Larsen Ice Shelf, on the eastern side of the
Antarctica Peninsula, but all West Antarctic shelves can also be susceptible to fast melting
and disintegration. In recent decades, reductions in the thickness and extent of floating ice
shelves have destabilized inland ice flow, triggering retreat, acceleration and drawdown of

many marine-terminating ice streams (The IMBIE Team, 2018).

1.5 Oceanographic Setting

The Southern Ocean surrounds Antarctica. It is the only region where the thermohaline
circulation, can continue barely disturbed all around the globe. In this point of view, the
ocean circulation becomes closest to the situation in the atmosphere without any boundary
constraint. The Antarctic Circumpolar Current (ACC) is the major ocean current that flows
clockwise from west to east around Antarctica. An alternative name for the ACC is the West
Wind Drift. The ACC is the dominant circulation feature of the Southern Ocean and has a
mean transport estimated at 100-150 Sverdrup (Sv, million mN/s), or possibly even higher,
making it the largest ocean current. The current is circumpolar due to the lack of any
landmass connecting with Antarctica and this keeps warm ocean waters away from
Antarctica, enabling that continent to maintain its huge ice sheet. Antarctica presents an
unlimited communication with all oceans: the hydrology of all ocean basins cannot be
understood without considering the dynamics of processes occurring on the Antarctic
margin.

The presence/absence of the sea ice is very important in the entire climate system. The
extension of the sea ice around Antarctica changes seasonally significantly: in austral winter
it covers the whole Southern Ocean up to about 65° S to a maximum of about 18 A~ 106
km2in September, while in summer it decreases drastically until a minimum of about 3 A~

106 km? in February in some areas (Comiso et al., 2011) (Figure 1.6).
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Figure 1.6: Sea Ice maximum and minimum concentration around Antarctica. (From NASA Earth
Observatory maps by Joshua Stevens, based on AMSR2-E data from NSIDC).

The sea ice covering the ocean changes the surface albedo, insulates the ocean from heat
loss, and provides a barrier to the exchange of momentum and gases such as water vapor
and CO2 between the ocean and atmosphere (IPCC, 2013). The volume, thickness and
extension of sea ice also influences atmospheric circulation (above all the wind intensity)
and oceanic circulation, triggering heat transfer mechanisms between high and medium
latitudes on a global scale. The Southern Ocean is divided into zones, with different vertical
distribution of temperature, salinity and currents direction. Fronts with very different water
properties separate these zones (Patterson S.L. and Whitworth T., 1990).

Fronts and areas include from North to South: the Subtropical Front, the Sub-Antarctic Zone,
the Sub-Antarctic Front, the Polar Frontal Area and the Polar Front. The Subantarctic Front
(SAF) and the Southern ACC Front (SACC) are the northern and southern edges of the ACC.
Four masses of oceanic water are recognized south of the Polar Front: cold Antarctic Surface
Water (ASW), warm Deep Water (DW), warm Circumpolar Deep Water (CDW) and cold
Antarctic Bottom Water (AABW). SACC is determined as the southernmost extent of
Circumpolar Deep Water (temperature of about 2 °C at 400 m). This water mass flows along
the shelf break of the western Antarctic Peninsula and thus marks the most southerly water
flowing through Drake Passage and therefore circumpolar. The bulk of the transport is
carried in the middle two fronts. The circulation near the continental edge presents variations
in density and salinity as the currents originate from the mixing of different waters: water
masses produced in coastal areas and polynya, which are cold and relatively less salty (with

a temperature that varies between 1.5 ° and 1.9 ° C), mix with oceanic, warmer and saltier
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waters. The Antarctic Divergence is a region of divergent flows of superficial waters and
roughly corresponds to the Antarctic Circumpolar Trough, which separates two zones of
atmospheric circulation from Antarctica. South of the Antarctic Divergence, the Antarctic
Circumpolar Current (ACC) is directed toward east and some low-pressure atmospheric
cells create several vortexes.

Near the continent, instead, prevails a current directed toward West, called East Wind Drift
(Freeman, 2016, Deacon, 1937). This superficial flow creates two wide closed vortexes, the

Ross Sea Gyre and the Weddell Sea Gyre (Figure 1.7).
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Figure 1.7: Oceanic Currents around Antarctica (From Rintoul, 2011)

The Antarctic Divergence is also an area characterized by upwelling. This phenomenon is
caused by vertical water shifts in Warm Deep Water, in response to the flow of the Antarctic
Surface Water. Recognizing and characterizing the Antarctic circumpolar currents has a high
impact also on a global level, due to its interaction with the so-called great ocean conveyor
belt. This belt represents the wide circuit of marine currents that redistribute the heat from

one ocean to another and from the deep layers to superficial ones.

The characteristics of water masses along the Antarctic continental shelves vary
considerably from one location to another. Water masses can be modified by different
factors such as the residence time of shelf waters, the contributions from basal melting of

ice shelves, the tidal forcing and the flow interactions with bathymetry (Gordon et al., 2009,
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Whitworth and Orsi, 2006, Shapiro et al., 2003, Jacobs, 2004, Padman et al., 2009, Budillon
et al., 2011).

The Ross Sea presents four main water masses: Ice Shelf Water (ISW), High Salinity Shelf
Water (HSSW), Modified Circumpolar Deep Water (MCDW, modified starting from
Circumpolar Deep Water) and Antarctic Bottom Water (AABW). A fifth current (the
Antarctic Surface Water, AASW) affects the most superficial portion of water (Figure 1.8).
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Figure 1.8: Water masses in Southern Ocean. Continental Shelf Water (CSW), Antarctic Surface Water
(AASW), Subantarctic Mode Water (SAMW), Subantarctic Surface Water (SASW), Subtropical Surface
Water (STSW) (Modified after Speer et al., 2000)

Antarctic Surface Water (AASW; y" < 28.00 kg/m?, and S < 34.30) occupies the upper ocean
and is strongly modified by atmospheric forcing, sea ice formation and melting, and mixing
with the waters below the AAS and, following seasonal variations in temperature and
salinity, in relation to the phenomenon of freezing and thawing.

Ice Shelf Water (SW) is defined by y" > 28.27 kg/m? and 0 < -1.851 °C: SW is found below
the surface freezing point, below AASW on the shelf, preferentially in the deep troughs.
The Antarctic Bottom Water (AABW) is defined by y" > 28.27 kg/m> and 0 > -1.851 °C.
This range of y" excludes lighter water that can traverse the sill of the Drake Passage. Water
with the same properties of AABW is called Modified Shelf Water (MSW) when it is found
at depths of 700 m.
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High Salinity Shelf Water (HSSW; defined as y" > 28.27 kg/m?, 0 = -1.851C; S > 34.7) is
mainly formed in the TNB Polynya by salt release during sea ice formation. From this
primary source, HSSW spreads along the seabed, filling the depressions of the Ross Sea.
One branch moves northward along the DT where it reaches the shelf break to contribute to
AABW formation through mixing. Another branch moves southward under the Ross Ice
Shelf.

Mixing of meltwater from the ice shelf base produces water that is potentially supercooled.
Therefore, with the given salinity, these waters present temperature less than the surface
freezing point. This High Salinity Shelf Water (HSSW, 0 <-1.931C) exits the sub-ice-shelf
cavity near the dateline meridian and moves northward, reaching the shelf break near 75°S
just to the east of the date line. A large volume of Low Salinity Shelf Water (LSSW, defined
asy" > 28.27 kg/m>, 0 = - 1.80°C; S = 34.47) is present at inter-mediate depths in the central
eastern Ross. Its formation appears to be due to the interaction between AASW and colder
waters in the subsurface layers, after several freezing (melting) cycles of the surface water.
Modification of incoming Circumpolar Deep Water (CDW; y" > 28.00 kg/m?, 6 > 1.21°C)
produces Modified Circumpolar Deep Water (MCDW; 28.00 <" < 28.27 kg/m?). Inflow of
MCDW across the continental shelf is the primary source of heat and salt and nutrients to
the Ross Sea continental shelf. This inflow appears to be strongly influenced by the
topography of the banks and troughs along the shelf break (Budillon et al., 2011).

In the last five decades, in the Southern Ross Sea water masses changed in temperature,
depth, volume and salinity. The HSSW was affected by a freshening of > 0.1 during this
period (Jacobs et al., 2002), while RSBW decreased in volume.

1.5.1 Sea Ice

The growth and decay of Antarctic sea ice is one of the greatest seasonal surface changes on
Earth. In winter, sea ice extends hundreds of kilometers out to latitudes ~60°S in the Pacific
and 55°S in the Atlantic and Indian oceans but retreats to within a few kilometers of the
Antarctic coast during spring and summer (Comiso and Nishio, 2008). Sea ice extent exerts
a significant control on Southern Hemisphere climate by regulating heat and gas exchange
between the atmosphere and the ocean, increasing planetary albedo, controlling
stratification, influencing AABW formation via brine rejection, and impacting primary

productivity (Godfred-Spenning and Simmonds, 1996; Pezza et al., 2012; Raphael, 2003;
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Yuan and Martinson, 2000). The main factors controlling the formation of sea ice include
seasonal insolation, SST (must be colder than -1.86°C for sea ice to form), salinity, and
surface wind speed, which advects ice away from the site of formation (Ackley and Sullivan,
1994; Pezza et al., 2012). During sea ice formation salty brine is rejected as freshwater
freezes into sea ice. Cold, salty water formed during sea ice production sinks to form shelf
water (SW) or, in areas of intense sea ice production and brine rejection, HSSW. Sea ice
dynamics in the Antarctic impact the state of global climate in turn because they exert a
control on equatorward heat transport by the atmosphere and the ocean (Fogwill et al., 2015;

Purkey and Johnson, 2013).

1.6 Sedimentation in a polar environment

In a glacial context, like the polar one, the ice dynamic and the processes derived from that
(erosion, transport, subsidence and isostatic rebound induced by ice loading and unloading)
play a central role on deposits position, geometry and characteristics of a high latitude
continental margin( Cofaigh et 1 2003; Passchier et al 2019; Van Weering et al 2008;
Batchelor,et al 2015; Menzies et al 2018). They can strongly affect deposits position,
geometry and characteristics of a high latitude continental margin.

Glacial deposits are often associated with typical sedimentary successions of terrestrial
(river, lake, and desert) and marine (deltaic, turbiditic, contouritic) environments.
Sometimes it is hard to discern a glacial system deposit from others with similar facies,
especially if there are no elements that prove their origin. The study of glacial deposits,
therefore, requires particular attention, like detailed vertical profiles, lithostratigraphic data
and information about lateral variability and geometries. The most important element in the
study of glacial depositional environment and processes is certainly the glacier. A glacier is
defined as a dynamic body that is rheologically similar to a very high-density fluid that flows
by gravity. The glaciers present various sizes, and the most imposing ones are currently
found in Antarctica, where they form the terminations (ice streams) of the ice sheets (Figure
1.9). They are characterized by alternating movements of expansion and retreat, which

reflect glacial and interglacial periods, or local conditions.

18



Thinning Receding

. e 1 Previous profile Previous

.’ 0 of ice sheet edge of

= e \ ice shelf
N ICEBERG

/’/——\f—-—w

’

GLACIER, OR \ ICE SHELF // e
ICE SHEET . p ;\\g/

Glacial -
retreat =

Grounding line
GROUNDING when ice flow

LINE was stable

\

Figure 1.9: Ice streams, Ice sheet and Ice shelf (National Snow and Ice Data Centre, NASA).

Some models assume the presence of a saturated layer of sediments, at the base of the ice
streams, which lubricates and increase their outflow towards the sea. The melt water, present
at the base of ice sheets and ice streams, can be conveyed into a sub-glacial drainage system,
which in some cases is directly connected to the sea (Kyrke-Smith et al., 2013,
Christoffersen et al., 2006, Joughin et al., 2002).

The distribution and characterization of sediments depends mainly on the influence of the
morphology and depositional processes related to the dynamics of ice and currents
(Anderson J.B. 1999; Van Weering et al 2008; Rebesco et al 2008; Menzies et al 2018).
Studies related to direct investigations (Jenkins et al., 2010) and modeling (Alley et al.,
1989) of the conditions that exist at the base of ice streams prove evidence of sedimentary
material eroded and incorporated by ice. Ice creates a deformed and saturated layer of water,
where the ice stream can slide. This layer, at the interface between bedrock and ice, increases
the ice streams speed flow towards the sea (Alley et al., 1989) (Figure 1.10). If the rate of
sliding increases without a gain in the ice accumulation, the ice sheet became thinner and

collapses, causing the sea level rise (Alley and Whillans, 1991).
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Figure 1.10: Ice velocities (from Rignot et al., 2011).

1.6.1 Continental Shelf

A continental shelf is generally a portion of a continental margin submerged under the sea.
Continental shelves constitute about 8% of the entire area covered by oceans. Much of the
low and mid latitude continental shelves are at maximum 200 meters deep and were exposed
above the sea level during glacial periods, when the global sea level fall. The Antarctic
continental shelf is typically about 500 m deep, and the distance from the Antarctic ice sheet
or coastline to the shelf break varies from tens (in East Antarctica or the West Antarctic
Peninsula) to hundreds of kilometres (in the Ross or Weddell Seas) (Heywood et al., 2014).
The particular morphologic character of high-latitude continental shelves (great depth,
rugged topography, and landward- sloping profile) may be attributed both to glacial erosion
and deposition or, in large part, to isostatic down-warping of the continental shelf itself, in
response to the weight of the adjacent ice sheet (Anderson, 1999).

During the advance, the glacier performs a double action: on one side, it erodes the rocky
substratum (or sediments previously accumulated) at its base and along its flanks; on the

other it incorporates and drags sediment in the same direction of its advance. This combined
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action is called “bulldozer effect”. Bulldozer effect gives rise to hiatuses in sedimentary
sections deposited during glacial epochs. Sometimes, a part of sediment accumulated during
the previous interglacial period, is also removed (Lisitzin, 2003).

The eroded sediment, incorporated at the base of the ice and transported on the glacier front,
is finally deposited at its maximum expansion point, beyond the so-called grounding line.
The grounding line is the point that divides the area where the ice is resting on the substrate,
from the area where the ice floats in the water. More properly is better to refer to ‘grounding
zone’, that means where the ice sheet marine margins cease to be in contact with the seafloor
(Dowdeswell and Fugelli, 2012). It is important to map the repositioning of the grounding
line, in order to understand better the marine ice sheet dynamic. In fact, the transition zone
can help to determine the rate at which ice flows out of the grounded part of the ice sheet
(Schoof, 2007).

The glacial sediment deposited along the grounding line, can be lodgment till, a
heterogeneous and massive deposit, or can be coarse-grained material, if outwash melt water
is present (Powell, 1990). The coarser sediments are deposited immediately close to the
grounding line, while the fine sediment is transported as plume and deposited in ice distal
areas.

At the grounding line, during stationary phases between the ice advance and retreat (O'Brien
et al 1999; McMullen et al., 2006; Dowdeswell et al 2012), a till delta can be deposited
(Alley et al., 1989). After retreat of the ice, the deposition of pelagic and hemipelagic
sediments drapes the seabed, creating Grounding Zone Wedges (GZW) (O'Brien et al 1999;
Bart and De Santis, 2012, Dowdeswell et al 2012; Batchelor et al 2015; (Figure 1.11).
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Figure 1.11: Ice sheet advances and retreats following glacial (A) and interglacial (B) phases. (From
Zecchin et al., 2015)

1.6.2 Continental Slope

The advance of the ice sheet on the continental shelf, during repeated glaciations, with
erosion of the inner continental shelf and deposition on the outer continental shelf caused
the progressive over-deepening and landward dipping profile of the shelf (Evans et al 2009;
Reinardy et al 2015; Peters et al 2016; Bart et al 2016).

One of the peculiar morphological characteristics of the Antarctic margin is the presence of
large marine glacial troughs. Those troughs were eroded and dug by ice streams repeatedly
(up to over 1000 meters in the inner shelf). During glacial advance across the glacial troughs,
the ice mass transported and accumulated sediments up to the maximum limit of the glacier's
advance, sometime at the shelf edge. In this case, the sediments were damped directly to the
slope, where they formed large trough-mouth fans. This glacial form is generally described

in the literature as set of more episodes of glacial advance and retreat (Bart, 2001).

Depending on slope angle and roughness and on sediments characteristics, sediment

downslope flows may present different rheology (fluidal versus plastic) and may have
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laminar, mixed or turbulent behaviour producing deposits with different geometry, texture

and internal structure Figure 1.12 (Haughton et al., 2009).
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Figure 1.12: Classification scheme for submarine bottom flow types and structures linked to their
deposits. (From Haughton et al., 2009)

Gravitational flows also generate mixed sediments of glacial and glacio-marine deposits.
When a sufficient amount of water is added to the glacial sediment dropped to the upper
slope, in fact, dilution triggers turbulence and the release of coarse sediments, generating
turbidity currents. Thick turbidites were recognized in areas far from the shelf, up to abyssal
areas, along the Antarctic perimeter (Wright, Anderson and Fisco, 1983, Rodriguez and
Anderson, 2004; Escutia et al., 2005, Barker et al., 1998). These kind of deposits were also
recovered by ODP Leg 188 from the Prydz Bay continental slope (O Brien et al., 2001),
IODP Expedition 318 also recovered glaci-marine debris flows derived from the shelf at site

U1356 (Escutia et al., 2011).
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The subglacial sediments that are deposited by grounding ice near the shelf edge and that
rapidly and massively flow downslope may preserve a similar composition of till sediments.
The highly cohesive nature of till gives a high inclination to polar margins respect to those
at mid latitude (Larter and Barker, 1989). The seismic facies of this type of deposit is lens-
shape, chaotic or massive with sharp erosive base, and is interpreted as debris flow. This
deposit can be interlayered with stratified sediments deposited by hemi-pelagic settling or
turbidity flows. Debris flows were recognized on Antarctic continental margins in western
Bellingshausen Sea (Hillebrand et al., 2005, O’ Cofaigh et al., 2005), northern Antarctica
Peninsula (Nelson et al., 2009, Diviacco et al., 2006), northern Victoria Land (Hauber et al.,
2018).

Sediments can be affected by alongslope currents, too. In this case, they are interpreted as
contourites. Contourites are defined as ‘sediments deposited or substantially reworked by
the persistent action of bottom currents (Stow et al., 2002, Rebesco, 2005, 2014).

Usually, landslides deposits present a seismic transparent, or chaotic, non-laminated facies.
It is possible to identify, inside the chaotic deposit, some continuous reflectors, that represent
faults. High sedimentation rates occur in a glacial temperate setting, or in a wet basal ice
sheet condition. In fact, there are the main factor for the collapsing and sliding material. The
gravitational deposits distribution is closely linked to the amount of sediments discharged
through melt waters. In some cases, like on the Wilkes Land western margin, the trigger
mechanism is the occurrence of earthquakes, intensified by isostatic variations that occur

after the sheet retreat (Donda et al., 2007).

The presence of bottom currents is also an important factor influencing the deposition on
the continental slope. Geostrophic currents move at a constant depth, along bathymetric
contour lines, in thermal and density equilibrium, where Coriolis force compensates
density/gravitational gradient. Any cause that can break the potential vorticity constraint
causes the downslope flows or even the cascading process (an irregular bathymetry, a
canyon, an intersection of dense water). Currents tend to cascade if their density increases
(due to salinity or suspended material increment). Their speed range between 1cm to 20cm/s
(Hollister and Heezen, 1972). In some cases, they can reach 3m/s.

Bottom currents can therefore re-suspend and entrain the fine-grained sediment component,
transporting it and re-depositing in drift contouritic deposits (contourite drifts). Contourite

drifts can be found at different depths, and present many different shapes, the most common
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has an asymmetric mounded shape with an elongated side on current direction (Rebesco at
al 2004). Seismically contourites drift present laminated sigmoidal facies. In some cases, the
facies appear internally completely homogeneous; in other cases, there are indistinct,
discontinuous and parallel laminations, with sub horizontal irregular erosional surfaces, and
thinner layers and lenses of course grainsize material. Turbidite, contourite and hemipelagic
deposits can be found also in Antarctica in the continental rise and shelf of the Wilkes Land
(Escutia et al., 2002), in the northern Weddel Sea (Maldonado et al. 2005), and East
Antarctica (Close D.12010).

Cross-laminations are rarely present only in silt or fine sand deposits. Contourite drifts are
generally composed by fine sediment (mud, silt) with silicoclastic, biogenic, and
vulcanoclastic components. Usually, they can form slowly and in calm environment. The
variation of their internal and external facies indicates a change in the bottom circulation,
differently from the gravitational deposits, usually caused by episodic and local currents

(Figure 1.13).
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Figure 1.13: Sediment drift types and inferred bottom-current paths (From Rebesco et al., 2014)

1.7 Fjords: formation and sediment dynamics

A fjord is a deep elongated estuary which has been formed by erosion of land-based ice in
the course of century. Fjords are found mainly in Norway, Greenland, New Zealand, Canada,
Chile and Antarctica (Meier et al., 1994; Straneo et al., 2013, Wellner al 2001; Munoz et al
2016) they are sculpted by glaciers and set in deep U-shaped valleys and are found in places
where the present or past glaciation extended below present sea level (Koechlin, R. 1947).

The depth of the fjord depends on the erosive power of the glacier that formed it. Thus, a
glacier of outstanding size will give rise to a fjord of equal importance. Sediments and rocky
debris transported by the glacier are deposited on the bottoms of fjords and break up the

regularity of their beds.
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As the glacier excavates its way into the ground it leaves its two walls, which may retain
their vertical cross-section or may by degrees, according to the nature of the rock, become
less steep by weathering (Fig 1.14).

Fjords are commonly characterized by energetic tides and show a steep fjord-head delta that
is fed by sediment-laden rivers and streams that drain the diminished glacier that eroded the

valley (e.g. Farmer and Freeland, 1983; Syvitski et al., 1987; Syvitski and Farrow, 1989).

oot 1'- " "-_

Figure 1.14: A fjord carved by glaciers with steep rock walls (Nesje, A. 2009).

A fjord i1s formed when a glacier recedes, having carved its typical U-shaped valley, and the
sea fills the resulting valley floor.

This forms a narrow and steep cove (sometimes deeper than 1300 meters) connected to the
sea. The terminal moraine pushed down from the valley by the glacier is left underwater at
the fjord entrance, causing the water at the neck of the fjord to be shallower than the main
body of the fjord behind it.

As a result of the glacial processes that formed the fjord, a main feature of most (not all)
fjords is a sill (e.g. a moraine) at the mouth, or sometimes additional sills that separate

multiple basins (Fig 1.15). However, sills can also be predefined by the underlying bedrock.
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Figure 1.15: Schematic cross-sectional evolution of a valley resulting from glacial erosion (from Harbor
1992)

1.7.1 Broader context

Large, recent fluctuations in the termini of outlet glaciers draining the significant portion of
the Greenland and Antarctic Ice Sheets provide considerable impetus for understanding the
processes controlling the stability of these ice masses on much shorter (< 100 yr) time scales.
Modern fjords constitute ideal natural laboratories for illuminating these underlying
processes, as many retreating tidewater glaciers are relatively accessible for oceanographic
studies. Moreover, they produce relatively large meltwater and sedimentary signals (e.g.,
Hallet et al., 1996; Koppes and Hallet, 2002) that are related to subglacial processes on
diverse time scales ranging from events lasting minutes to many decades (e.g., Cowan et al.,
1988; Jaeger and Nittrouer, 1999a). In addition, studies of sedimentary processes along the
ice-ocean interface will help refine poorly constrained parameters, such as the sediment
production rate, to more accurately model ice behavior over cycles of advance and retreat
(Nick et al., 2007). Establishing a direct link between ice behavior, the formation of sediment
shoals, and ice-proximal sediment deposits will help increase the accuracy and resolution of
interpretations from glacimarine sediment archives on longer time scales (Cowan et

al.,1988; Anderson et al., 2002; Andresen et al., 2011).
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1.7.2 Glaciomarine Sedimentary Process

Sediment deposits near tidewater glacier termini merit close attention because the dynamics
of these glaciers are at least partially modulated by the sediments they produce, and the
sediments also contain valuable information about past glacier behavior. These glaciers
frequently discharge into nearly closed fjords, forming a well-preserved sediment record of
glacier fluctuations, associated climatic changes, erosion, and sediment-transfer events
(Cowan et al., 2010). A number of studies have related known environmental conditions to
sedimentary signatures in fjord seabeds (e.g., sedimentary structure, seismic stratigraphy,
accumulation rates) (e.g., Griffith and Anderson, 1989; Domack et al., 1993; Cowan at al
1997; Milliken et al., 2009), and a continuing research objective is to increase the accuracy
and resolution of such paleoenvironmental interpretations (Figure 1.16). Studies of fjords
from Svalbard, Alaska, Patagonia, and Antarctica stress the first-order importance of climate
in controlling glaciomarine sedimentation by determining the thermal regime of the glacier
and the amount of meltwater produced (Griffith and Anderson, 1989; Powell, 1991; DaSilva
et al., 1997).

Tidewater Glacier increased
surface warming

and meltin increased
submarine

melting

weakening of
the ice melange

q Fjord
= Circulation G

Figure 1.16: Processes Affecting Tidewater Glaciers Several mechanisms controlling the recent retreat
of glaciers worldwide have been proposed (shown in red). Specific processes that need further direct
study are highlighted in blue (from Straneo et al., 2013).

For the relatively well studied temperate tidewater glaciers of Alaska, glacial meltwater

transports the majority of glacially derived sediment to fjords (Powell and Molnia, 1989;
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Cowan and Powell, 1991; Syvitski, 1989). If the density of the sediment-rich fresh water
exceeds the density of the ambient seawater, the fresh water will move seaward as a gravity
flow, driven by its excess density (Figure 1.17) (Mulder et al., 2003). If the freshwater
density is low, meltwater delivered at the base of the glacier will rise buoyantly as a turbulent
plume, mix with the ambient seawater (Powell and Molnia, 1989; Syvitski, 1989), and
sediment suspended in the plume will settle to the seabed (Cowan and Powell, 1990, 1991;
Hunter et al., 1996a). The large meltwater discharge in temperate glacimarine systems
results in some of the highest rates of grounding-line sediment accumulation worldwide;
they can exceed tens of meters per year (e.g. Molnia, 1983; Cowan and Powell, 1991).

These rates have been shown to decrease rapidly with distance from the terminus (e.g.,
Powell and Molnia, 1989; Cowan and Powell, 1991). Fjord sediments from temperate
glaciers commonly comprise interlaminated sands, muds, and ice rafted debris, and often
preserve a high-resolution history of glacier behavior and sediment production over a range
of timescales (tidal, diurnal, seasonal, individual event) (e.g., Mackiewicz et al., 1984;
Domack et al., 1994; Cowan et al., 1997; 1999; Jaeger and Nittrouer, 1999). In polar and
subpolar settings, controls on sedimentation are believed to be somewhat different. The
production of sediment by glacial erosion is expected to decrease progressively as surface
melt vanishes, because little or no water reaches the bed from the glacier surface to facilitate
glacier sliding, erosion, and the transport of sediment. Significant sediment production by
bedrock erosion likely vanishes as soon as the basal ice temperature drops below the melting
point (e.g., Cuffey et al., 1999). Thus, in polar regions, rates of sediment production are
likely to nearly vanish as surface temperatures drop well below 0°C (Griffith and Anderson,
1989; Hooke and Elverhgi, 1996; Powell et al., 1996). For subpolar glaciers, the majority of
sediment is thought to be transported through fjords in bottom and intermediate-depth
plumes of cold water, which appear to originate at the grounding line (e.g., Domack and

Williams, 1990; Domack et al., 1994).
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Figure 1.17: Glacimarine Sedimentary Processes Glaciers deliver sediment and mechanisms transport
within fjords (from Benn and Evans, 2014).

1.7.3 The Polar Fjords

Polar fjord types such as the Lallemand Fjord on the Antarctic Peninsula, or fjords found in
Greenland and the Canadian Arctic are almost always covered by sea ice or contain ice
shelves and glaciers.

One objective of contemporary glacimarine research is to understand the fidelity of recent
and past climate-change signals preserved in the sedimentary record, and how these records
are altered by time and changing boundary conditions (e.g., Milliken et al., 2009; Koppes et
al., 2010; Fernandez et al., 2011; Simms et al., 2011). Climate controls the extent and
thermal regime of glaciers, as well as the amount of meltwater produced (e.g., Griffith and
Anderson, 1989; DaSilva et al., 1997), with increased meltwater generally promoting glacier
erosion by reducing the basal effective pressure (e.g., Cuffey and Paterson, 2010). When
abundant, glacial meltwater transports the majority of glacially derived sediment to fjords,
where most of this sediment remains trapped (e.g., Powell and Molnia, 1989; Cowan and
Powell, 1991; Hallet et al., 1996; Hunter et al., 1996a). The large meltwater discharge in

temperate glacimarine systems results in proximal rates of sediment accumulation that can
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reach tens of meters per year (e.g., Molnia, 1983; Cowan and Powell, 1991). In colder
settings, the production of sediment by glacial erosion is expected to decrease progressively
as surface melt vanishes, because little or no water reaches the bed from the glacier surface
to facilitate sliding, erosion, and sediment transport. Moreover, significant sediment
production likely vanishes as soon as the basal ice temperature drops below the freezing
point (e.g., Cuffey et al., 1999). Thus, for polar and subpolar regions, subglacial sediment
production and delivery to fjords are both expected to drop with decreasing air temperature,
especially as it drops below 0°C (Griffith and Anderson, 1989; Hooke and Elverhgi, 1996;
Powell et al., 1996).

1.7.3.1 Antarctic Fjords

Fjords act as natural sediment traps, preserving histories of glacial landscape erosion within
semi-enclosed basins (Jaeger & Koppes, 2016, Y.P. Munoz & J.S. Wellner 2016). In fjords
fed by tidewater glaciers, sediment accumulation rates vary from millimeters to centimeters
per year (typical of polar and subpolar fjords in Antarctica, Greenland, and Svalbard; e.g.,
Boldt et al., 2013; Andrews et al., 2016; Elverhgi & Seland, 1983;) to meters per year
(typical of temperate fjords in Alaska and Patagonia; e.g., Powell & Molnia, 1989; Jaeger &
Nittrouer, 1999).

Presently, fjords of the West Antarctic Peninsula (WAP), exhibit slow accumulation rates
of ~1-20 mm/year (Boldt et al., 2013), characteristic of subpolar fjords fed by cold-based
glaciers. Because of this slow accumulation, WAP fjords can be biologically productive and
support high abundances of pelagic and benthic biota under conditions of relatively low
turbidity and sedimentation (Eidam et al 2019; Grange & Smith, 2013; Pan et al., 2019).
However, this region has experienced rapid environmental changes since the mid-20th
century including atmospheric and sea-surface warming, widespread glacial retreat, and
reduced annual sea-ice duration (Cook et al., 2005, 2014, 2016; Chapman & Walsh, 2007;
Ducklow et al., 2007; Meredith & King, 2005), although very recently, air temperatures have
cooled slightly (Turner et al., 2016). Based on modeled climate and erosion dynamics, WAP
glacial sediment yields are expected to increase in the coming decades (e.g., Koppes et al.,
2015; Turner et al., 2016), which could cause greater sediment inputs and greater stresses

on pelagic and benthic communities.
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However, paleoclimate and oceanographic reconstructions, especially from the fjords of the
western Ross Sea, as well as the circulation and processes impacting their exchange with the
shelf and wider ocean, are scarce.

To understand recent and potential shifts for the sedimentation patterns in a global and
historical context, reliable data are needed about accumulation rates over decades to
centuries as well as an understanding of sediment delivery by glaciers, in contrast to
temperate systems. Fjord accumulation rates are often obtained from seismic records
(Fernandez et al., 2016; Harris et al., 1999), which are key for obtaining millennial-scale
data, but cannot resolve more rapid fluctuations in sediment delivery, for example, related
to recent warming (e.g., Chapman & Walsh, 2007; Meredith & King, 2005).

In this study, a large dataset of geophysical, geological and geochemical proxies are used to
have a comprehensive view of sediment dynamics of the North Victoria Land fjords and

provide context for evaluating AIS retreat after the LGM.

1.8 Glacial processes and landforms

Glacial geomorphology studies describe the product of the action of glaciers on the earth's
surface, most of the areas today characterized by this morphology were created by the
movement of large continental glaciers during the Quaternary glaciations forming complex
delivery sediment systems (SDS) (Alley et al., 1997; Evans, 2014).

Sediment deposition takes place as a function of the dynamics of the ice, the type of glacial
mass, the geology and sedimentology of the basement and subsoil, the temporal and spatial
variability of erosion, thermal and hydrological regimes and topography. Once sediments
are produced by erosion, their transport and subsequent deposition within the glacial system
require a different classification in supraglacial, englacial, subglacial and proglacial
subenvironments. Fig. 1.18 illustrates the numerous and complex paths of these delivery
systems.

The influence that ice dynamics have on sediment deposition depends on the basal thermal
conditions of the ice.

It was once thought that little or nothing was transported under basal ice conditions, but
today we have some evidence showing that limited transport occurs as a slow deformation
(Alley et al., 1997; Gulley et al., 2009; Batchelor and Dowdeswell, 2014; Dowdeswell et al.,
2015; Livingstone et al.; Hogan et al., 2019).
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Most of the sediments transported and deposited by the ice masses reflect the geology of the

substrate that is eroded through the mechanism of abstraction or ablation (Alley et al., 2019).
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Figure 1.18: Sediment delivery systems (SDS) within glacial environments (A) SDS within valley glacial
systems, (B) SDS within marginal ice sheet systems, and (C) SDS within subaqueous glacial
environments (Menzies, J., & Ross, M., 2020).

34



In the past decades, these morphologies were considered individual with their characteristics
and origin of formation, today, most of these forms are considered as a series or subset of
bedforms that have many similarities not only in sediment content but also forming in
comparable environments, albeit, sometimes in different environmental or glacio-dynamic

conditions (Stokes et al., 2013a; Ely et al., 2018).

Glacial geomorphic maps provide direct information on past ice trajectories and inter-ice
flows, which has important implications for the reconstruction of former ice sheets.

The reconstruction of the latter is based precisely on the study of glacial morphologies, as
well as on the dynamics of the ice flow and the location of paleo ice flows.

Glacial flows generally consist of geomorphological shapes that indicate the direction of the
ice flow by forming patterns often of similar size (Clark, 1993).

Glacial geomorphic features are classified according to the shape, size and nature of the
substrate on which they are formed (Benn and Evans, 1998). Every detail is the result of the
glacial processes that have affected the environment. The various characteristics can be
further classified into three regional zones with reference to the continental shelf: internal

shelf, med-shelf and outer shelf (Wellner, et al., 2001, 2006) (Figure 1.19).
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Figure 1.19 Schematic cartoon of the transition and distribution of glacial geomorphic features that takes
place as ice flows from an interior ice-sheet drainage basin into a cross-shelf trough (modified from
Wellner et al. 2001, 2006).
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The inner shelf is generally composed of crystalline bedrock with rugged, irregular
bathymetry, and characterized by erosional features, including glacial troughs (Wellner et al
2001, 2006; Napieralski et al 2007).

The mid shelf marks the transition from crystalline bedrock to a sedimentary substrate,
wherein a combination of erosional and depositional features are often seen.

The outer shelf is characterized by a prograding sedimentary substrate and depositional
landforms that tend to be highly elongate (Wellner, et al., 2006). Specific characteristics of
some geomorphic features, such as attenuation and elongation of a landform, may be used
to estimate ice flow velocity (Stokes and Clark, 1999; Briner, 2007). Estimating ice flow
velocity is an important component in the modeling and calculation of ice flux (Pritchard, et

al., 2009).

1.8.1 Marginal Moraines

Moraines that form transverse to the ice flow direction, but not formed subglacially, may be
the result of push from advancing ice or the upward squeezing of sediments at ice margins
or accumulate at the ice frontal margin as end, recessional, or terminal moraines (Bennett
and Boulton, 1993; Kriiger, 1996; Evans and Hiemstra, 2005). Such moraines can vary in
height from a few meters to several tens of meters and commonly have an asymmetric
transverse profile.

The sediment content of most marginal moraines reflects a wide diversity of sediment facies
characteristic of supraglacial, englacial and subglacial environments. In addition, lateral and
medial moraines commonly contain a large percentage of mass movement sediments which,
in the case of valley glaciers, mirrors the surrounding geology of the mountainous terrain in

which the valley glacier resides.

1.8.2 Glacial Striations

Glacial striations are a series of long, parallel lines or grooves scratched on a rock surface
by rock fragments deposited at the base of a moving glacier from glacial abrasion (Klassen,
R.A. 1994). Glacial striations generally represent glacier movement using rock fragments
and grains of sand, embedded in the base of the glacier (Ray et al 2021). Large amounts of

coarse gravel and boulders carried under the glacier provide the abrasive power to cut
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trough-like glacial ruts. Finer sediments at the base of the moving glacier also scour and
smooth the rock surface further. The ice itself is not a material hard enough to change the
shape of the rock, but because the ice has rock embedded in the basal surface it can

effectively abrade the bedrock.

1.8.3 Meltwater channels

Meltwater channels for definition are erosional features, cut into rock and sediment by
flowing water beneath or close to ice-sheet margins. The channel may form on the surface
of, within, beneath, along the margins of or downstream from the ice mass.

A subglacial meltwater channel instead is a channel beneath an ice mass, such as ice sheets
and valley glaciers, roughly parallel to the main ice flow direction. These meltwater channels
can have different sizes, ranging from very small channels of a metre deep and wide to big
valleys which can be up to a kilometre wide (Rothlisberger, H.,1972). The dimensions of
these channels are regulated by several factors: water temperature, meltwater volume, debris
content in the water, ice wall closure rates (governed by the ice thickness) and squeezing of

fluidized sediment (Van der Meer et al 2003, Simkins et al 2018).

1.8.4 Glacial Lineations

Mega-scale glacial lineations (MSGLs) and flutings are elongate, ice-molded, linear,
sediment ridges that occur in patterns with variable length and spacing, can be several meters
to over 10 m high and extend many kilometers in length (Clark, 1993). These landforms
have been observed forming in situ, subglacially, in the Rutford Ice Stream (West
Antarctica) by King, et al. (2009). These lineations occur as a result of active depositional
and hydrological processes operating at the ice-bed interface on decadal time scales. While
flutings are indicative of ice flow direction, the only certain indicator of fast flowing ice
streams is the presence of MSGLs. This observation is based on their exceptional length and
elongation (characteristics highly reflective of streaming ice flow), but also because of their
composition of dilatant, deformation till over stiffer lodgment till (Clark, 1993; Stokes and
Clark, 1999). Deformation till is a softer, water saturated and hence more malleable, glacial

till that is defined by its ability to deform under glacial pressure. Hence, MSGLs are molded
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and shaped by streaming ice, though the precise mechanism by which this occurs remains a
hotly contended issue. MSGLs vary widely in terms of length, ranging from minimum
lengths of 1 km to more than 80 km (Stokes and Clarke, 1999; Spagnolo, et al., 2014). Where
MSGLs are preserved with no modification, the deglacial mechanism is inferred as ice-sheet
thinning, followed by lift-off and retreat through rapid iceberg calving (Dowdeswell, et al.,
2008).

1.8.5 Drumlins

Elongated landforms aligned parallel to ice flow are common on subglacial beds. They have
been classified in different ways based on their morphology. Drumlins are oval-shaped hills
intermediate forms, varying in size from a few meters to over 200 m in height and can stretch
a few meters long to over a kilometer (cf. Spagnolo et al., 2014; Hillier et al., 2016; Ely et
al., 2018) with streamlined tails of sediment (Clark, et al., 2009). Their varied morphology
can deviate considerably from the classical tear-shaped, particularly when they are in a
transition zone with MSGLs.

Drumlins are definitive characteristics of glaciated landscapes, and nearly as scientifically
confounding as they are ubiquitous. Drumlins are thought to form in the onset zone of an
ice stream trunk, where ice flow is still relatively slow (Wellner et al., 2001; King, et al.,
2009) at the transition between crystalline basement and sedimentary substrate, upstream of
the MSGLs. In some cases, as drumlins get elongeted, they essentially "transform" into
MSGL, making the distinction between the two morphologies be arbitrary (Graham et al.,
20009; Stokes et al., 2013b; Spagnolo et al., 2014; Stokes, 2017).

Like all subglacial features, drumlin formation in situ has been largely inaccessible to direct
observation beyond borehole measurements and geophysical surveys. The first in situ
observation of drumlins and MSGLs forming beneath an ice stream was published by King
et. al. (2007). The study revealed that both features form on decadal scales (7 years) in a

mixed environment of erosion and deposition.

1.8.6 Crag and Tail

The Crag and Tail are landform consisting of a small rocky hill (crag) from which extends

a tapering ridge of unconsolidated debris (tail).
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Crags are formed when a glacier or ice sheet passes over an area that contains a particularly
resistant rock formation (often granite, a volcanic plug or some other volcanic structure).
The force of the glacier erodes the surrounding softer material, leaving the rocky block
protruding from the surrounding terrain (Nitsche et al 2016). The crag is a residual feature
left by selective glacial erosion, while the tail is drift-deposited by ice on the lee side of the

obstacle.

1.8.7 Grounding Zone Features

Grounding zones are geomorphic indications of still-stands, or periods of stability, of an ice
sheet or glacier (Bart and Anderson, 1996; Dowdeswell, et al., 2008, Batchelor et al 2015).
Their presence implies episodic or slow ice-sheet retreat, while their absence implies fast
retreat. They are typically recognized in map-view by arcuate or wedge-shaped geometry,
perpendicular to ice flow, as they indicate the position of the former grounding line. These
features are also recognized as marking the transition from grounded ice sheet to floating
ice shelf (Rebesco, et al., 2014). In seismic profile, they are characterized by acoustically
chaotic or transparent units, owing to their general composition of till and/or diamicton.
Grounding zone wedges are considerably variable in terms of size and geometry.
Determination of till volume in a grounding zone wedge (GZW) can be calculated to infer

the duration of still-stand (Howat and Domack, 2003).
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Chapter 2

2. RESEARCH CONTEXT

2.1 Ice sheets, ice shelves and climate change

The AIS (Antarctic Ice Sheet) is a vast, ~14x106 km? expanse of glacial ice resting on a
continental land mass (Bindschadler et al., 2011). Formation of the AIS began 34 million
years ago via the gradual accumulation of snow and ice in mountains and the continental
interior (Zachos et al., 1996; Lear et al., 2000; Pagani et al., 2011).

The ice deforms under its own weight and flows as a viscous fluid towards the coast
(Fretwell et al., 2013). Flow from the ice sheet interior is organized into ice streams and
glaciers characterized by relatively fast flow speeds (>10 ma™'). Ice reaching the coast may
spread to form floating ice shelves in coastal embayments or calve off to form icebergs. The
transitional region between grounded ice (resting on bedrock or the seafloor) and floating
ice is known as the grounding line or grounding zone. The grounding line retreats and
advances in response to changes in ice thickness and flow speeds. Changes in grounding line
position are a useful indicator of changes in external or internal forcing of the ice sheet—ice
shelf system (Konrad et al., 2018; Jenkins et al., 2018).

Three glaciologically distinct regions comprise the AIS: the East Antarctic Ice Sheet (EAIS,
~11.5 x106 km?), the West Antarctic Ice Sheet (WAIS, ~2.0 x 106 km?), and the Antarctic
Peninsula (~5.2 x 105 km?) (Bindschadler et al., 2011) (Fig.2.1). Large areas of the
continental landmass underlying the WAIS lie below sea level and the ice margin is in direct
contact with the ocean, while much of the EAIS lies on bedrock elevated above sea level
(with the exception of some marine-terminating sectors such as Wilkes Land and George V
Land). The marine nature and smaller thickness of the WAIS means that the ice sheet is
more vulnerable to climate warming and more prone to unstable retreat of the grounding
line along inland deepening slopes (Weertman, 1974; Schoof, 2007). The WAIS and EAIS
contain a global sea level equivalent of 3 to 5 m, and approximately 53 m, respectively

(Fretwell et al., 2013).
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Figure 2.1: Geography of the Antarctic continent. Ice flow speeds from Rignot et al. (2011) demonstrate
tributary flow. The grounding line and ice shelf boundaries are from Bindschadler et al. (2011), pinning
point perimeters are from Matsuoka et al. (2015) and the IBSCO bed DEM is from Arndt et al. (2013).
Prominent ice shelves are labelled.

2.2 The Antarctic contribution to sea level rise

Exchanges of mass between the cryosphere and ocean are the principal control on global
mean sea level (GMSL) over multicentennial timescales. In general terms, large-scale mass
loss from the Antarctic and Greenland Ice Sheets increases GMSL, while large-scale mass
gain decreases GMSL. During the last century, mass loss from non-polar mountain glaciers
and ocean thermal expansion were the two largest contributors to sea level rise (Church et
al., 2013), however, the sea level rise contribution from polar ice sheets has since overtaken

the mountain glacier contribution (Cazenave, 2018). The average rate of global sea level rise
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from 1993 to present (detected via the satellite altimeter observational record) is ~3 mm a!
(Nerem et al., 2010; Dieng et al., 2017; Ablain et al., 2017), in comparison to ~1.2 mm a’l
during the 20th century (Hay et al., 2015), and a background rate of tenths of millimeters
per year during the late Holocene (Church et al., 2013). The rate of sea level rise is projected
to increase to between 4 and 12 mm a’! by 2100 as mass loss from the AIS and Greenland
Ice Sheet accelerates (Church et al., 2013).

Of all sources of GMSL, the future contribution from the AIS is the most uncertain (Kopp
et al., 2017; Garner et al., 2018; Robel et al., 2019). This uncertainty arises from the non-
linear dynamic response of the ice sheet to oceanic and atmospheric warming (i.e., the
potential for unstable, runaway grounding line retreat), the challenges inherent in
simulations of regional-scale Antarctic meteorology, the simplified representation of
physical processes in numerical ice sheet models used to make projections, and a short
satellite observation record of ice sheet variability (~30 years) to validate the predictive
capabilities of models (Kopp et al., 2017; Bamber et al., 2019). The sea level rise assessment
in the Intergovernmental Panel on Climate Change (IPCC) Fifth Assessment Report (ARS)
predicts a mean likely sea level contribution from the AIS of 4 cm by 2081-2100 (with an
uncertainty bound of -6 to 12 cm) (Church et al., 2013). These projections, however, are
regarded as conservative because non-linear, irreversible collapses of marine sectors are not
accounted for in coupled ice sheet—climate models. Irreversible and rapid retreat of marine
ice sheet sectors could increase sea level well beyond the range predicted by the IPCC
(DeConto and Pollard, 2016; Bamber et al., 2019; Robel et al.,, 2019). More recent
projections of the AIS contribution to GMSL rise exceed IPCC projections but vary widely
depending on the physical processes incorporated into numerical ice sheet models. Coupled
climate—ice sheet model simulations performed by DeConto and Pollard (2016) indicate an
AIS sea level rise contribution of >1m by 2100 when accounting for non-linear, rapid
grounding line retreat driven by marine ice sheet and ice cliff instabilities in a ‘business as
usual’ (RCP8.5) greenhouse gas emissions scenario. Other process-based models that do not
account for marine ice cliff instabilities (currently an ill-constrained process) predict an AIS
sea level contribution of 15 to 45 cm by 2100 under high emissions scenarios (Levermann

et al., 2013; Ritz et al., 2015; Edwards et al., 2019; Bamber et al., 2019).
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2.3 Mass loss from Antarctica

Ice sheet mass balance is defined as the net difference between mass gain from snow
accumulation and mass loss into the ocean. Mass loss processes include basal melting,
iceberg calving, surface meltwater runoff and surface ablation (sublimation). The latter two
processes provide a minimal contribution to the AIS net mass balance (Rignot et al., 2013;
Paolo et al., 2015) and therefore mass loss predominately occurs by contributions from basal
melting and iceberg calving. Rates of mass loss depend on interconnections between climate
(atmospheric and ocean warming controls melt rates and the surface mass balance) and ice
flow dynamics (changes in the rate of ice flow from the ice sheet interior to the ocean).

The increasing Antarctic contribution to sea level rise principally originates from changes
in ice dynamics (i.e., the speed up of outlet glaciers), rather than changes in the volume of
snow accumulated in interior basins (Velicogna et al., 2014; Rignot et al., 2019). The rate
of net mass loss from the WAIS, EAIS and Antarctic Peninsula has increased over the span
of the observational record (Fig. 2.2). Mass loss from AIS has increased by 52% in the last
decade (2009-2017) compared to 1999-2009 (Shepherd et al., 2018; Rignot et al., 2019).
Antarctic mass loss is spatially variable, with high rates of dynamic mass loss concentrated
along the Amundsen Sea sector of the WAIS periphery and the Antarctic Peninsula
(McMillan et al., 2014; Paolo et al., 2015; Rignot et al., 2019). Processes responsible for this
dynamic ice loss include relatively high basal melt rates and ice shelf thinning due to the
incursion of relatively warm Circumpolar Deep Water (CDW) into ice shelf cavities
(Dutrieux et al., 2014; Alley et al., 2015; Jenkins et al., 2018). As ice shelves thin, flow
buttressing (compression that resists upstream ice flow) is reduced (Fiirst et al., 2016), outlet
glaciers respond by accelerating and thinning (Hulbe et al., 2008; Thomas et al., 2011; Alley
et al., 2015), and the grounding line retreats (Konrad et al., 2018). Rates of mass loss from
the EAIS are smaller but are accelerating (Fig. 2.1.2) (Rignot et al., 2019). Margins of the
EAIS are undergoing dynamic thinning and outlet glaciers are retreating (Pritchard et al.,
2012; Miles et al., 2013), contradicting the traditional notion that the EAIS is stable and
insusceptible to changes in ice dynamics. The response time of polar ice sheets to
environmental perturbations ranges from diurnal (tide forcing) to millennial (climate
forcing) scales and the configuration of Antarctic ice shelves, the grounding line position,
and the rate of mass loss observed today are all an integrated response to these perturbations.

The long residence time of atmospheric CO2, the range of time scales involved in the climate
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response to CO2 radiative forcing (Archer and Brovkin, 2008; Archer et al., 2009), and the
range of time scales involved in ice sheet response to climate change imply that future
changes in ice sheet volume are ‘committed’ according to the accumulated atmospheric CO2
concentration (Levermann et al., 2013; Zickfeld et al., 2017). Past and present greenhouse
gas emissions will continue to drive change in the WAIS over the coming centuries and
millennia, regardless of the future emissions pathway (Levermann et al., 2013; DeConto and

Pollard, 2016; Zickfeld et al., 2017).
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Figure 2.2: Cumulative changes in ice volume over the time period 1979-2017 for (a) the WAIS (b) the
EALIS (c) the Antarctic Peninsula and (d) the entire AIS. The purple line represents the total mass change,
the blue line represents the surface mass balance, and the red line represents the ice discharge into the
ocean. The two numbers above each subfigure report the mean mass loss per year and the acceleration in
mass loss per decade. This figure is a reprint of Fig. 3 from Rignot et al. (2019).
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2.3.1 Mechanisms of rapid mass loss from the AIS

Ice shelves and ice sheets may exhibit non-linear threshold responses to climate forcing.
These processes are inherently difficult to incorporate into numerical models, however
correct representation of instability processes in ice sheet models will be needed to project
Antarctic's future contribution to sea level rise. Mechanisms of rapid mass loss may result

in changes to the ice shelf pinning points and therefore they are described here.

(@) Marine ice sheet instability (MISI)

Both the WAIS and some sectors of the EAIS are grounded below sea level on beds that
deepen into the ice sheet interior (so-called “retrograde” slopes) (Fretwell et al., 2013) (Fig.
2.3). Ice sheets situated on submarine basins with grounding lines lying below sea level are
sensitive to oceanic forcing via the influx of warmer modified circumpolar deep water into
ice shelf cavities. An increase in basal melting due to the incursion of warmer water can
change the balance of forces in the ice shelf by reducing the ice thickness and consequently
its anchor to bathymetric features or by directly changing the thickness gradient near the
grounding line. This, in turn, may initiate unstable grounding line retreat (Weertman, 1974;
Schoof, 2007). When ice thins and its grounding line retreats along a landward deepening
bed, ice starts to float. The ice flux, which depends on ice thickness and on basal sliding
condition, increases, and the grounding line retreats further inland. Unless the grounding
line stabilises on a bedrock ridge (Favier et al., 2014) or on a prograde slope (Schoof, 2007),
the retreat is irreversible. Satellite records of grounding line retreat and ice sheet numerical
model experiments have provided evidence to suggest that Pine Island and Thwaites
Glaciers in the Amundsen Sea region may already be undergoing MISI caused by warmer
CDW flowing up onto the continental shelf and under the glaciers’ terminal ice shelves
(Favier et al., 2014; Joughin et al., 2014; Rignot et al., 2014; Seroussi et al., 2017), although
the exact set of conditions required to initiate MISI still remains unclear (Pattyn et al., 2018;
Waibel et al., 2018). Rapid ice loss via MISI is anticipated to be a main driver of sea level

rise beyond the year 2100 (Golledge et al., 2015; DeConto and Pollard, 2016).
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Figure 2.3: Bed elevation of the Antarctic continent. Much of the WAIS lies below sea level. The
grounding line (Bindschadler et al., 2011) and pinning point locations (Moholdt and Matsuoka, 2015) are
outlined. Bed elevation data are from the Bedmap?2 dataset (Fretwell et al., 2013) and overlayed onto the
IBSCO bed DEM (Arndt et al., 2013).

(b)  Ice shelf hydrofracturing

The rapid disintegration of ice shelves can proceed by hydrofracturing when anomalous high
summer temperatures facilitate surface meltwater ponding (Scambos et al., 2000). If the
layer becomes saturated (preventing absorption and refreezing of meltwater), excess
meltwater fills surface fractures, driving the vertical propagation of the fracture through the
full ice shelf thickness (Scambos et al., 2000; Scambos et al., 2009). As large surface

meltwater lakes drain, the ice shelf rebounds and new fractures form (MacAyeal and
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Sergienko, 2013; Banwell and Macayeal, 2015; Banwell et al., 2019). The combination of
relatively warm local air temperatures, meltwater ponding, and eventually hydrofracturing,
contributed to the disintegration of the Antarctic Peninsula’s Wordie Ice Shelf during the
1980s (Doake and Vaughan, 1991), and the Larsen A and B ice shelves in 1995 and 2002,
respectively (Scambos et al., 2000; Banwell et al., 2013). In view of future RIS behaviour,
small quantities of meltwater are detected on the shelf surface during the summer (e.g.,
Kingslake et al., 2017). This meltwater, however, is reabsorbed by the firn layer and does

not accumulate into pools over time.

(c) Marine ice cliff instability (MICI)

MICI is a theorized mechanism of self-sustaining rapid ice sheet mass loss, invoked after
ice shelf disintegration (Bassis and Walker, 2012; Bassis and Jacobs, 2013). MICI theory
posits that the height of an ice cliff above sea level (freeboard) has a maximum limit before
structural stability is compromised and the ice cliff collapses. The instability is initiated
when tall marine-terminating ice cliffs are exposed following ice shelf disintegration.
Mechanical failure of an ice cliff exposes a more expansive ice cliff, initiating further self-
sustaining rapid retreat of the grounding line by runaway calving (Bassis and Walker, 2012;
Pollard et al., 2015). While MICI provides an explanation for rapid sea level rise during the
Pleistocene (Pollard et al., 2015), the only indirect observations of MICI include an absence
of marine-terminating glaciers with high ice cliffs exceeding 100 m (implying that expansive
ice cliffs must collapse) and geological evidence in the form of iceberg scour marks (Wise
et al., 2017). At present, MICI processes are not fully developed in ice sheet models and

parameterizations of calving and ice cliff collapse remain highly simplified.

2.4 The importance of Antarctic ice shelves

Ice shelves regulate the AIS contribution to sea level rise through their effects on the
dynamics of the grounding line and upstream tributary glaciers. An ice shelf laterally
confined within an embayment experiences reduced longitudinal tensile stress (and
stretching) relative to an unconfined shelf, and this is transmitted across the grounding line
(Dupont and Alley, 2005; Gagliardini et al., 2010). This flow resistance is provided by lateral

shearing as ice flows past coastal features and islands, and by localized grounding on
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topographic rises on the seafloor (Matsuoka et al., 2015). Together, these resistive stresses
reduce the rate of mass flux across the grounding line, a mechanism commonly referred to
as ‘flow buttressing’ (defined as a normal force exerted on upstream grounded ice by the ice
shelf) (Dupont and Alley, 2005; Fiirst et al., 2016). The buttressing potential of an ice shelf
reduces with thinning, loss of mechanical contact with pinning points and coastal margins,
or a loss of ice shelf extent (Dupont and Alley, 2005; Matsuoka et al., 2015; Fiirst et al.,
2016). These processes act to increase the net longitudinal (along-flow) tensile stress acting
on the ice shelf and grounding line. An increase in the tensile stress generates faster creep
rates and speed-up, thinning, and a greater susceptibility to fracture formation and
propagation (Gagliardini et al., 2010; Borstad et al., 2013). Perturbations to the ice shelf
stress balance are transmitted across the ice shelf and the grounding line. The loss of an ice
shelf in both model simulations and observations causes the speed up of tributary glaciers
and ice streams, inland thinning, grounding line retreat and ultimately an increase in ice

discharged into the ocean (Rignot et al., 2004; Hulbe et al., 2008; Martin et al., 2019).

2.5 The Ross Ice Shelf

The Ross Ice Shelf (RIS, 78° S to 86° S) is Antarctica’s largest ice shelf with an area of
5.01x10° km2 (Rignot et al., 2013), approximately twice the land area of New Zealand. Ice
in the easternmost two-thirds of the ice shelf originates from the WAIS through the Ross ice
streams (68 Gt/year), while ice in the westernmost third originates from the EAIS (52
Gt/year), flowing through the glaciated valleys of the Transantarctic Mountains (Thomas et
al., 2013). Ice shelf thickness ranges from ~1 km along the Siple, Shirase and Gould Coast
grounding lines, where ice enters the shelf, to ~100-200 m at the calving front (Fretwell et
al., 2013). While the RIS is relatively stable at present (Pritchard et al., 2012; Campbell et
al., 2018), the catchment is vulnerable to marine ice sheet instability (Fretwell et al., 2013,
Morlinghem et al., 2020). Small perturbations in grounding line position could initiate
relatively fast rates of grounding line retreat, and thus rapidly increase the WAIS sea level

rise contribution.
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2.5.1 Variations since the Last Glacial Maximum

The flow of the RIS and Ross ice streams varies over interannual to millennial timescales.
Externally forced variations in ice flow are driven by the atmosphere or ocean while
internally forced variations are driven by the ice sheet-ice shelf system. Internal instabilities
alone are not inconsequential and are thought to have the potential to initiate grounding line
retreat past a threshold where MISI is invoked (Joughin and Alley, 2011). Any observed
changes in ice shelf flow or geometry should be interpreted with the contributions of external

and internal forcing in mind (e.g., Campbell et al., 2017).

Since the LGM, the RIS grounding line retreated ~1300 km from near the continental shelf
edge to its present-day position (Conway et al., 1999; Anderson et al., 2014). Retreat from
the LGM maximum ice extent was episodic and nonuniform (Mosola and Anderson, 2006;
Dowdeswell et al., 2008) rather than a sustained, constant retreat of the RIS grounding line.
This non-uniform behavior implies that retreat is modulated by a combination of climate
forcing, seafloor morphology (Anderson et al., 2014; Matsuoka et al., 2015) and variations
in ice discharge from ice streams (Hulbe and Fahnestock, 2007). The RIS grounding line is
thought to have retreated in two distinct phases - rapid retreat across the outer continental
shelf during the early Holocene, followed by continuous, widespread grounding line retreat
until the RIS reached its present-day configuration ~1500- 2000 years ago (Anderson et al.,
2014; Yokoyama et al., 2016, Bart et al 2020). Initial, rapid grounding line retreat eventually
slowed as the ice remained pinned on shallow stabilizing banks (Yokoyama et al., 2016;
Kingslake et al., 2018). The grounding line position has remained relatively stable over the
last 1500 years, punctuated with episodes of retreat and readvance (Catania et al., 2006;

Kingslake et al., 2018).

2.5.2 Future prospects

The RIS is relatively stable in comparison to the Antarctic Peninsula and Amundsen Sea
sector ice shelves that are exhibiting thinning, grounding line retreat and in some cases, have
undergone catastrophic collapse (Scambos et al., 2000; Mouginot et al., 2014; Schannwell
et al., 2016). Ice shelf collapse on the eastern side of the Antarctic Peninsula appears to have

been driven by surface melting (Etourneau et al 2019) while the primary cause of change in
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the Amundsen Sea region appears to be sub-shelf melting and thinning due to the intrusion
of CDW in ice shelf cavities. CDW is a relatively warmer water mass 3-4 C higher than the
freezing temperature (Jacobs et al., 1992; Pritchard et al., 2012) and consequently average
basal melt rates for the Amundsen Sea ice shelves can exceed 5 m a™! (Pritchard et al., 2012).
In contrast, the RIS is less exposed to CDW due to the presence of colder continental shelf
waters that inhibit basal melting (Orsi and Wiederwohl, 2009; Anderson et al., 2019). While
present shelf-wide RIS melt rates are relatively low, numerical model simulations project a
pattern of greater basal melt rates in the eastern sector of the RIS (near Roosevelt Island)
generated by the inflow of warmer water masses from the east Ross Sea (Schodlok et al.,
2016, Tinto et al 2019). Feedbacks between climate warming and modifications to ocean
dynamics (including the incursion of CDW into ice shelf cavities and warming of CDW)

remain a key uncertainty in projections of the WAIS/EAIS response to climate change.
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Chapter 3

3. METHODS AND DATA

3.1 Introduction

Mapping the sea floor can help reveal the traces left by the last glacial retreat.

Marine geologists use acoustic methods such as multibeam and sub-bottom profiler for
seafloor surveying. These methods can produce high-resolution images of the seabed and
sediments beneath the seafloor. Thanks to their ability to visualize both surface forms and
deep sediments, acoustic methods are suitable for studying morphology and sediments in
marine environments in areas affected by glaciations, such as the continental margin of
Antarctica.

The methods used in this thesis include processes and techniques used for the analysis and
interpretation of geophysical, sedimentological and geochemical data, description sampling

and data collection methods.

3.2 Project Goals

The goal of this project is to analyze and interpret the geomorphological features of the
seabed of the two case studies Edisto Inlet Fjord and Robertson Bay in the weatern Ross Sea
in relation to glacial history and paleoceanography using acoustic data acquired with marine

geophysical mapping methods, sedimentological data and geochemical analyses.
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3.3 Geophysical Methods

3.3.1 Bathymetric survey

Echosounder or depth sensing sonar sonar is used for determine the depth of water under the
transducer (bathymetry). It involves the transmission of acoustic waves in water and the
recording of the time interval between the emission and the return of an impulse; This
measurement is based on the velocity of sound through water and the time from transmission
to reception. The depth acquired needs to be corrected for tidal effects and is reduced to
Lowest Astronomical Tide (LAT) as a standard. These surveys typically employ an
Multibeam echo sounder (MBES) Figure 3.1.

Figure 3.1: Multibeam echo sonar (MBES) is used to map the ocean floor. Image courtesy of New Zealand
Institute of Water and Atmospheric Sciences.

MBES have become one of the standard tools for geophysical surveying and seafloor
mapping and have been used for a variety of scientific, maritime safety (hydrographic and
military operations) and industrial applications. MBES can produce a spatially continuous
acoustic image of the seafloor surface by generating a "swath" or "fan" of continuous data

points, increasing the resolution of the resulting surfaces. This has revolutionized our ability
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to understand the physical processes occurring on the seafloor and the composition and
distribution of the substrate, which in turn has greatly improved our knowledge of seafloor
ecosystems (Lucieer and Lamarche 2011). Bathymetric morphology mapping will outline
the geological features that matter (using changes in seafloor depth information), however
in regions where the relief is smaller than the minimum mapping unit (resolution of the grid
cell is larger than the feature of interest) backscatter data can be used to assess the boundaries

of the geology or sediment structure.

3.3.2 Data Acquisition and Processing

Swath bathymetric data was acquired during the OGS Explora expedition 2017 along the
Edisto Inlet fjord, using a Teledyne Reson SeaBat 7150 Multibeam Echo Sounder, which
has a system frequency of 12 kHz and 880 beams. These data sets were processed using
PDS2000 software, then survey data were manually edited to remove anomalous readings
and gridded to create relief maps. The optimal resolution of the data is a 10 m grid.

In Mac Robertson Bay the multibeam swath bathymetry data were collected during a
geophysical research expedition aboard the RV/IB Araon. Multibeam soundings were
collected in a swath perpendicular to the ship track using a hull-mounted Kongsberg EM122
(Kongsberg Maritime, Kongsberg, Norway), with a swath of 432 beams, operating at a
frequency of 12 KHz. Acquired bathymetry data were processed onboard using CARIS
(HIPS&SIPS 9.0, Teledyne CARIS, Fredericton, NB, Canada), specialized bathymetry
processing software, and the results were plotted using Generic Mapping Tools (GMT 6.1.1,
School of Ocean and Earth Science and Technology of University of Hawaii at Manoa, HI,
USA) software and gridded to 25x25m. To understand ice flow activity, we compared the

submarine landforms to the seafloor lithology based on sub-bottom profiling results.

3.3.3 Seismic reflection method

The “high-resolution sub-bottom profilers such as the chirp sonar used for this study
generate a sound wave by passing electricity through a piezo-electric material. This causes
the piezoelectric material to expand and contract and doing so transmits sound. The

transmitted sound wave is later echoed back from the sea floor or internal reflectors in the
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below sea floor to the receiver and the two-way travel time (TWT) is recorded. This can be

converted to depth using equation (1):

d=v*¥ (1)

where v is the sound wave velocity (Jakobsson et al., 2016). Acoustic waves obey the same
natural laws as light passing through different media and therefore, we can describe the

behaviour of sound waves using Snell’s Law shown in equation (2):

sinf1 _ sin 62

= (2)

vl v2

where 01 is the incidence angle, v1 is the velocity of the incidence wave, 0 is the refraction
angle and v> is the refracted wave velocity (Jakobsson et al., 2016). The wave reflection
coefficient (u0) is a measure of the strength of the reflected acoustic wave, and is dependent

on the acoustic impedance contrast of the lithological layers as is described in equation (3):

_12-11 _v2#p2-vispl
T 12411 v2#p2+4vixpl

uo 3)

where [ is the acoustic impedance of the first lithological layer, I, is the acoustic impedance
of the second layer, v is the acoustic wave velocity in the first layer, vz is the velocity in the
second layer, p1 and p2 is the bulk density in the first and second layer the beam passes

through (Mosher & Simpkin, 1999), see figure (3.2).
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Figure 3.2: Image showing the principle behind SBPs where the incoming signal is both reflected from
the sea floor and refracted down the sediments. The refracted beam can also be reflected and refracted as
a new sediment layer of different acoustic impedance. Sun et al. (2021)

The area covered by the sound beam is determined by the footprint (Df), which is calculated

using equation (4):
Df=2+H*tan (3) (4)

where H is the distance from sound source to the sea floor and o is the beam angle (Jakobsson
et al., 2016). The beam angle is the angle the beam has when leaving the transducer source
and is dependent of the interference pattern generated by the apparatus and is determined by
the frequency of the sound wave and the length of the transducer (Jakobsson et al., 2016).

The beam angle can be calculated using equation (5) below (Jakobsson et al., 2016):

o= 5
> 5)
from the wavelength of the sound wave () and the transducer length (9).

The resolution of the data is the minimum distance that two different objects must be
separated to be distinguished in the sonar reading as individual objects vertically or

horizontally. Resolution in all signal processing is linked to the frequency, whose maximum

value is constrained by Nyquist Theorem, which states that the minimum sampling density
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must be twice the frequency of the signal. If the sampling density is lower than this, we will
experience aliasing, which is a form of signal distortion (Jakobsson et al., 2016). The ability
to distinguish the difference between two objects vertically acoustic data is determined by
the Rayleigh criterion which states that two objects must be separated a quarter of the

wavelength as stated by equation (6):

Ru=) = (6)

where Rv is vertical resolution and A is the wavelength (Jakobsson et al., 2016). In vertical
resolution consideration must be taken to water depth meaning that for shallower waters
with depth less than 100 m the frequency should be higher than 200 kHz with a wavelength
shorter than 0.75 cm and for larger depths of more than 1.5 km the frequency should be
between 12 kHz and 50 kHz with a wavelength between 12.5 cm and 3 cm (Jakobsson et
al., 2016). This is because the energy of a high frequency signal is more easily absorbed in
the sea water. With a long wavelength (i.e. low frequency), the beams can reach longer but
the resolution will be lower (Jakobsson et al., 2016). The ability to resolve objects
horizontally on the sea floor is also determined by the 1% Fresnel zone since everything
outside this zone will alternate between constructive and destructive interference. The 1%

Fresnel zone radius is determined with equation (7):

Hx*A
2

RF =+

)

Where RF is the Fresnel zone radius, H is the water depth and A is the wavelength (Jakobsson
et al., 2016). For the multibeam sonar system used here, the horizontal resolution is for a
signal of 300 kHz and a water depth at ~40m gives a resolution of 31.6 cm whereas the chirp

sonar has a vertical resolution determined by equation (8);

v
(2xB)

®)

RV chirp =

where v is the sound speed velocity in sea water (approximated to 1500 m/s), B is the
bandwidth ranging from 14 kHz if SBP has 2 kHz to 16 kHz range, giving a vertical

resolution of about 5 cm”.
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3.3.3.1 The Sub-Bottom Profiler

The sub-bottom profilers (SBP) are powerful tools of looking down through the sediment
layers. The chirp sonar transmits an FM signal sweeps a range of frequencies spanning from
2 kHz to 16 kHz which enables the chirp to generate a sound pulse stronger than ordinary
SBPs (Jakobsson et al., 2016). The behaviour of the transmitted signal obeys the physical
laws described in equations (2) and (3) implying that the beams will either reflect of refract
when encountering a geological layer of different acoustic impedance. The reflection
coefficient in equation (3) is determined by the impedance and sound velocity in the layer
which manifests in the produced SBP image (Lurton, 2010). The chirp sonar also makes use
of a so-called matched filter (figure 3.3) that matches a compressed transmitted FM signal
to the received signal which allows a collapse of the signal leaving an amplified signal to

generate higher penetration and resolution (Schock et al., 1989).

Chirp autgeoing pulse
1.5-7 .5 kHz sweep - Match-filter result

Amplitude

T aN WD
Time (ms) Time (ps)

Figure 3.3 Showing the matched filter cleaning the outgoing Chirp pulse when returned to the receiver,
figure from Mosher & Simpkin, (1999). Notice the shorter wavelength and lower amplitude.

3.3.3.2  SBP Acquisition and Processing

From 2002 to early 2017 the Italian research vessels Italica and OGS Explora performed
shallow chirp seismic profiles in the continental shelf of the Ross Sea.

Sub-bottom profiles were acquired in the Edisto Inlet fjord entrance with a 3.5 kHz SBP on
N/R Italica in 2005 and a hull-mounted Benthos CAP-6600 Chirp II Data Sonics on board
of N/R OGS Explora in 2017 along the entire fjord. The Chirp sweep had frequencies
between 2 and 7 kHz with 10 ms length and to reduce the magnitude of the Klauder wavelet
side-lobes, a tapering function of 10% was used (Gutowski et al. 2002). The Chirp data were

not recorded as envelope format after Hilbert transformation, but in full wave, after the
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cross-correlation with sweep, so that the signal/noise ratio could be improved with post-
cruise processing (Quinn et al., 1997, Baradello, 2014, Baradello et al., 2021), to attenuate
the sea-waves effects and the signal ripples.

The two seismic datasets embrace a wide spectrum of penetration depth (up to ca. 100 meters
below the sea floor, assuming a velocity of 1500 m/s) and vertical resolution between 100
and 20 cm, providing a good image of the geological setting beneath the seafloor and good
potential for correlation with main density shift detected in the sediment cores.

The analysis of all dataset was conducted by using the IHS Kingdom Suite seismic
interpretation software, to perform seismic stratigraphy, correlation of acoustic facies with
sediment magnetic susceptibility and grain size logs and to obtain three dimensional,
morpho-bathymetric images of the fjord.

Shallow sub-bottom profiling data were collected from a Korea Polar Research Institute
(KOPRI) cruise in 2015 in the sampling area, Robertson Bay, using an SBP120 Sub-bottom
profiler with an optional extension to the highly acclaimed EM 122 multibeam echo sounder.
The data were logged in the TOPAS raw format and can be saved in SEG-Y format for
postprocessing with a standard seismic package. The data were used to identify seafloor
lithology and the thickness of surface sedimentary units (unconsolidated sediments up to
100 m below the seafloor). Additional SBP data was collected with the RV Italica in 2005
where the sampling frequency during the campaign survey was 12kHz using a SBP
Geopulse Transmitter Mod. 5430 and a Geolpulse Receiver Mod. 5210A. Hull transducers
(n° 16), with a frequency of 3.5 kHz. Profiles were analyzed using the IHS Kingdom

software.

3.3.3.3  Processing Data

All SBP data were processed by L. Baradello using the FOCUS-PARADIGM package on
workstation Linux. The raw data show a DC-offset and several high-frequency noises are
random along traces, due to spurious electrical currents during surveys (noise bursts). With
a low-cut filter, we attenuated the DC and with a 2-D median filter cleaned the noisy
electrical discharges (Figure 3.4).

During transmission, the wavefront spreading, and frequency absorption produce a strong
amplitude decrease in the signals. After the spherical divergence correction, the amplitude

recovery was attained by applying decay curves calculated along time gates.

58



ot [ " IS0 278 402 524 M4T 770 8%)  1A2T 1158 1273 1195 1NN
e " 4 L i A A i i 4 i i 4 A 4

A
‘ .

Tism |

Figure 3.4: Example of row data (left) and after electrical clean and amplitude recovery (right).

In order to improve the interpretability, we focused the processing to attenuate the sea-waves
effects and the signal ripples. The sea undulations modify the images of the sea-bottom and
underlying sediments, causing often a loss of reflections continuity. We solved this problem
applying a Non-Surface-Consistent Static correction (NCS). In a time-window centered
around the sea-bottom, it’s detected a pilot trace and then evaluated time shifts present in all
other input traces. The pilot trace represents a median of traces sliding along the profile.
Data exhibit ringing on reflections, caused by Klauder tails. The Klauder is a zero-phase
wavelet and this is not a condition to use the deconvolution (Yilmaz, 2001).

The earth acts on the sweep as a minimum-phase filter, so SBP data reflections could be
considered to mixed-phase signals. After several test we found a predictive deconvolution
that improves a lot vertical resolution attenuating Klauder lobes (Figure 3.5). The
deconvolution parameters were obtained from trace autocorrelation: the second zero is the
gap and the operator length is 0.6 — 0.9 ms. Furthermore, not to run into Wiener algorithm

issues, a 0.1% of white noise was added.
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Figure 3.5: Example of gained data (left) and after deconvolution and sea waves correction (right).

To improve the interpretation to enhance the weak reflections, the Hilbert transform was
applied and a seismic attribute, the trace envelope, a phase-independent amplitude
representation was created (Henkart, 2006).
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3.4 Tool for Paleo-reconstructions

3.4.1 Marine sediment cores

Marine sediment cores preserve material derived from the water column and terrestrial
sources. Coastal areas of Antarctica, particularly within the Ross Sea, are sites of strong air-
ocean-ice interaction, in comparison to the deep ocean, with the potential to preserve
continuous records of environmental change (Arrigo et al., 2008; Bendle, 2011). As a result,
these regions experience enhanced seasonality and primary production, which on millennial-
centennial timescales, provides insight into long-term trends and transient changes in the
environment and overall oceanography and climate (Leventer et al., 1993, 2002; Finocchiaro

et al., 2005).

34.1.1 Marine sediment cores database

The study of Edisto Inlet Fjord is focused on 10 sediment cores (BAY05 13c, 14c, 18c, 19c,
20c, 2c, ANTA02-CH41, HLF17-01, RS17-GC03, RS17-GC04) collected during several Italian
oceanographic cruises in the framework of PNRA-Projects and located very close or on the
SBP seismic profiles. All cores are stored at the Sorting Center of the Italian National
Antarctic Museum Section of Trieste (http://www.mna.it/collezioni/antarctic-marine-
sediments-trieste-section). Some cores have been already published, others have been
analysed but not published yet, others are still closed, and only magnetic susceptibility (MS)
and X-ray are available. Table 1 summarizes the details of dataset and the available data for

each considered core and the bay sector.
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The BAY Project took place in January 2005 and collected Sub Bottom Profiler, gravity
cores and box corer in several bays along the Victoria Land coast.

In Robertson Bay 8 gravity cores (for a total of 30 meters) and one box corer were acquired.
The choice of the sampling sites has been assisted by the aid of the high-resolution seismic
profiles (SBP). The sediment cores, with an average length of about 4 meters, were sectioned
into 100 cm lengths and the magnetic susceptibility was measured on board. The cores were

then stored at -4° C for the subsequent analysis.

Of the eight cores acquired in Robertson Bay, to date only three have been opened (28c-29c-
32c) and preliminary described on board. Of these three, two were chosen for this thesis: the
core 29¢ and the core 32c. On these cores the following analysis were made (Table 2): X-
ray analysis (Bartington MS2C), grain size analysis (approximately every 20 cm) (the
biogenic component is given mainly by diatoms and spicules), multisensor core logger
analysis (density, magnetic susceptibility, p-Wave), magnetic susceptibility was made on
board and forams assemblage (R. Melis, not published yet) at University of Trieste.

Organic matter characterization (TOC, TIC), Carbone and Nitrogen isotopes (813C; §°N)
and Biogenic silica concentration (BSi) at University of Otago and Ramped Pyrolysis at the

Rafter Radiocarbon Lab AMS facility at GNS in Wellington for radiocarbon dating.

Table 2: summarizes the details of dataset and the available data for these cores:
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3.4.2 Diatoms Ecology

Diatoms are an effective proxy for reconstructing past environmental conditions, because
they are highly specialized to their environment, abundant, diverse, and readily preserved in
high latitude marine sediment (Armand et al., 2005, Crosta et al., 2005; Cunningham et al.,
1999). In marine sediment cores variations in diatom assemblage is a useful indicator of

paleoenvironmental change; previous studies of modern diatom distributions in the water
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column and within surface sediments from Antarctica demonstrate that diatom assemblages
found in the sediments accurately reflect spatial variations in productivity, oceanography,
and the extent/duration of sea ice cover (Armand et al.,, 2005; Crosta et al., 2005;

Cunningham and Leventer, 1998; Kellogg and Truesdale, 1979; Scott, 2005).

Published data on the ecology and assembly of diaomas by Finocchiaro et al (2005), Mezgec
et al (2017) and Tesi et al (2020) were used for the paleo-environmental reconstruction of

Edisto Inlet Fjord.

The unpublished datasets for the reconstruction of the paleo-environment in Robertson Bay
presented in this thesis were provided by PhD student F. Torricella who performed diatom

analysis at the University of Pisa.

Table 3.4.2 A summary of the environmental preferences of diatoms present in relative

abundances of greater than 5% in Robertson Bay

Species Ecological information

Fragilariopsis curta  F. curta abundance increases southward with increasing sea ice
cover and decreasing temperature (Gersonde and Zielinski, 2000).
F. curta is associated with pack and fast-ice with highest
occurrences both within sea and as well as in ice melt influenced
waters in the marginal ice zones (Cunningham and Leventer,
1998; Cunningham et al., 1999; Leventer et al., 1996). F. curta is
also associated with heavily consolidated winter sea ice conditions
(60-90%) and is most abundant in locations with 9- 11
months/year of sea-ice cover and Austral summer February SST
temperatures between 0.5 and 1 °C (Armand et al., 2005). Summer
sea ice does not appear to play a role in its distribution below 40%:
F. curta is equally tolerant of un-consolidated summer sea ice
cover and ice free conditions (Armand et. al, 2005)

Fragilariopsis F. obliquecostata is associated with surface melt pools though it

obliquecostata is also found in water beneath sea ice and has been observed in
land-fast and pack-ice samples (Armand et al., 2005). Confined to
a sea ice environment, highest abundances of F. obliquecostata
occur in areas with 7 months/year of sea ice cover and heavily
consolidated winter sea ice (65-90%) that remain ice free in the
summer with February SSTs between -1 and 0 °C (Gersonde and
Zielinski, 2000; Armand et al., 2005).
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Thalassiosira
antarctica

Chaetoceros spp.

Setae group

T. antarctica is a sea ice species associated with low SSTs and a
meltwater rich environment through it requires open water to
bloom. Blooms are often recorded late in the summer season after
sea ice has retreated and/or in association with newly forming sea
ice (Cunningham and Leventer, 1998; Cunningham et al., 1999;
Leventer et al., 1996). T. antarctica is a major component of
assemblages in non-stratified or weakly stratified surface waters
and associated with open water primary production. Abundances
greater than 10% indicate sea ice duration is greater than 6
months/year and maximum abundances (32%) occur in regions
with February SSTs between 0 and 0.5 °C and a maximum sea ice
duration of 8.5 months/year (Armand et al., 2005).

Chaetoceros spp. is associated with nutrient-rich, wind-mixed
surface waters (Beans et al., 2008; Cunningham and Leventer,
1998; Leventer et al., 1996). Chaetoceros resting spore (CRS)
formation occurs when stratified surface waters become nutrient
depleted; high abundances of CRS relative to Chaetoceros spp. are
associated with nutrient limitation and strong spring stratification
(Leventer, 1992)

Chaetoceros spp., Corethron spp., Rhizosolenia spp., and
Proboscia spp. Are often found together in Antarctic coastal
environments with nutrient rich mixed surface waters (Beans et
al., 2008). Grouped as the setae diatom group (S-DG), Denis et al.
(2009) proposed their relative abundance as a proxy for upwelling
of mCDW in the Adélie Land region (increased abundance =
increased upwelling).
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3.5 Geochemistry

3.5.1 The carbon isotopes proxy

In marine sediments, carbon isotopes are an effective proxy for primary production, ocean
atmosphere interaction and changes in water mass sources (Berg et al., 2011; Crosta et al.,
2002; Villinski et al., 2000). Carbon isotope values are reported in per mil (%o) using

standard delta notation:
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where the reference standard is Pee Dee Belemnite (PDB) carbonate material. The
anomalously high ratio of *C to '?C in PDB (0.0112372), was established as §'3C value of
zero (Libes, 1992).

In Antarctic settings, the 8'*C in bulk sediments is an effective proxy for primary production
and/or changes in water mass source and structure (Berg et al., 2013; Crosta et al., 2002;
Villinski et al., 2000). Diatoms and other phytoplankton biologically discriminate against
the heavier '*C isotope relative to 'C. This process causes the stable carbon isotopic
signature (8'°C) of the residual pool of dissolved inorganic carbon (DIC) to become more
positive if the carbon pool is not replenished by mixing. Furthermore, the phytoplankton are
preserved in the seafloor and record this more positive 3'3C signature (Hayes, 1993; Henley
et al., 2012; Jacot Des Combes et al., 2008). Drawdown of CO; via photosynthesis during
phytoplankton blooms influence the pCO; of the upper water column, and consequently
affects CO; flux between the atmosphere and ocean. This process is globally important: CO>
is removed from the atmosphere, incorporated into phytoplankton biomass and sequestered
in seafloor sediments, thus influencing global atmospheric temperature (Henley et al., 2012;
Villinski et al., 2000).

Carbon is affected by several processes in the water column and post-depositional alteration
(Jacot Des Combes et al., 2008; O'Leary et al., 2001; Villinski et al., 2000). Stratification of
the water column from spring sea-ice melt results in nutrient depletion in the surface water

and reduced primary productivity. Stratification prevents replenishment of the DIC pool,
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where phytoplankton preferentially assimilate the lighter '>C carbon and later in the season,
when '°C is fractionally consumed, will assimilate '*C. As mentioned previously, this
process is reflected in a more positive sedimentary §'°C signature. Vital effects including
species-specific isotopic fractionation alters §'>C, and thus changes in §'3C can reflect both
changes in dominant diatom assemblages and environmental influences (Arrigo et al., 1998;

Berg et al., 2013; Henley et al., 2012; O'Leary et al., 2001; Villinski et al., 2000).

3.5.2 The nitrogen isotopes proxy

Nitrogen isotopes are an important tool for evaluating past changes in ocean circulation,
large scale N cycling and the biological pump strength (Karsh et al., 2014; Robinson et al.,
2008; Robinson et al., 2012). Nitrogen isotope values are reported in per mil (%o) using
standard delta notation:

[I SN-"{HN}mmpI: - (ISN-'IMN}.\'I&mIan!
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where the reference standard material is atmospheric N».

The 8'°N of sinking organic material reflects relative nutrient utilization as a balance
between supply of nitrate (NO3-) from ocean water upwelling and uptake by diatoms an
essential process to produce biomass. Modern field and laboratory studies demonstrate
isotopic fractionation occurs during nitrate assimilation by diatoms, where the lighter “N
isotope is preferentially consumed and imprinted into their organic matter. As NOs- is
progressively consumed, the ocean water nitrate pool becomes enriched in 15N (Altabet and
Francois, 1994; DiFiore et al., 2009; DiFiore et al., 2006; Robinson et al., 2004; Shemesh et
al., 2003). Diatoms are exported to the seafloor and record the §'°N signature in the geologic
archive. Measurements of bulk sediment §"°N therefore provide insight into primary
productivity and surface water NOs- utilisation, whereby a more positive '°N value has
been attributed to high nutrient consumption, strengthening of the biological pump and/or a
reduction in upwelling nutrients to the surface waters due to stratification (fig. 3.6) (DiFiore
et al., 2009; Robinson et al., 2004; Robinson et al., 2012; Shemesh et al., 2003). The degree

of nutrient utilisation in surface waters is not the only signal contributing to changes in bulk
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sedimentary N isotopic records. Alteration of the 8'°N signal during sinking and burial has
been observed, which can enrich (up to 2-5 %o) or deplete the sedimentary 6'°N relative to
ocean water 5'°N (Altabet and Francois, 1994). To circumvent these complications, diatom-
bound nitrogen is becoming popular in paleoceanographic studies, as the siliceous frustules
of diatoms are physically protected from early-stage diagenesis (Brunelle et al., 2007; Karsh
et al., 2014; Robinson et al., 2004; Robinson et al., 2012; Sigman et al., 1999). Despite an
improvement to bulk §'°N, this proxy presents uncertainties of its own. Species-specific
nitrate isotopic fractionation is evident in culture studies (e.g. (Granger et al., 2004; Horn et
al., 2011)) and sedimentary records (e.g. (Robinson and Sigman, 2008), due to factors
including (but not limited to) varying growth rates and cell volume that must be accounted

for (Altabet and Francois, 1994; Brunelle et al., 2007; Horn et al., 2011).
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Figure 3.6: Schematic diagram highlighting the oceanographic controls on nutrient availability to
diatoms. In stratified waters, diatoms will assimilate the heavy and light isotopes of C and N, thus
displaying a more positive 3'3C and signature. In well mixed waters, diatoms preferentially assimilate the
lighter C and N isotopes to display more negative §'3C and 6'>N signatures in the sedimentary record.

3.5.3 Robertson Bay C and N analysis

Sediment samples for bulk carbon analyses were taken from core Bay05-29¢ and Bay05-
32c at 5 cm resolution (211 samples in total). Sample preparation was conducted in the
Geochemical Preparation Laboratory, Geology Department, University of Otago. Thirty
milligrams of sediment were weighed into silver capsules for carbon and nitrogen

concentrations and carbon isotopes (wt% Corg; wt% Norg; §'3C). To remove carbonate, the
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sediment was acidified progressively with 5- 6% sulphurous acid (H2SO3) 6 times; 30 pL
(x1) 60 uL (x2), 90 uL (x1), 120 pL (x2) until no bubbles were observed. A stepwise addition
of acid prevents acid and sediment overflow from the capsule. Between acidifications,
samples were loosely covered and dried in a 40°C oven for at least 6 hours. Completely
dried samples were folded to enclose the sediment. Replicates were incorporated for every

10th sample, along with two blanks and one internal standard for every analytical run.

Carbon and nitrogen concentrations and carbon isotopes were analysed using a Carlo Erba
NA1500 Series 2 Elemental Analyzer interfaced with a DeltaPlus isotope ratio mass
spectrometer via a ConFloll device at the Stable Isotope Laboratory at Stanford University,
California, USA. Each run was conditioned at the outset with two acetanilide standards. To
evaluate internal consistency between analytical runs and correct for instrument drift, each
analytical run was calibrated with eight USGS-40 standards dispersed throughout the run.
Average standard deviation of replicate analyses is 0,21 for wt% Corg, 0,27 for wt% Norg,
and 0,24 for §'3C.

3.5.4 Carbon to nitrogen ratio (C:N)

C:N ratios provide insight into the source of organic matter and post depositional alteration
within bulk sediment were calculated using C and N concentration data from acidified

samples using the following equation:

. Wt.% C x atomic mass of C
C:N ratio = -

“Wt.% N x atomic mass of N

where atomic mass of C = 12.0107, and atomic mass of N = 14.0067 (Meyer, 1994).

3.5.5 The biogenic silica proxy

The Southern Ocean plays a central role in the global biogeochemical cycle of silicon, with
potentially more than half of the removal of Si from the world ocean occurring through the
accumulation of biogenic silica in Antarctic sediments (DeMaster, 1981; Lisitzin, 1985;
Ledford-Hoffman et al., 1986). This is a direct consequence of the importance of diatoms as

primary producers in polar surface waters (eg Priddle et al., 1986). It also involves a close
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coupling between the Si cycle and that of carbon, nitrogen, phosphorus and trace elements
in the Southern Ocean (Figure 3.7).

Sedimentary biogenic silica (diatom, chrysophyte, radiolarian and sponge spicule
concentration) is controlled primarily by four factors: clastic sedimentation rate, aquatic
production, post-depositional preservation of siliceous organisms and organic matter
sedimentation (McKay et al., 2007). A fraction of the biogenic silica that is deposited from
the photic zone redissolves during its transit through the water column. Most of the
regeneration of dissolved nutrient silica, however, occurs at the sea floor (Broecker and
Peng, 1982). Benthic regeneration of silica depends on a number of processes, including
burial and mixing of sediments, dissolution of silica tests, transport of silicic acid through
the porous medium, and precipitation of native silicate minerals. The dissolution of biogenic
silica affects not only the return of nutrient silicic acid to the overlying water column, but
also the integrity of the fossil record of diatoms. The latter is an important consideration
when using silica accumulation rates and diatom assemblages preserved in sediment cores
to reconstruct past changes in surface water productivity and paleoenvironmental conditions
(e.g. Pichon et al., 1987, 1992; Lyle et a 1988; Shemesh et al., 1989; Birks et al., 1990; Fritz
et al., 1991; Bareille et al., 1991; Berger and Herguera, 1992).

rackolorian and
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Figure 3.7 Silica cycle in the marine environment. Silicon is commonly found in nature in the form of
silicon dioxide (SiO2), also called silica. It cycles through the marine environment, entering mainly
through river runoff. Silica is removed from the ocean by organisms such as diatoms and radiolarians
which uses a dead form of silica in the cell walls. After death, their skeletons settle through the water
column and the silica dissolves again. A small number reach the ocean floor, where they remain, forming
a silaceous slime, or dissolve and are returned to the photic zone for ascent. Source Encyclopedia
Britannica, Inc.
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3.5.5.1 Biogenic silica (BiS) concentration method

The concentration of biogenic silica (wt% BSi), a chemically determined proxy, which
measures the amorphous Si content of bulk sediments. There are several techniques to
estimate wt% BSi in sediments. This thesis uses a method adapted from Mortlock and
Froelich (1989) by David A. Mucciarone at Stanford University Stable Isotope Laboratory.
The procedure is designed to give weight percent biogenic silica extracting it from a
sediment sample with an alkaline solution and then measuring the dissolved silicon
concentration in the extract by molybdate-blue spectrophotometry following the method of
Strickland and Parsons (1972) (Figure 3.8).

Average standard deviation of replicate analyses is 0,45 wt% BSi for the core BAY05_29c¢
and 0,46 for the core BAY05_32c.

Figure 3.8 Photos taken during the execution of the procedure used during the analysis of biogenic silica
at the University of Otago, following the modified method of Mortlock and Froelich (1989). a) diatoms
and spongy spicules with shells (frustules) composed of biogenic silica b) preparation of acids and
chemical reagents c) two sets of 10 standards with known concentrations d) 12 ml vials sampled and
labeled e) spectrophotometer.
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Biogenic Silica Analysis Procedure

This procedure is designed to give weight percent biogenic silica using a small amount of
sample material. A total of 42 analyses (40 unknowns, 1 blank, 1 standard) can be run using
this procedure. This procedure modified from Mortlock and Froelich (1989) uses a 0.1N
NaOH solution heated to 85°C to leach the silica from the sediment sample. Aliquots of the
leachate are then collected at regular time intervals to measure sequential dissolution.

All BAYO0S5 samples (211 in total) were freeze-dried and homogenized with a mortar and
pestle. Eighteen milligrams of sediment were weighed and placed into 50 mL Oak Ridge
polypropylene centrifuge tubes and the replication frequency was one every ten samples.
Using a Dispensette bottletop dispenser, each labelled centrifuge tube were filled with 40
mL of 0.1N sodium hydroxide (NaOH) solution, capped and placed in a water bath with
constant temperature at 85°C, and shaken every 30 minutes to ensure even dissolution of
biogenic silica particles.

Depending on the sample material being analyzed (sediment trap or sediments) the sampling
interval may vary. Sediment trap samples are usually sampled at hours 2 and 3. For some
marine sediments, samples are collected at hours 2, 3, 4 and 5. Test analysis of Robertson
Bay samples established that wt% BSi values calculated from hours 2, 3, and 4 were
statistically indistinguishable from values calculated when hour 5 was included, so
subsequent runs sampled hours 2, 3, and 4 only.

For the initial sample at hour 2, the centrifuge tubes were removed from the water bath,
placed in the centrifuge and spun at 3800 rpm for approximately 3 minutes. Next, 0.25 ml
(250 pl) of sample was taken from each tube using a 250 pl pipette and placed in a labelled
12 ml (Fig. 3.8, C and D) vial. 250 ml of Nanopure was added for a total of 0.5 ml (500 pl).
After sampling, each centrifuge tube was re-capped, shaken on the vortex to resuspend the
sediment, and returned to the water bath. This sample routine was repeated for each
subsequent sampling hour.

While the samples were dissolving, two sets of 10 standards with known concentrations
ranging from 0,001 to 1,360 were also prepared by adding 0.5 ml (500 pl) of each standard
into a 12 ml vial using a 500 pl pipette and then adding 4.5 ml of nanopure water to each of
the vials to bring the total volume to 5.0 ml. At the end of hour 4 sampling, we added 2 ml
of molybdate reagent, followed after 10 minutes by 3 ml of reducing solution to each of the

sample, blank and standards vials. Once reducing solution was added, all the vials were
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capped, shaken and left to stand for 3-5 hours before measuring their absorbance on the

spectrophotometer at 812 nm.

When all the standards, blanks, and unknowns were analysed, results were entered into the
OPAL Program (Vbasic Macro) to obtain a standards curve and calculate weight percent
values for the unknown samples. A simple linear regression is used to calculate the slope
and intercept on the standard values entered into the program. The weight percent biogenic

silica results are calculated using the following equation:

Wt. % SiO> = ([Si02]) * (0.5 ml/aliquot) * (volume) * (60.1 g Si/mole) * (0.0001))/(Sample wt.)

Where: [SiO2] = ((absorbance- y intercept)/slope)

absorbance = reading from spectrophotometer.

aliquot = amount of sample taken from centrifuge tube in ml.
sample wt = weight of sample in mg.

slope = calculated from standards curve.

volume = amount of NaOH solution added to centrifuge tube in ml.
y intercept = calculated from standards curve.

0.0001 = (1E-06 g/ug * 100%)

60.1 g Si/mole = amount of Si in one mole of SiO».
With this method, a least-squares regression analysis is made on the increase in Si extracted

versus time (taking into account the various dilution steps and the amount of sediment used)

and extrapolation to the intercept is made to estimate BSi concentration.
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3.6 Chronology

3.6.1 Antarctic radiocarbon chronology

Paleoenvironmental records from the Antarctic and Southern Ocean play an important role
in identifying the processes that drive the Antarctic system during intervals of rapid change
(i.e. Hillenbrand et al., 2017). However, our ability to reconstruct past conditions from
marine sediment cores is limited by the accuracy of core chronologies (Rosenheim et al.,
2013; Subt et al., 2016). This chapter discusses the specific challenges of dating Antarctic
sediments and the methodology used to overcome these challenges to obtain a robust

chronology for cores BAY05-29¢ and BAY05-32c.

3.6.2 Challenges of Dating Antarctic Sediments

Antarctic sediments are difficult to date due to the lack of (or very poor preservation of)
foraminifera (CaCO3), the most reliable source of carbon for “C dates (Berkman and
Foreman, 1996; Licht et al., 1998). As an alternative, the bulk acid insoluble organic matter
(AIOM) carbon fraction is frequently used to determine the age of sediments (e.g. Mezgec
et al., 2017). However, AIOM fraction '“C dates of Antarctic sediments are influenced by
the variable upwelling of old deep waters around the continent, leading to the highest
surface-water reservoir ages on Earth (1100-1600 years; Andrews et al., 1999; McKay et al.,
2016; Subt et al., 2015). Additionally, Antarctic core-top ages are often much older than can
be explained by the ocean reservoir effect alone, because of terrigenous inputs of reworked
carbon: the AIOM carbon fraction includes a mix of carbon derived from both
contemporaneous primary production that reflects the time of deposition and ancient detrital
material (Andrews et al., 1999; Rosenheim et al., 2009; 2013; Subt et al., 2016). Both effects

must be corrected for to obtain absolute chronology (Subt et al., 2015).

3.6.3 Recent Advances in Antarctic Radiocarbon Dating

The novel Ramped PyrOx (RP) methodology for '“C analysis corrects for the uncertainties
introduced by terrigenous carbon (Subt et al., 2016). Ramped PyrOX exploits the

thermochemical stability differences between the fresh autochthonous AIOM and

74



diagenetically stabilized allochthonous AIOM. During RP, a pre-treated sediment sample is
heated in a furnace and CO; fractions are collected as the temperature of combustion is
slowly increased. The separation of samples into several fractions for radiocarbon dating
produces a spectrum of ages, ranging from the youngest (least thermochemically stable)
material to the oldest (most thermochemically stable) material with increasing pyrolysis

temperature (Figure 3.4.3). Ideally, the first two splits will be statistically indistinguishable,
which indicates that no old carbon was combusted at low temperatures; if split one is
considerably younger than split two, split one may not have captured contemporaneously

deposited carbon alone and therefore reflects a maximum age constraint, not the true age of

the sediment (Rosenheim et al., 2008; 2013; Subt et al., 2016; 2017).

RP is more precise than bulk AIOM dating and has proved a reliable method for eliminating
the down core age reversals that are sometimes a feature of bulk AIO '“C chronologies due
to changes in the contribution of older contaminant '“C through time (Rosenheim et al.,

2008; 2013; Subt et al., 2016). Subt et al., (2016) found that the age derived from the lowest

temperature ramped pyrolysis split can (but does not always) approach CaCO3 ages from
the same or similar depth (Figure 3.9).
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Figure 3.9: Comparison of '“C ages from bulk AIOM, RP, carbonate. Carbonate ages and low-
temperature RP ages (RP-1) increase down core and yield similar results, while bulk AIOM and high

temperature RP splits show an age reversal at 1800 cm depth due to contamination by older carbon
(Source: Subt et al., 2016).
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3.6.4 Marine Reservoir Effect

On Earth, there are two major *C reservoirs — the atmosphere and the ocean. Independently
dated, tree-ring measurements, plant macrofossil data, and speleothems provide a well
constrained record of atmospheric '*C concentrations, particularly since 13,900 cal yr BP
(Reimer et al., 2013). In comparison, the reconstruction of ocean 14C concentrations is
complicated by comparatively fewer marine archives, slow equilibrium time between the
atmosphere and ocean, and upwelling of old deep '“C depleted water (Hall et al., 2010). The
combined effect of the latter two processes is that marine samples in the surface ocean (e.g.
planktonic foraminifera, shells and corals) appear older than coeval terrestrial samples. This
offset between contemporaneous marine and terrestrial carbon reservoirs is known as the
marine reservoir age (Stuiver and Polach, 1977). A global marine reservoir age is derived
by incorporating the atmospheric '“C (IntCall3) into an ocean-diffusion box model to
generate a modeled global average of ~400 years for surface waters (Oeschger et al., 1975;
Stuiver and Braziunas, 1993). However, significant deviations can occur from the global

average, which are a function of climate and oceanographic circulation systems.

Marine radiocarbon data from pre-bomb carbonates from the South Shetland Islands and the
Antarctic Peninsula yield an average reservoir age of 1300 + 100 years (Andrews et al.,
1999). Ages between 1100 and 1300 are currently accepted as the Southern Ocean reservoir
age; these are used extensively for marine records around the Antarctic continent in locations
where the core top cannot be reliably dated (Andrews et al., 1999; Berkman and Forman,
1996; Panizzo al., 2014). In locations where the core top can be reliably dated, the age at the
sediment water interface determines the local reservoir age. When possible, the use of a local
reservoir age is desirable because it eliminates potentially significant error associated with
regional variations in reservoir ages (Andrews et al., 1999; Subt et al., 2015). The difference
in the ocean reservoir “C and atmospheric “C is likely to change with temporal changes in
reservoir parameters (e.g. input and output fluxes and exchange with the atmosphere; Butzin
et al., 2005). However, in most cases a lack of detailed information means the reservoir age

is held constant through time (Stuiver et al., 1986).

A standard zero point (0 BP) has been set at 1950 CE on the *C timescale, and all '*C ages

are reported relative to this baseline. The use of 1950 CE reflects the closest decadal date to
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the publication of the first series of '*C determinations in December 1949 (Arnold and
Libby, 1949). After 1950 AD, nuclear weapons testing in the Northern Hemisphere released
large quantities of anthropogenic “C into the atmosphere, which complicates direct
measurement of the natural Antarctic reservoir age. Post-bomb carbonates indicate the
Antarctic marine radiocarbon reservoir has been altered by ~500 years during the 20th
century due to nuclear explosions and fossil fuel combustion (post-bomb reservoir age =
800 years; pre- bomb reservoir age = 1300 years; Berkman and Foreman, 1996). To date,
the most accurate natural reservoir ages are those derived from pre- bomb carbonate samples

(Berkman and Forman, 1996; Hall et al., 2010).

3.6.5 Radiocarbon Calibration

Past changes in atmospheric *C caused by geomagnetic and solar modulation of the cosmic-
ray flux and the carbon cycle means that relationship between '“C age and calendar age is
not linear (Blaauw, 2010; Reimer et al., 2013b). Radiocarbon dates are converted to calendar
ages through comparison to independently dated records (calibration curves) such as ice
cores and tree rings (Stuiver and Polach, 1977). Common archives for calibration curves
include tree rings, terrestrial macrofossils, corals, forams and speleothems (Reimer et al.,
2013a). Three calibration curves exist: the marine calibration curve (Marinel3), which
represents the hypothetical global marine reservoir (Reimer et al., 2013b), and the Northern
(IntCal13) (Reimer et al., 2013b) and Southern (SHCall13) Hemisphere calibration curves
(Hogg et al., 2013), which represent the mid-latitude Northern and Southern Hemisphere
atmospheric reservoirs respectively. A robust calibration curve requires high-resolution data

with accurately quantified uncertainties.

Post-bomb dates (indicated by negative '*C ages) are calibrated with CALIBomb
(http://calib.org/CALIBomb), an extension to IntCall3 and SHCal13 curves. Four zonal data
sets of tropospheric bombs '“C data have been compiled for 1950-2010 AD, with significant
geographical differences in '*C due to atmospheric circulation (Hua et al., 2013). To date,
there is no post-bomb extension to the Marinel3 curve, and thus post-bomb marine ages

cannot be calibrated.
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3.6.5.1 Ramped Pyrolysis (RP) radiocarbon methodology

To develop a chronology for core BAY05_29c e BAY05_32c, sediment samples for RP
radiocarbon analysis were taken from four depths for core 29¢ and from five depths from
core 32c spanning the length of the cores. The uppermost sample was taken between 0 and
1 cm for both cores and the bottom sample was taken between 554 and 555 cm for the core
29c¢, 30 cm above the base of the core and between 459-460 cm for the core 32¢, 8 cm above
the base of the core. In core 29¢, a sample was taken at 205 cm because of a notable shift in
magnetic susceptibility evident in shipboard measurements. A final sample at 405 cm was
selected to give an even spacing of dates down core.

The other sample depths for the 32c core are respectively: 144-145 cm, 189-190 cm, 374-
375 cm chosen based on changes in the §'*C and biogenic silica curves. Both cores have
existing bulk AIOM '“C age models, enabling comparison between age models developed
using RP and bulk dates.

Samples were pre-treated at the University of Otago and sent to the Rafter Radiocarbon Lab
AMS facility at GNS in Wellington for radiocarbon dating in November 2021.

For the pre-treatment the samples were mixed with a magnetic flea in acid with 1 M HCI,
room temperature (20 ° C). The amount of acid depends a bit on the amount and carbonate
content of sample that is being pre-treated and the surface area the sample is sitting in for
treatment. I added enough acid to cover the sample and wait for any bubbling to complete
while gently swirling to get it all into solution and adding a bit more acid until the complete
evolution of the carbonate occurs. The samples were mixed for one hour and left to stand in
acid overnight. The next day they were placed in the centrifuge and rinsed with DI water,
and tested for neutrality with the pH strips.

At Rafter, each sample was baked at 500°C and then passed through a CO> purification
procedure to remove contaminants prior to graphitisation and AMS measurement. GNS
scientists corrected AMS measurements using a three-component mixing model of modern

blank, dead blank, and sample material, following Santos et al. (2007).

3.6.5.1.1 Ramped Pyrolysis Split Analysis

The purpose of RP is to obtain the age of the youngest carbon within each bulk sediment

sample (Subt et al., 2015). Typically, RP split ages become progressively older with
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increased pyrolysis temperature in proportion to the amount of reworked carbon
incorporated within each split (e.g. Rosenheim et al., 2013; Subt et al., 2015). If the ages of
the first two splits are statistically indistinguishable, the age of split 1 likely represents to
true age of the sediment with no contribution of detrital carbon; if the split 2 is much older
than split 1, the split 1 may be contaminated by older carbon and is therefore considered a
maximum age constraint (Rosenheim et al, 2008; Rosenheim, per comms). However,
samples of Holocene sediments collected from the Ross Sea sector commonly yield a
younger age for split 2 than for split 1 (Parker, 2017; Truax, 2018; Gilmer, 2020). The older
age of split 1 is provisionally attributed to an elevated concentration of degradation products
containing old carbon, based on the distribution of various organic compounds identified
through pyrolysis gas chromatography-mass spectrometry (GCMS), measured at the GNS
Rafter Radiocarbon Lab (C. Ginnane, pers. comm.) These compounds are also present in
lower concentrations in split 2, suggesting that these dates should be treated as oldest

limiting ages rather than true ages.

3.6.5.1.2 RP delayed results due to covid-19 pandemic

Due to lab closures and personnel restrictions caused by the Covid-19 pandemic, the
measurement of RP in BAYOS5 samples suffered severe delays, and results were
unfortunately not delivered before the thesis submission deadline. For the thesis, we
therefore use only the bulk AIO '*C dates and age model calibrate with the OxCal Bayesian

model following Tesi et al 2020, Marine 13 curve.

3.6.6 Edisto Inlet and Robertson Bay radiocarbon calibration

Radiocarbon dating of bulk OC for six cores in Edisto Inlet Fjord (CH41, BAYO0S5 18c, 20c,
22¢, HLF17_01 and GC17_03) and 2 cores in Robertson Bay (BAYO05 29c, 32c) (total 14C
n = 32) and carbonate samples (n = 2) was performed via accelerated mass spectrometry
(AMYS) at The National Ocean Sciences Accelerator Mass Spectrometry (NOSAMS) of the
Woods Hole Oceanographic Institution, USA and at the Poznan Radiocarbon Laboratory
(Poland).
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The age model was constructed using the median values provided by using the latest version
of the OxCal bayesian program. OxCal v4.4.4 Bronk Ramsey (2021), Marinel3 marine
curve calibration curve (Reimer et al., 2013).

The single dates mentioned in the text (Table 3) refer to the median age in the 2¢ calibrated
age range.

It has been simulated a calendar ages from each of the calibrated '*C ages and construct an
age-depth model through the points for each core (linear interpolation between the dated
levels).

When the age mode plots show a sigma posterior 68.3% probability-1c (68.3%) and a 95.4%
probability -26 (95.4%), agreement 100.0%.

In the core Anta02_CH41, BAYO05_20c and 32c the limitation of the model due an inversion
date showed a negative accumulation rates and a low accuracy, so in that case we used the
unmodeled calibrated dates.

Radiocarbon dates were calibrated using data base and a local reservoir age performed by
Tesi et al 2020, on the core HLF17_01, which built an age-depth model using *C ages
derived from both carbonate and organic carbon matrices, with additional dates obtained
from excess 2!°Pb and one tephra horizon.

The ARcacos based on U/Th dating of coral samples trapped by the fringing Ross Sea ice
shelf (Hall et al. 2010), where the AR value of the carbonate matrix (ARcaco3) in the Ross
Sea has remained relatively stable over the last 6000 years is ARcacos = 791 £ 121 yrs.

The ARoc for bulk sediment derived by pairing benthic foraminifera with organic carbon
from the same horizons, relying on the well constrained AR“““% and is ARoc = 1320 + 135
years, 1c.

All the plots curve can be found in the appendix B.
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Table 3. Radiocarbon dates and calibrated ages of samples from Edisto Inlet Fjord and Robertson

Bay.
Depth Radiocarbon age Calibrated age yr BP Type of
Core I (c:n “C BP (y) : Exror () modelled megdiayn age SZ:lple 1D Lab
ANTAO02_CH41 1 1790 +40 recent AIO GX-29188
ANTAO02_CH41 35 4490 +50 2982* AIO GX-30574
ANTAQ02_CH41 71 9400 +40 8576%* AIO GX-29991
ANTAO02_CH41 232 9970 +50 9287* AIO GX-29189
ANTAO02_CH41 300 10920 +50 10475* AIO GX-29190
ANTAQ02_CH41 369 9130 +40 8267* AIO CX-29992
ANTAO02_CH41 402 10070 +50 9400* AIO GX-29191
BAYO05-18c 1 2430 +40 660 AIO 0S-75006
BAYO05-18c 67 4940 +40 3524 AIO 0S-75007
BAYO05-18c 175 8070 +55 7265 AIO 0S-75008
BAYO05-18c 284 11500 +75 11113 AIO 0OS-75155
BAYO05-18c 345 11550 +50 11430 AIO 0S-59379
BAYO05-18c 353 33500 +260 35650 AIO 0S-39370
BAY05-20c 2 1760 +30 recent AIO 0S-59367
BAY05-20c 140 12542 Tephra
BAYO05-20c 147 2760 +40 994* AIO 0S-59368
BAY05-20c 240 2640 +30 1409* mollusc 0S-59019
BAY05-20c 369 4750 +30 3289* AIO 0S-59369
BAYO05-22¢ 1 1610 +35 recent AIO 08-65603
BAYO05-22¢ 197 4700 +45 3329 AIO 0S-65787
BAY05-22¢ 335 8150 + 60 7296 AIO 0S-65599
BAY05-22¢c 384 9000 +55 8152 AIO 0S-65806
RS17-GC03 442 1940 +55 714 Forams
HLF17_01 1456 4220 +50 2623 Bulk OC P0z-92969
BAY05_29c 1 1650 +30 recent AIO 0S-59350
BAY05_29c¢ 35 2930 +35 1009 AIO 0S-59351
BAY05_29c¢ 226 3840 +30 2283 AIO 0S-59366
BAY05_29c 404 5810 +40 4634 AIO 0S-59352
BAY05_29c¢ 555 7150 +40 6238 AIO 0S-59353
BAYO05_32c 1 2060 + 140 258* AIO Poz-140705
BAYO05_32c 40 3370 + 60 1626* AIO Poz-140706
BAY05_32c 145 3650 +60 1957* AIO Poz-140707
BAYO05_32c¢ 190 10470 + 60 9903* AIO Poz-140708
BAY05_32c 300 7200 + 80 6297* AIO Poz-140709
BAY05_32c 375 16180 + 150 17602* AIO Poz-140710

a Di Roberto et al (2019)
b Tesi et al (2020)

*calibrated unmodelled median age
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Chapter 4

4. EDISTO INLET FJORD

4.1 Introduction

The study of the sedimentary sequences from high latitude, marine, ice proximal and ice-
distal areas, combined with the ice core records allow to directly reconstruct the fluctuations
of the ice volume and seaward extension during past glacials and interglacials, tied to climate
atmospheric and ocean changes. This information is needed to estimate the ice sheet
sensitivity to past and future climatic changes and to predict its contribution to global sea
level changes. Understanding sediment distribution is critical for studies reconstructing
glaciers and ice-sheet behavior based on paleo-records (e.g., De Santis et al. 1999; Perez et
al., 2021; Naish et al. 2009; Anderson et al. 1999; Wellner et al. 2001; Stokes et al. 2015).
However, this information is limited and sometimes contradictory, mainly due to the lack of
enough data and difficulty in dating glacial sediments. Here I present a unique and
comprehensive set of data from the Edisto Inlet along the coast of the northern Victoria Land
(Antarctica), that is used to reconstruct the environmental conditions occurred after the
LGM, contributing to fill the knowledge gap about post-LGM ice retreat from the western
Ross Sea.

The data were collected during four campaigns of the Italian Antarctic Program (PNRA) on
board the Italica, the OGS Explora and the Laura Bassi research vessels, in fortuitous austral
summers with no or limited sea ice cover from 2002 to 2020. Following the pioneering study
at the entrance of the fjord (Finocchiaro et al., 2005), multibeam swath bathymetry, sub-
bottom seismic profiles, gravity cores and oceanographic data (from CTD,
thermosalinographer, ADCP-VM and LADCP) were acquired. The data show for the first
time the existence of up to 130 meters thick Holocene stratigraphic section that accumulated
inside this Antarctic fjord and sheds light into processes that influenced the marine

deposition since the LGM.
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Tidewater glaciers generally respond more rapidly to climatic fluctuations than large ice
sheet because they have small drainage areas and high snow accumulation rates (Anderson
1999). Rapid and high sediment accumulation is generally observed in temperate and
subpolar fjords and coastal bays where tidewater glaciers are debouching and carving deeply
the fjord sea floor during frequent ice expansions. Environmental variations are reflected by
the alternations between glacial facies (generally silty mudstone with ice rafted debris - IRD)
and marine facies (biogenic-rich mud) (E.A. Cowan and R. D. Powell 1990, W. Szczucinski
et al 2009, J. A. Howe 2010). Despite climate conditions determining for example the
amount of meltwater, of sea ice, of snow precipitations in the catchment area, numerous
other factors control sedimentation in fjords, including seafloor bathymetry, bay geometry,
oceanographic regime, proximity to sediment sources (Griffith & Anderson 1989; Leventer
et al 1996; Ashley & Smith 2000). Paleo environmental reconstructions that take into
account all forcing factors are needed when applying any model of sediment distribution in
a fjord or in a coastal bay environment, to distinguish local versus regional climate
variations. Although a large literature exists about temperate and subpolar fjords, few studies
are reported from the Antarctic polar fjords (Shevenell et al 1997; McMinn et al 2001;
Minzoni et al 2015 ). Various studies describe ecosystems and environmental variations
from Holocene sediments recovered from inner and mid Antarctic shelf depressions (fig. 1),
like the Palmer Deep in the Antarctic Peninsula (Sjunneskog et al., 2002; Rebesco at
al.,1998; Cunningham et al., 1999; Domack et al., 1999; 2001; Domack et al 2003; Mosola
and Anderson, 2006; McGlannan et al., 2017) and the Adelie Deep to the west of the Mertz
Polynya, East Antarctic coast, (Escutia et al., 2014; Crosta et al 2021), acting as natural
sediment traps, deeper than iceberg keel scouring (Prothro et al., 2018). These deposits are
particularly thick in areas of polynya or in general, where there is high productivity of
biogenic material that is entrained and accumulated in sediment drifts by slow, dense water
bottom currents (e.g. the Mertz Drift, Harris et al., 2001, Presti et al., 2005; Wellner et al.
2014). The presence of this type of sediment in the geological record is interpreted as
representing the establishment of seasonally sea ice open climatic conditions (Finocchiaro
et al. 2005, Tesi et al 2020). Its thickness appears to be a function of both biogenic
productivity and duration of open marine conditions (Dunbar et al., 1985; Smith et al., 2003;
Prothro et al., 2018) established after events of warm ocean current incursions on the
continental shelf, triggering ice shelf collapse (e.g. at Pine Island Bay, fig. 1, Hillebrandt et
al., 2017; Joughin et al., 2021) and meltwater discharge (e.g. Ashley et al., 2020).
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Fjord systems are usually protected from strong external oceanic influence. However, it has
been observed that on-going ocean warming is triggering the penetration of North Atlantic
warm waters in some of the Greenland fjords where outlet glaciers drain a substantial part
of the Greenland ice sheet. The rapid retreat of those glacier fronts due to the oceanic
influence can lead to a rapid and large ice mass loss into the ocean (Straneo & Heimbach,
2013, Crosta et al 2021).

The Edisto Inlet fjord presents some similarities with the Greenland fjords where the
entering of vigorous oceanic circulation is likely inhibited by a shallow threshold at the fjord
entrance, but a tidally-driven circulation can occur. The fjord is located along the coast of
the northern Victoria Land, in the western Ross Sea. Here, high salinity shelf water (HSSW)
that forms in the Ross Sea polynya due to brine rejection flows northwestward,
geostrophycally balanced, up to Cape Adare where it mixes with warm Circumpolar Deep
Water (CDW) that impinges the continental shelf edge (Silvano et al 2020).

No previous data are reported for circulation inside the coastal fjord. This work provides
snapshots of the modern water mass and post-LGM sediment distribution and describes a

possible relationship between past circulation and seabed geomorphology.

4.2 Study site

Edisto Inlet (72°19°S 170°16°E) is an NNE-SSW elongated fjord (15 km long and 4 km
wide), enclosed between Cape Hallett and Cape Christie along the North Victoria Land coast
in the western Ross Sea (Fig 4.1). The Edisto fjord lies within the Hallett Volcanic Province
(HVP) (Harrington et al. 1967) of the McMurdo Volcanic Group (Hamilton 1972; Kyle
1990, Late Miocene ~13—5 Ma), with a more recent volcanic activity from Mount Rittman
(D1 Roberto et al 2019). Its bathymetry shows a step-like profile with a pronounced landward
deepening and the fjord is separated from Moubray Bay by a sill approximately 400 m deep.
The fjord serves as outlet to four ice-tongue glaciers (Fig 4.1), the three most important
being the Manhaul Glacier (16 km long and 7 km wide), flowing down from Mt Humphrey
Lloyd; the Arneb Glacier (6 km long and 4 km wide), flowing northwest into Edisto Inlet;
and two ice streams converging into the Edisto Glacier (10 km long and 6 km wide). Inferred
large calving rates from remote sensing suggest that the Manhaul Glacier has been subject

to a major calving event between 1989 and 1999 (Fountain 2017) and that two major calving
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events of the Arneb Glacier occurred between 1989-1999 and 2014-2015. No information

is available for the Edisto Glacier.
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Fig. 4.1: Map of Edisto Inlet located between Cape Hallett and Cape Christie in the western Ross Sea
(Antarctica). The lower left square shows the map of Antarctica with the location of the Adelie Basin and
Prydz Bay in East Antarctica and the Palmer Basin in the Antarctic Peninsula (black dots). Bathymetric
data and land morphology from map SS 58-60/2 (Cape Hallett), original scale 1:250,000 edited by U.S.
Geological Survey. Modified after Di Roberto et al. (2019)
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4.3 Data and Methods

The Edisto Inlet fjord is investigated by integrating different datasets acquired in the frame
of several projects funded by PNRA (National Antarctic Research Program), including very
high-resolution seismic profiles, multibeam swath bathymetry, gravity and piston sediment
cores, Acoustic Doppler Current Profiles (ADCP) and a few Conductivity Temperature
Pressure (CTD) measurements. ACDP water current velocity and direction, water
temperature and salinity at 4 m depth were obtained on February 17th of 2017. CTD and
LADCEP profiles were obtained at 6 stations in the Edisto Inlet in February 2020.

The raw data supporting the findings of this study are the subject of a paper "Early West

Antarctic ice sheet retreat from a very high-resolution Holocene paleoclimate recor

Battaglia et al in preparation.

4.3.1 Geophysics Data

Sub-bottom profiles were acquired in the fjord entrance with a 3.5 kHz SBP on N/R Italica
in 2005 and a hull-mounted Benthos CAP-6600 Chirp II Data Sonics on board of N/R OGS
Explora in 2017 along the entire fjord (Fig 4.2). The two seismic datasets embrace a wide
spectrum of penetration depth (up to ca. 100 meters below the sea floor, assuming a velocity
of 1500 m/s) and vertical resolution between 100 and 20 cm, providing a good image of the
geological setting beneath the seafloor and good potential for correlation with main density
shift detected in the sediment cores.

The analysis of all dataset was conducted by using the IHS Kingdom Suite seismic
interpretation software, to perform seismic stratigraphy, correlation of acoustic facies with
sediment magnetic susceptibility and grain size logs and to obtain three dimensional,
morpho-bathymetric images of the fjord.

Multibeam Swath Bathymetric data were acquired using a Teledyne Reson SeaBat 7150
Multibeam Echo Sounder, which has a system frequency of 12 kHz and 880 beams. These
data sets were processed using PDS2000, then survey data were manually edited to remove
anomalous readings and gridded to create relief maps. The optimal resolution of the data in

most cases is a 10 m grid (Fig. 4.2).
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The bathymetric data show that Edisto Inlet is a narrow basin, NNE-SSW elongated and
landward deepening, with a step-like profile. The shallowest step, labelled as sectors 1 (fig.
4.2) has average water depth of 430 m, sector 2 of 460 m, sector 3 of 480 m, sector 4 is
characterized by a deep depression that reaches a water depth of 700 m in the innermost area

in front of the Edisto glacier.

4.3.2 Sediment cores

Fifteen sediment gravity and piston cores were acquired in the framework of four PNRA
Projects near the entrance of the fjord in 2002, 2005 and in 2017 two other gravity cores
were acquired in the central part of the fjord. In this thesis only ten cores are considered
(BAYO05 13c, l4c, 18c, 19¢c, 20c, 22¢, ANTA02-CH41, HLF17-01, RS17-GC03, GC04)
details about the analysis for the sediment cores are in the chapter 3 (tables 1). Fig. 4.2 shows
the locations of the sediment cores, some of which were previously published by Finocchiaro
et al. (2005), Mezgec et al. (2017), Di Roberto et al (2019), Tesi et al. (2020). In this work
we describe ten of these cores (Table 1, paragraph 3.4.1).
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Fig. 4.2: Multibeam swath bathymetry of Edisto Inlet Fjord. Colors scale meters: High -65 m and Low —
625 m. Gray lines are the Sub-bottom seismic profiles acquired across the fjord. Orange points indicates
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from 1 to 4 in a north-south direction.

4.3.3 Sedimentological analyses

In the frame of the BAYO0S5 Project (2005) at University of Trieste on the cores 14c, 18c,
20c, and 22c the following analysis were made: X-ray analysis (Bartington MS2C), grain
size analysis (the biogenic component is given mainly by diatoms), Multi-Sensor Core
Logger (MSCL) measurements, such as density, the speed of the compression waves (P-
wave velocity) and the amount of magnetically susceptible (MS) material present in the
sediment. On core 13c (166 cm long) and 19¢ (75 cm long) only the MS has been measured.
On the cores GC-03 and GC-04 only the Multi-Sensor Core Logger (MSCL) (Magnetic
Susceptibility (MS), Density and P-wave Velocity) has been run at University of Trieste in
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2019 in the frame of the PNRA Project ODYSSEA. Sedimentological analysis on cores
CH41 and HL17F-01 were previously published by Finocchiaro et al. (2005), Di Roberto et
al (2019), Tesi et al. (2020).

4.3.3.1 Grain size analysis

Grain size analyses were performed in 2005 by Prof. Ester Colizza (University of Trieste).
Samples were treated with hydrogen peroxide to remove organic matter and sieved to
separate the < Imm fraction.

The grain size characterization of < 1 mm fraction was analysed using a Malvern
MasterSizer 2000 laser. Sand, silt and clay were determined using the grainsize classification
proposed by Friedman and Sanders (1978). Statistical parameters were determined

according to Folk and Ward (1959).

4.3.3.2  Diatom analyses

The diatom analyses for the core BAY05_20c come from Mezgec et al 2017. The relative
abundances of Fragilariopsis curta in the BAY05_20c increased from ~ 20% before 3.6 ka
to ~ 70-80% over the last 1000 years. Between ~ 5.8 and ~ 3.6 ka the lowest relative
abundances of F. curta are concomitant with high occurrences of Chaetoceros Hyalochaete
resting spores (CRS) and Thalassiosira antarctica resting spores (TRS). The subsequent
increase in the relative abundances of F. curta, together with the decrease in the occurrences
of CRS and TRS, is marked by a centuries-old decline in the relative abundances of F. curta
and a concomitant increased occurrence of CRS and TRS between 1.5 and 0.9 ka.

The diatom analyses for the CH41 and HLF17_01 cores come from Finocchiaro et al 2005
and Tesi et al 2020, respectively.

Both cores show that Corethron pennatum, F. curta, along with Chaetoceros resting spores
account for up to 96% of the diatom assemblages throughout the cores. C. pennatum occurs
only in the laminated layers starting from the bottom up to about 250 cm in core CH41,
while F. curta and CRS are found in different percentages throughout the core. F. curta
becomes dominant in the coarse-grained upper unit of the last few centuries in both cores
with a percentage > 50%. The highest relative abundances of F. curta have been recorded

in the last few centuries.
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4.3.4 Oceanographic data

Ice concentrations in the Ross Sea are influenced by winds with ice remaining in the western
region throughout the austral spring and generally melting in January due to local heating.
This leads to extremely strong stratification and shallow mixed layers in the western Ross
Sea.

During the 2017 survey, variations of currents along the route traveled inside the Edisto Inlet
fjord have been marked, most likely influenced by the tide. However, it is not possible to
highlight the contribution of the barotropic tide because the Tide Model Driver model
(Padman & Erofeeva, 2005) does not cover the internal area of the Edisto Inlet fjord. At the
mouth of the bay, it seems that the tidal currents (mainly diurnal tides) can locally reach 30-
40 cm / s in the syzygous phases, while during the survey of 17/02/2017 the possible
contribution of the tidal current did not exceed 5 -10 cm / s. At the bottom of the bay, low
temperatures of around -1.6 ° C and relatively high salinity 34.27 were measured (taking
into account the relative measurements at a depth of 4 m below sea level (bsl).

The properties of the water masses in this small basin with a conspicuous variability of
temperature and surface salinity are still poorly unknown, and future investigations are
needed to have a better knowledge of the internal circulation as well as the water masses
exchange with the ocean. These measurements will contribute to estimate the currents role

in the morphobatimetry's configuration.

During the 2017 campaign on board R/V Explora, the following along-track data were
acquired on the 17th of February: 1) surface temperature and salinity from
thermosalinographer SBE21 and SBE38 at 4 m depth; 2) vertical profiles of currents from a
75 kHz Vessel Mounted-Acoustic Doppler Current Profiler (vmADCP), in the range 24-600
m depth with a vertical resolution of 16 m. ADCP data were then processed with the
CODAS3 software developed by the University of Hawaii.

During the 2020 campaign on board R/V Laura Bassi, Conductivity-Temperature-Depth
(CTD) profiles were acquired on the 6th of February along the whole water column at 6
stations in the Edisto bay. Temperature, salinity, oxygen and fluorescence profiles were
obtained. Vertical profiles of currents were also measured by means of a Lowered-ADCP

(LADCP) deployed together with the CTD.
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4.4 Results

4.4.1 Seismic facies

The sedimentary succession within Edisto Inlet imaged with sub-bottom data has been

divided into two main seismic facies, termed EI and EII (Fig. 4.3).

Seismic facies classification
Fﬁ;‘ Selumic Example Irtnrriad corfiguratian Amipliiude - Frequency Laternl continuty Dccumence
oC—
T — Moderate to high Basin fileo with bicgenic coze;
Faoion | st — Sub honzontal o Aol Good confinuity reflections | Mo uniferm rates of deposition;
&l o r 1 = um.:l:ﬁt:dﬂ::;ufmd High Frequency Low-energy node daposits
-y High water contenl,
Facies - Transparent - poor Low amplitude Low lateral continuity possible presence of gas;
Ell - - reflections Low frequincy reflectons Unconsolidated miatarial
na mlemal arganization rich in mud

Table 4.3 Seismic Facies classification. Facies EI: sub horizontal with high amplitude reflector mostly
made of biogenic ooze. Facies EIl: Transparent with poor reflections and low amplitude unconsolidated
material rich in mud. The occurrence is inferred from the seismic facies and sediment cores.

The seismic facies EI, consists of laterally continuous, high amplitude, parallel, sub-
horizontal or undulated reflectors that are generally conformable to the sea floor (Figure 4.4,
4.5,4,7). In sectors 1 and 2, low angle truncational or onlap surfaces are observed within the
seismic facies EI (Figure 4.4, 4.5).

Facies EI has an overall basin in-fill, tabular shape. Locally, near steep scarps, it has
sigmoidal and mound-shape with internal reflectors pinching and/or downlapping on the
lower unit in correspondence of sea floor depressions.

The seismic Facies EI is thin over sector 1 and reaches a maximum thickness of 180 ms
(twt) in the central part of the fjord in sector 2 (see fig. 4.5 and 4.6 thickness map), where

the sea floor appears to be flat.
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Figure 4.4: Interpreted and uninterpreted representative chirp record showing the general seismic
stratigraphy of the survey area in Edisto Inlet fjord. The defined seismic units EI, EII are indicated based
on characteristics of the reflectors. Depth labels in meters are based on 1500 ms "1 sound velocity. Colors
on the chirp profiles mark interpreted seismic units. The blue arrows indicate the reflectors termination
in onlap. Red dotted lines are two normal faults
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Figure 4.5: Interpreted and uninterpreted seismic lines showing a basin-floor succession with the two
main seismic facies recognized: EI in blue, consists in laterally continuous, high amplitude parallel
reflections and EII in yellow with an opaque or weakly stratified, sparse or discontinuous low amplitude
reflections. Note the gradual progradation of gravity-flow deposits into the basin due to slope break.
Evidence of thrust faults within the seismic facies EIIl. The pink, orange and green lines outline the
location of the sediment cores.

In fig 4.6 the isopach map displays the stratigraphic thickness of the seismic facies EI
between its upper and lower horizon. It is measured as the shortest distance between the two
surfaces. The color bar is in two-way travel time (ms) and clearly shows maximum thickness

(>160 ms twt) ~130 m in the central part of the fjord in sector 2.
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Figure 4.6 - Isopach map (based on 2D seismic reflection profiles) showing the thickness variations of
the seismic unit EI. The color bar is in two-way travel time (ms).

The seismic Facies EII lies below EI and is opaque or weakly stratified, with sparse,
discontinuous, low amplitude reflections (fig. 4.4, 4.5, 4.7). Some reflectors southwards
inclined are observed near the southern edge of sector 1, where they appear to cut through
at high angle and they upward displace a high amplitude reflector at the base of the seismic
facies EI. The inclined seismic horizons converge on a flat, high amplitude reflector, toward
south (fig. 4.5).

Along the slopes between sector 1 and 2 (fig. 4.4, 4.5, 4.7) reflectors of facies EII are
irregular, discontinuous and southward dipping, locally showing with terminations in
downlap on the deeper horizons.

Facies EIl is blanketing the acoustic basement and is up to 50 ms (twt) thick in the northern
and central sector of the fjord. It is not observed in the southern sector, because it is deeper
than the penetration depth of the seismic data used in this work. Here Facies EII is locally
visible on the top of acoustic basement highs, where it has a convex shape pinching on the
edges (fig. 4.4, 4.5, 4.7).

Faults with normal offset of up to 50 ms (twt), dipping south, affect the lower part of the

sedimentary section, in sector 2 and along the slopes between the four sectors (fig. 4.7).

94



mmll) 1000 2000 2000 40]00 458800 smsmsnlss 70]00 7651 8000 8312 87‘32 88148 9000 9143

IEPPIT TV PV POV T I B PUPSEFPVI FVTIN FYVVE VN FUNY FYIN S b e o S —

0520, NE  SW |N Sector 1 S EWN Secton2 s

0.560-

11400yr  3200yr

0.800

0840

0.680-

0.720-

0.760

- m"d“ ) —= Onlap or truncation
Seismic facies EII " P2t

m,s? 1(![]0120;00 w 40|00 mﬁﬁﬂis’% 7000 |7651 8000 8312 8732 88|48 90'00 9143

"-5& NE SW | N Sector 1 S EWN Sector 2 S
0560

0.600

0.760

Figure 4.7 - Interpreted and uninterpreted sub bottom chirp profiles track lines show an elongated
sediment drift in the sector 1 and a thick (up to 130 m) finely flat stratified unit in the sector 2. The well
stratified parallel reflectors in blue indicate the first seismic facies EI with convex sigmoidal reflectors
ending in onlap or pinch out (black arrows). The seismic facies EII in yellow is discontinuous with low
amplitude reflections and is up to 35 m thick in the northern and central sector of the fjord with locally
downlap terminations. The red arrows are associated with the propagation of a normal faults. Purple lines
indicate the location of the sediment cores and the calibrated radiocarbon dates.
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4.4.2 Bathymetry and Submarine Landforms

Smaller relief (~ 10 meters) elongated ridges, parallel to the fjord axis are visible on
multibeam data in sector 1, in water depth of 410-470 meters (fig. 4.2, 4.8). The elongated
ridges terminate to the north in correspondence of a morphological step, with relief of ~ 15
m and the steep slope facing north, that runs transversally across the fjord, with irregular,
lobated trend (fig. 4.8). Sub bottom profiles show that the acoustic facies below the
elongated ridges is opaque or weakly stratified, with reflectors draping or onlapping

mounded features (seismic facies EI, fig. 4.4, 4.5, 4.7, 4.8).
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Figure 4.8: Multibeam swath bathymetry of Edisto Inlet in a 3D representation of the outer fjord showing
the seafloor landforms (a). Paleo ice flow direction towards north (b, ¢). In (b) there is the representation
of the two seismic facies EI in blue and Ell in yellow. X — X’ and Y — Y’ show a crag and tail in the inner
bay area (b,c,d), and Z-Z’ (cross-section profile) shows glacial lineations (e). Vertical exaggeration is 4x
in all images.

A smooth and almost flat seabed characterize the sectors 2, in the middle of the Edisto Inlet
Fjord with a thick (up to 130 meters) finely stratified unit record (fig. 4.7).

The southern sector of the fjord (sector 4), in front of the Edisto Glacier is characterized by
a deep depression (fig. 4.9) up to 700 meters deep. Its western flank is cut by channels with

size ranging from 100 to 300 meters of width and relief of up to 100 meters (channels A-D
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in fig. 4.9). The eastern and northern flanks of the depression in sector 4 are steep and smooth
(fig. 4.9) The seabed reflector in seismic profile across sector 4 is highly reflective, with no
acoustic signal penetration below (Fig. 4.9a) with the exception of the smooth northeastern
flank, where stratified reflectors are observed, like for sector 2 and 3 (Fig. 4.9 b).

The southernmost termination of the fjord shallows up to 300 meters. Here elongated ridges,
trending N-S, tens of meter wide, bound small channels with relief of 15-20 meters between
the ridge crest and the channel axis (channel C and D in fig. 4.9 c). The sea floor is generally
reflective, allowing no penetration below, with the exception of stratified reflectors

onlapping the flank of channel F (fig. 4.9).
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Figure 4.9 - 3D multibeam swath bathymetry of Edisto Inlet showing a broad and deep depression in the
southernmost termination of the fjord up to 700 meters deep. Sub-bottom profiles show that the seabed
of the southwestern flank is a strong high amplitude and irregular reflector, preventing any acoustic signal
penetration below (a,b,c). White dotted lines outline the channel incisions (A to H). The smaller ridges
represent morainal deposits. The color bar is in meters.

97



4.4.3 Stratigraphic data

Physical properties, grain size data, TOC, wt.% BSi and Xrays are partially published by
Finocchiaro et al., 2005; Mezgec et al., 2017; Tesi et al., 2020 for most of the sediment cores
collected in the Edisto Inlet fjord. The available measurements (table 4) document the
presence of three main sedimentary facies and two subfacies deposited after the LGM in the
sectors 1 and 2 of the fjord and provide direct lithological information for the acoustic facies
identified on the seismic profiles. No samples exist from the sectors 3 and 4.

Table 4 summarizes all the physical characteristics and the average values of the
geochemical analyzes distributed in the facies / subfacies recognized in each core (E.

Colizza, unpublished).
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Table 4: resume of the physical and geochemical characteristics distributed in the facies/subfacies
recognized in each core (E. Colizza, unpublished). Facies/subfacies: glaciomarine diamicton facies
(GDY), laminated facies (Lf), Strongly laminated sub-facies (SL-sf), weakly laminated sub-facies (WL-sf).
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4.4.3.1 Cores description

Data of core ANTA02-CH41 come from Finocchiaro et al. (2005). The core was collected
in 2002 at the entrance of the Edisto Inlet, along the conjunction between Cape Hallett and
Cape Christie. The core, 406 cm long, is characterized at its base by one meter of rhythmic
sequence of parallel light and dark diatom ooze laminae with little clastic material followed
by one meter of massive dark olive-grey mud with wavy and irregular stratification. These
sediments correspond to units A of Finocchiaro et al., 2005 and were deposited up to ~ 9400
ky BP. The more superficial portion of the core shows a massive feature and varies from a
dark olive-grey muddy sand to a very dark grey, slightly muddy sand. These sediments
correspond to unit B of Finocchiaro et al., 2005 and were deposited from ~ 8400 y BP to the

present.

Core BAY05-13c is characterized by 166 cm of massive sediment with sparse pebble-size
clasts. The X-ray image highlights an uneven sediment characterized by widespread pebbles,
more concentrated at the base and at the middle-top core. The X-ray image and the MS
average value (13082 x 10 SI) indicate a quite similar lithology of the BAY05-14c top

core.

Core BAY05-14c, 452 cm long, has been collected at the entrance of the fjord, very close
to core BAYO05-13c. The sedimentary sequence is very similar to that recognized in core
ANTAO2-CH41 but an additional sediment facies was also recovered. In particular X-ray
image data permits to recognize a massive and coarse (gravel) sediment at the bottom,
overlying by the crudely laminated sediment passing to irregularly laminated to massive

dense sediment with sparse pebbles at the top core.

BAY05-18c is a 419 cm long core, collected at the transition between sectors 1 and 2. The
same massive gravel-rich sediment of core BAY05-14c¢ characterizes the bottom core. The
radiocarbon dating indicates an age >35 ky BP at its base. The overlying sediment passes
from olive to dark olive grey planar to wavy laminated, and to black to very dark grey very
weakly laminated to massive. Sparse gravel clasts are present. The lower boundary was

dated around 11.4 ky old. The very weakly laminated and massive sediment, sometime
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bioturbated, characterizes the top core. This sediment was deposited from 7200 y BP to the

present.

Core BAY05-19c is characterized by 73 cm of massive pebbles-rich sediment at its base and
massive to a very weakly laminated with sparse gravel clast toward the top core. X-ray and
the MS measurement (mean value 8421 x 10 SI) suggest a sediment similar to that present

at the top of core BAY05-18c.

Several data of core BAY05-20c have been published in Mezgec et al. (2017) and Di
Roberto et al. (2019). The core is characterized by silt to sandy silt, light to dark laminae
alternating with greenish fluffy diatomaceous mud. Light laminae are siltier with color
spanning from olive-to-olive grey. Dark laminae are sandy silt, and the color varies from
dark grey to black. Carbonate fragments and some millimetres clasts are present. The
sediment covers a temporal range of about 3.2 ky (estimated by the lowest date). A tephra

layer, dated 1254 C.E., has been recognized (Di Roberto et al., 2019) at 139-140 cm depth.

Core BAY05-22¢ was collected near the top of a sediment drift recognizable in the west
flank of the fjord. The sediment is characterized by olive to dark olive grey sandy silt, weakly
laminated to massive. The gravel fraction is sparse along the core and more concentrated at

its base where also the sand fraction increases. The core bottom was dated as 8.1 ky old.

The piston core HLF17-01 was published in Tesi et al. (2020), is characterized by 14.65
meters of soft biogenic (diatom) laminated sediment accumulated during the last 2.6 ky. A
tephra layer was recognized at 136-137 cm depth and correlated to the 1254 C.E tephra of
core BAY05-20c (Di Roberto et al., 2019).

IT17-RS-GC-003 and IT17-RS-GC-004 (442 cm and 404 cm long, respectively) are the
innermost cores collected by Italian expeditions. Both cores are thickly and regularly
laminated. The low MS (avg 339 x 10 SI and 311 x 10 SI respectively) permits to suppose
the sediment as a diatom ooze. The base of core IT17-RS-GC-003 was dated as 0.7 ky old.
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4.4.3.2 Lithostratigraphic facies

The glaciomarine diamicton facies (GDf) is characterized by abundant pebbles in a sandy
silt matrix high dry density (avg 1.388 g/cm3) and high magnetic susceptibility (MS, avg
5479 x 10 SI) (fig 4.10 b, ¢). Water content, TOC and wt% BSi contents (23%, 0.38%,
10% respectively), measured in core BAY05-18c are low. This facies is present at the bottom
of cores BAY05-14c and BAY05-18c located in the sector 1 and its age is >35 ka BP (fig
4.10 c, table 4).

The laminated facies (Lf) is characterized by strongly to weakly laminated and massive
diatom ooze with low clastic material. The different physical and geochemical
characteristics from strongly laminated to weakly laminated permit us to distinguish two

sub-facies:

Strongly laminated sub-facies (SL-sf) which presents the lowest MS (avg 301 x 10 SI)(fig
4.10 a), a high-water content (avg 80%), and wt% BSi (avg 33%). TOC content is 0.62%
(medium value). The sediment presents a low dry density (avg 0.236). This sub-facies is
present at the base of core ANTA02-CH41, overlays facies GDf in cores BAY05-14c and
BAYO05-18c and it is the only facies present in cores BAY05-20c (Figure 4.10), HLF17-01
(Figure 4.12). IT17RS-GC-003 and IT17RS-GC-004 (Figure 4.11). This sub-facies was
deposited between c.a. 10 and 11.4 ka BP in sector 1 and at least since the last 4 ky BP in
sector 2. The short coring tool available, has not allowed to sample the lower part of the
subfacies SL-sf'in sector 2, where it seems to exceeds more than 100 meters in thickness on

the basis of seismic profiles.

Weakly laminated sub-facies (WL-sf) presents a higher MS than SL-sf, with average of 3014
x 10 SI (fig 4.10 a, b, d) with a water content and TOC around 58% and 0.65% respectively.
The mean dry density that characterizes these sediments is 0.578 g/cm3. Sub-facies WL-sf
overlies the SL-sf sub-facies in ANTA02-CH41 and BAYO05-14c (Figure 4.10 a,b) and
characterizes the entire core BAY05-22c. The sub-facies was deposited in a short time
interval about 9000-8400 years ago in sector 1, while the age of sediment collected at Bay05-

22c spans from 8.1 yr BP to the present (Figure 4.11)
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Massive, bioturbated facies with gravel (MBf), (Unit B in Finocchiaro et al 2005) massive,
sometime bioturbated silty sand to sandy silt sediment with dispersed gravel clasts
characterizes this facies. The MS averages 9180 x 10 ST (fig 4.10 a, b, c), water content is
39%, TOC 0.45%, low wt% BSi (7%). The mean dry density is 0.929 g/cm3. This facies
occurs at the top of cores (ANTA02-CH41, BAY05-14, BAY05-18c) (Fig 4.11). It is the
only facies present in BAY05-13c in Sector 1. It has been deposited from 9 ky to the present.
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Table 5: Summary of the facies association and environmental interpretation from studied cores. GDf
facies is here represented by the interval 381-401 cm of core BAY05-18c, sub-facies SL-sf is represented
by the interval 310-330 cm of core ANTAO2-CH41(Finocchiaro et al 2005); sub-facies WL-sf is
represented by the interval 158-178 cm of core BAY05-22c¢; facies MBf is represented by the interval O-
16 cm of core BAY05-18c.
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Figure 4.10: XRay, Photo and Magnetic Susceptibility (SI) curve for the core ANTA02-CH41 (a)
BAYO05-14c (b) BAY05-18c (¢) and BAYO05-20c (d). Each core is divided into the respective
lithitological facies indicated as: GDf = glaciomarine diamicton facies (in yellow), SL-sf = strongly
laminated sub-facies, WL-sf =weakly laminated sub-facies (orange) MBf =massive, bioturbated facies
with gravel facies (green). The cores (a, ¢ and d) report the depths with the radiocarbon calibrated dates.
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Figure 4.11: Xray and Magnetic Susceptibility curve of the core BAY05-22¢, GC-03 and GC-04.

Core BAY05-22c¢ spans from ~ 8.1 yr BP to the present and is characterize by the Weakly laminated sub-
facies (WL-sf). Core GC-03 has only one date made on benthic foraminifera from the core catcher (600
yr BP), is is characterize by the Strongly laminated sub-facies (SL-sf). Core GC-04 it has not been date
and is characterized entirely by the Strongly laminated sub-facies (SL-sf). The MS curve scale of the core
BAY05-22¢ was multiplied by 10 to increase the visibility of the variations.
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Figure 4.12: SBP showing core HLF17-01 (14,65m long) dated 2,6 ka at the bottom from Tesi et al
(2019). The seismic facies EI (yellow), EII (blue) are indicated. On the top right map with the location of
the core and on the bottom right curve of the magnetic susceptibility (MS).

4.4.3.3 Correlation between seismic data and sediment cores

Logging data provide the critical link between cores and seismic reflection profiles by
measuring the in situ geophysical properties of borehole lithologies at a scale intermediate
between the seismic and the core data. This linkage is essential because it allows detailed
information obtained by core analysis to be extended to the entire seismic reflection data set.
Correlations among the cores, logging data, and seismic profiles were made by importing
the data of the physical properties of the cores into the Kingdom Suite software, creating a
time to depth chart, i.e. a functional relationship between the velocity function and the times
(two way travel time ms) observed in the seismic profiles and corresponding depths.

The lithological shift boundaries and the characteristics observed in each core appear to be
related to the seismic reflections. Some of these shifts are also seen in the magnetic
susceptibility curves. An example of this correlation is given by the figure 4.13 where the

MS (from the core log data acquired onboard), grain size plotted on the seismic profiles of
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core BAY05-18c¢ are indicating that the diamicton at the base of cores 18c is overlain by a
weakly laminated unit and topped by diatomaceous deposits with sparse ice rafted debris
(MBf). The shift from strong to weakly laminated facies is at 11.1 yr BP from *C dates is
also marked by a shift in the magnetic susceptibility curve at 284 cm (Fig 4.10c and 4.13b)
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Figure 4.13: Representative correlation between seismic and sediment cores. (a) SBP showing the
location of the core 18c. The seismic units EI, EII are indicated. (b) Core log physical properties of core
18c (MS and Gran size) plotted on the SBP. (c) Xray and photos of the core 18c with the stratigraphic
facies highlighted and indication of the radiocarbon dates depth. GDf = Glaciomarine diamicton facies,
SL-sf = Strongly laminated sub-facies, Weakly laminated sub-facies (WL-sf) and MBf = Massive,
bioturbated facies with gravel facies. (d) Bathymetric map with core’s location (red dot) and SBP (red
line).
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4.4.4 Sediment drifts

The geophysical dataset combined with previous echo-sounding data collected in the outer
sector of the fjord reveal the presence of sediment drifts. Sediment drifts are accumulations
of hemipelagic mud and associated ice rafted debris which are formed and influenced by
bottom currents and thus show evidence for being partially shaped by them. The most
prominent of these features are usually to be found on the lower continental slope and rise
or on the Antarctic continental shelf (Harris et al., 1997). They are characterized by a very
high sedimentation rate and are potential excellent paleoclimatic archives for Holocene
palaeoenvironmental change and glacial climate oscillations (Willmott et al., 2007; Domack
et al., 2003). Paleoclimate records are crucial for understanding current changes taking place
in Antarctica.

Drift types are significantly controlled by the physiographic and geological setting in which
they develop and by different water masses that flow at different depths. Persistent bottom-
current systems and associated oceanographic processes strongly affect the seafloor,
conferring it erosional and depositional features. We considered the morphological pattern,
and its interaction with bottom water, as the major factors that had controlled the style of
sediment accumulation, in the classification systems for drifts our case is better represented
by the confined drift (Rebesco et al. 2014). Confined drifts are usually mounded, with
distinct moats in a relatively small confined basin. In the Edisto Inlet Fjord the drift has the
typical form of a sigmoid clinoforme, with a length not exceeding 2 km and thicknesses
from 30 to 100 m (figure 4.14).

They form a convex shape, with the predominance of sediment accumulation in the centre
of the drift. These small drifts have an arcuate morphology and presents the shape of a
separated elongated mounded drift. The Sub-Bottom Profiler (SBP) images show typical
contouritic features: (1) an eroded slope characterised by truncated reflections; (2) chaotic
acoustic facies of strong amplitude in the moat, and (3) mounded continuous reflections
commonly found in muddy drifts with thin glacio-marine and pelagic layers (Fig. 4.14). In
confined basins, gyres may transport sediment in suspension from a margin with a high
sediment supply to an adjacent margin, favoring the development of fine-grained contourites
in the latter. According to the coupled hydrodynamic models and geomorphological
interpretations proposed for depositional, erosional and mixed contourite features by

Miramontes et al 2019, separated elongated mounded drifts develop in the zone where
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bottom currents are relatively weak, with mean velocities below 7 cm s! although
oceanographic measurements within the fjord are still few, these evidences make Edisto

Inlet fall into this category.
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Fig. 4.14: The multibeam map shows the position of the sediment drift, represented by the SBP profiles
(red lines) along the Edisto Inlet fjord. The gray arrows indicated the path and direction of the current in
the fjord. Brown lines indicate the location of the sediment cores.

4.4.4.1 Sediment drift formation

The velocity measured by the ADCP in 2017 (during the acquisition of the morpho-
bathymetric data) shows values ranging from 5 to 30 cm/s (Figure 4.15). Values are null
over the areas with thickest sediment drifts in the middle of the Edisto Inlet Fjord (figure
4.15) Although this is not the current speed measured at the seabed but 100 meters above it,
and although this is just one measure and cannot be used as representative of a long time
period, we observe that these values are consistent with the geometry and type of sediment

of the Edisto sediment drifts. Even a low-speed water current of 5 cm/s would be capable of
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carrying suspended diatoms and prevent their deposition in the moats. Null bottom
circulation velocity measured in the center of the Edisto Inlet Bay would explain the
deposition and preservation of the thick soft diatom-ooze, comprising the sediment drifts.
The oceanographic measurements inside the fjord are limited to the ADCP data collected
PNRA cruise 2017 and a few CDT stations made in 2020 at the entrance of the bay (Figure
4.16). They show water stratification and an apparent gyre inside the bay, with south-
southwestward current on the western flank and northeastward current on the eastern flank
of the Bay. More measurements are needed to understand the circulation pattern and factors
controlling it, like winds, sea ice and tides that in narrow fjords is generally significant. The
available measures are too sparse and scarce to understand the present-day circulation and
compare it with the location of the sediment drifts. However, the distribution of the drifts
inside the Edisto fjord as observed in the seismic profiles, clearly shows that they are
controlled by morphology, and would suggest the occurrence in the fjord of a persistent
circulation pattern and high productivity conditions. All drifts-moats form on the flank or
behind ridges and narrow bathymetric gateways. They developed their typical shape and

stratified facies in the course of several thousands of years.
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Figure 4.15: Sub-bottom profiles (437,438,439) with an elongated sediment drift and moat and the
vertical transect of the currents from the vmADCP above that show that the speed increases in
correspondence of the high morphological 0,10 cm/s on the side of which a moat has formed while where
there is the drift the speed velocity is almost null.
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Figure 4.16: Oceanographic properties in the Edisto Inlet, based on data acquired in 2017 and 2020.
Temperature (a) and salinity (b) along the ship track at 4 m depth during the survey in 2017; the locations
of the gravity core RS17-GC004, the selected tidal grid node, the W-E section (shown in e, f, and g), and
six CTD/LADCP (067-072) stations are displayed; potential temperature and salinity from the six CTD
casts (in 2020) with emphasis on the 068 cast (c); current vectors from the LADCP at station 068 (d);
hourly barotropic tidal current for the duration of the 2017 and 2020 surveys (black rectangles; note the
speed scale change between 2017 and 2020) from TMD (Padman and Erofeeva, 2005), with the times
(grey arrows) corresponding to the passage close to 068 station, (e); section W-E, showing a vertical
transect of the currents from the VM-ADCP (f) and the sub-bottom profile, with positions of the gravity
core and 068 CTD (g). All indicated dates and times are in UTC. Each current vector plot has a scale of
referent velocity value. The northward (N) direction of the current vector is indicated in (e) and is valid
for (d) and (f).
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4.5 Discussion

4.5.1 Evidence of past glacial dynamics

Sea-floor landforms and accompanying acoustic and sediment stratigraphic records allow
interpretation of the past ice stream in the Edisto Inlet coastal fjord.

Incised bedrock troughs in the coastal fjord are indicative of grounding ice erosion and
expansion. Their formation must in some way also be related to bedrock influences and

control, specifically in the form of faults.

The northern Victoria Land is characterized by a dense array of NW—SE trending fracture
zones (Laufer et al 2011), apparently parallel to an intraplate dextral strike-slip fault system
that cuts through the continental crust (Behrendt et al., 1991; Rocchi et al., 2002, 2005) and
that seems to continue into the Ross Sea (Salvini et al., 1997). What becomes apparent on
comparing geologic structure and tectonic zonation is that the NW—SE trending fracture
zones in the northern Victoria Land must have a strong influence upon fjord orientation and

upon distribution of fjord’s ridges and depressions.

Different types of glacial landforms were identified on the seafloor in the different sectors
of the fjord. Sector 1 (Figure 4.8) is located at the entrance of the fjord and presents the
shallowest bathymetry (~430 m depth). There, glacial lineations are well visible, together
with crag and tails, also found in Sector 2, with the stoss end pointing towards the outer bay.
Those glacial features develop parallel to the main ice-sheet flow with the crag step
(grounding line) and tails (ice proximal sediment deposition) being indicative of a fast-
flowing outlet glacier or ice stream (Stokes and Clark, 2001; Shipp et al., 1999; Canals et
al., 2000; Cofaigh et al 2016; Slabon et al. 2016; Halberstadt et al., 2016). The NE-SW
orientation of those glacial features suggests that they were caused by glaciers advancing
out of Edisto Inlet rather than by the nearby Ironside Glacier or the Honeycomb Glacier. In
Sector 4, the bathymetry shows a deep depression (~700m depth) likely carved during
repeated past advances and retreats of the Edisto Glacier and the Manhaul Glacier (Fig 4.9).
In sector 4, at the very end of the fjord, subglacial and/or sub-cavity keel scours probably
originate from grounded ice dynamics related to the past advances and retreats of the Edisto

Glacier (Fig 4.9). A field of smaller ridges to the west of these features is interpreted as
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morainal deposits (Fig 4.9 a), forming at the base of ice crevasses as a result of (1) either
ploughing of linear furrows of basal diamicton during grounding ice still stands, while
retreating (Greenwood et al., 2018), or (2) as the expression of grounded ice tidal lifting and
settling of floating ice tongue or icebergs entrained in an ice melange (corrugation ridges,
Smith et al., 2019) during keel scours formation. Altogether, those glacial landforms suggest
that during past glaciations, and likely during the Last Glacial Maximum (LGM) as well,

Edisto Inlet glaciers expanded, carved the seafloor and advanced outside of the fjord.

This scenario is also supported by a glacimarine diamicton layer identified at the base of the
sediment cores (GDf lithological facies ~ 65 cm) collected at the entrance of the fjord (cores
BAYO05 14c and 18c, Figure 4.10, 4.13) and dated back ~35 ka.

The GDf facies is characterised by gravel-rich sediments with pebbles in a sandy matrix,
indicative of ice-proximal to subglacial environment, in analogy to what observed inother
cores of the continental shelf of the Ross Sea, where the transition from glacial sediments
(diamicton) to glacial-marine sediments and / or siliceous mud is characterized by a layer of
sorted muddy sand. The presence of this layer was first reported by Kellogg et al. (1979)
and later described as granulated facies by Domack et al. (1999). This coarse-grained
sediment has been interpreted as a meltwater facies, related to the decoupling and uplift of
a recessive melting line of the ice sheet.

The sediment cores collected in the innermost part of the fjord do not reach the diamicton.
The top of the diamicton sampled at core Bay18c corresponds, however, to a high amplitude
reflector in the acoustic facies EIl (Figure 4.5, 4.10), that can be followed across the northern
and central part of the fjord (Sector 1 and 2, Figure 4.7). This reflector lies at about 5-10 ms
above the acoustic basement, that possibly correspond to compacted glacial till. The acoustic
signal cannot penetrate deep enough to trace this reflector in the southern sector of the Edisto
Bay. However, we can speculate that glacialmarine diamicton overlying compacted till and
comprised in acoustic facies EII, likely characterises the sea floor until the southern end of

the fjord.

4.5.2 Post-LGM progressive opening of the fjord
At the entrance of the fjord (core CH41, 14c, HLF17-01), a strongly laminated layer (SL-sf)

made of a dense diatom ooze with a low clastic content (low magnetic susceptibility, Figure

4.10, 4.11) is found on top of the glacimarine diamicton (Figure 4.10 b, c, 4.13).
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Unfortunately, the resolution of seismic data does not allow us to follow this facies until the
innermost part of the fjord. The lithology and the diatom analyses from Finocchiaro et al
2005, Mezgec et al 2017 and Tesi et al 2020 show that the diatoms assemblage and ecology
indicates that low energy open-marine conditions associated with intervals of high
productivity (seasonal sea ice) prevailed.This transition from glacial conditions to open-
marine conditions is dated back to ~11 ka. This marks the reopening of the fjord and the

resuming of oceanic circulation.

Subsequently, the deposition of sandy silt sediments and a low-density diatom ooze (WL-sf)
at the entrance of the fjord (core 14c, CH41 fig 4.10 a, b) suggest a a brief phase of glacial
advance forced by regional cooling from 9 to 8 ka.

The significant increase of F. curta and Chaetoceros in diatom assemblages, imply a climate
cooling which is likely to be associated to a more persistent sea-ice covering (Finocchiaro

et al 2005; Tesi et al 2020).

Similarly, reconstructions from Wilkes Land, Adelie Land and the Antarctic Peninsula
suggest cooling between 10 and 8 ka. Cooling along Wilkes Land and Adelie Land has been
correlated with advancing glaciers and sea ice expansion (Escuttia et al 2005, 2014), which
has provided positive feedback on East Antarctica's atmospheric temperature. Along the
Antarctic Peninsula, cooling of around 8 ka has been suggested to reflect a decrease in
southwest wind (SWW), which led to a decrease in circumpolar deep water (CDW) intrusion
on the continental shelf and subsequently to surface cooling (Shevenell et al., 2011). In
contrast, diatom-based reconstructions of sea ice and ocean temperatures from Prydz Bay
suggest that the surface waters off Princess Elizabeth Land were warmer at 8 ka than 10 ka
(Barbara et al., 2010; Denis et al. al., 2010). It has been suggested that this regional warming
was related to an increase in CDW intrusion into the shelf between 10 and 8 ka due to a
more southerly location of the Antarctic Circumpolar Current (ACC).

In the Southern Ocean, in the area between the Antarctic Slope Front (ASF) and the
Subtropical Front (STF), geological records generally show a large 10 to 8 ka cooling,
similar to that estimated at the surface of the Antarctica (Bianchi and Gersonde, 2004;
Hodell et al., 2001; Crosta et al., 2005; Panhke and Sachs, 2006; Nielsen et al., 2004). This
shift is thought to be caused by a northward migration of ocean fronts (ACC South Front,
Polar Front, Subantarctic Front or STF). Associated with this cooling event, diatom records

in marine cores south of the polar front suggest a northward migration of the sea ice front
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during the 10-8 ka period (Nielsen et al., 2004; Bianchi and Gersonde, 2004; Hodell et al.,
2001).

The deposit in Edisto Inlet evidences an interval with more frequent and persistent sea ice
conditions with icebergs transporting terrigenous material at the entrance of the bay
(Finocchiaro et al 2005) (increasing magnetic susceptibility fig 4.10 a, b, ¢). A few thrusts,
visible on seismic data (Figure 4.5) and cutting through both WL-sf facies and facies SL-sf,
coincide with the occurrence of the first bathymetric step at the entrance of the fjord (Figure
4.5). Those features could potentially be attributed to to soft sediment deformation from the
keel of icebergs calved during the retreat of the glaciers and drifted away by oceanic
currents. At last, the deposition of a massive bioturbated and sandy silt sediment layer with
occurrence of gravels (WL-sf), marks the subsequent acceleration of the deglaciation of the

fjord, from ~8-7.2 ka (CH41, 18c).

4.5.3 Preserved Late Holocene high-resolution sedimentary record

On top of the WL-sf facies, sub-bottom data from Sectors 1, 2 and 3 reveal exceptionally
preserved, undisturbed bottom-current controlled sediment-drifts in the central part of the
fjord, made of mounded bodies, acoustically stratified (acoustic facies EI) pinching toward
moats (Figure 4.14). Their spatial distribution clearly shows that the deposition is controlled
by the morphology of the fjord. All the drifts-moats, indeed, formed on the flank or behind
ridges (Figure 4.14). During the austral summer 2017, LADCP measurements (~ 400 m
depth) showed a good correspondence between the velocity of the bottom currents, the
seabed morphology and the distribution of the sediment drifts inside the Edisto fjord (Figure
4.15, 4.16). Higher velocities (5 to 30 cm/s) were measured over moats, lower velocities (<5
cm/s) over the core of the sediment drifts, while almost no/very slow circulation occurred in
the center of the fjord where the thickest sediment deposits, up to 130 meters, are observed

(Fig. 4.6, 4.7).

Lithological analysis indicates that all drifts are made of laminated diatom ooze (SL-sf and
WL-sf facies). The bottom of the longest core (HLF17-01) characterised by the SL-sf facies,
in the upper section of the drift acoustic facies EI, is dated back to 2.62 ka (Tesi et al. 2020)

(Figure 4.12). Drift typically forms on millennial timescale (Rebesco et al 2014) and our
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data suggest that they start to deposit in the Edisto Inlet at least since 8 ka (based on the
dated bottom of core 22¢) or even earlier (ca. 11 ka, on the basis of the age of the SL-sf in
core Bay18c) (Figure 4.11, 4.14). The deposition and preservation of the thick undisturbed
sediment drifts of Edisto Inlet can only be explained if a modern-like oceanic circulation
with periodic intervals of high productivity, fostered by the intrusion of warm waters,
persisted over several thousands of years. Furthermore, this undisturbed sequence of soft

sediment indicates that the glaciers never readvanced in the fjord after their retreat.

4.5.4 Edisto Inlet post-LGM evolution

[0] Glaciation: During the peak of the glaciation, Edisto Inlet glaciers advanced, merged

and flowed out of the fjord as shown by all the glacial landforms found on the seafloor.

[1] Glacier retreat after the LGM: while the glaciers retreated, they dropped a subglacial
melt-out till (GD-f facies) that currently drapes and fills the glacially eroded sea floor and is
identified both in the sediment cores and in the seismic data. The GD-f facies is interpreted
as deposited in front of a retreated glacier rather that subglacially because of its relatively
soft character (that can be penetrated with high frequency seismic source). The retreat phase
occurs between the LGM and at least 11 ka. Based on seismic lines, we found no evidence
of glaciers re-advance, e.g. grounding-zone wedges. We thus infer that the retreat could have
been gradual, with a progressive glacier thinning, but without any stationary phases of their
grounding line. Deeper penetration seismic profiles will be crucial to define the type and
morphology of the bottom of the current-controlled sediment drift, where it is thickest in the
central sector of the bay. Higher energy seismic profiles could highlight whether grounding
zone wedges or morainal banks occur along the fjord, documenting a step-like versus

gradual grounding ice sheet retreat.

[2] Opening of the fjord and resuming of the oceanic circulation: In confined
embayments, the gradual thinning of converging glaciers can lead to the formation of an ice
shelf in the earlier stages of the retreat. The deposition of the biogenic-rich, stratified SL-sf
on top of the subglacial melt-out till layer GD-f implies that until the core BAY05-18c, the
fjord was glacier-free (no grounding ice) already ca. 11 ka ago. The lack of sediment cores

reaching the GD-f facies in the central part of the fjord does not allow us to identify this

117



facies in the innermost sectors of Edisto. However the correlation of core Bay18c with the
seismic data suggests that the GD-f lies over the entire sector 1, 2 and 3 of the fjord. Two
scenarios are thus viable: (1) the SF-f facies deposited in the inner sectors 3 and 4 of the
fjord directly over compacted till, with no melt-out till deposition and then no formation of
an ice shelf , which implies a fast retreat of the glaciers; (2) the SF-f facies deposited over a
GD-f facies also in the inner sectors 3 and 4 of the fjord, which implies a slower retreat of
grounding ice, with the development of an ice shelf at its front, located further south in the

fjord with respect to the location of BAY05-18c.

[3] Premise of deglaciation: the first scenario is ruled out by the deposition of weakly
laminated and sandy material (WL-sf) on top of the SL-sf at the entrance of the fjord towards
9-8 ka. The sand fraction was likely transported by icebergs that mostly originated from
Edisto glaciers, suggesting that glaciers front was floating. Further evidence supports the
presence of an ice shelf at that stage. Thrusts identified in the SL-sf and WL-sf around 420
m depth, presumably caused by icebergs drifting. The bathymetry of the inner part of the
fjord is larger than 420 m depth, implying that an ice shelf likely existed in the fjord until
that stage. At last, the WL-sf 1s also found in the core BAY05-22c¢ located within the fjord,
implying that the ice shelf front was located further south relatively to the core BAY05-22c.
During this period Corethron disappears, while F. curta becomes the prevailing species of
diatoms. High percentages of F. curta > 50% have been associated with the presence of sea
ice (Leventer et al., 1996; Cunningham et al., 1999). The high accumulation of terrigenous
sediments could also document the rapid downward recession of local and / or regional
glaciers and the onset of seasonal sea ice formation.

Persistent sea ice conditions could have been enhanced by the melting of icebergs, increasing

the stratification of the oceanic waters within the fjord.

[4] Acceleration of the deglaciation and establishment of modern oceanic conditions:
the disintegration of the ice shelf within Edisto Inlet started toward 8-7.2 ka and led to the
deposition of the massive bioturbated and clast-rich layer (MB-f) in the outer sector of the
bay, identified in the cores CH14 and BAYO05-18c. Based on our evidence, we cannot
constrain the duration of this final deglaciation phase.

However, core HLF17-01 suggest that open-marine (no ice shelf) condition was established
in the central sector of the fjord earlier than 2.62 ka. At this time, a current-controlled

sediment drift was already depositing in sectors 2 and 3 of the Edisto Inlet.
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After the acceleration of the deglaciation, the drifts-moats in the sectors 2 and 3 of the Edisto
Fjord developed in the course of several thousands of years, sometime between 7.2 ka and
2.6 ka. The undisturbed character of all the drifts found within Edisto Inlet indicates that no
glaciers re-advance occured at least since 7.2 ka as shown by the sediment drift morphology.
During this period the lowest F. curta relative abundances, concomitant to high occurrences
of CRS and TRS (Mezgec et al 2017) support the hypothesis of a more open oceanic

conditions.

Implication for the deglaciation scenarios

The evidence of floating ice in the Edisto Bay since at least 11 ka would discount the
occurrence of coeval grounding ice and ice shelf in this region of the north-western Ross
Sea. At that time, if ice was grounding over the continental shelf, in deeper water and to the
north of the Edisto Inlet, it would have necessarily implied both ice streams and coastal
glaciers thickening. Even in the case that grounding ice was not present, but an ice shelf
floated over the outer continental shelf, the Edisto fjord could not remain free of ice.

The geological perspective provided by these results demonstrate that the Edisto fjord
preserves a unique sedimentary archive for investigating the response of Antarctic coastal
glaciers to climatic and ocean circulation changes at millennial resolution since the LGM
and that is an important site for future investigation on climate models that seek to predict
dynamic of small glaciers system and their relationship with regional Antarctic ice sheet
dynamics. Drilling the sediment drift in sector 3 of the Edisto fjord will then provide a
continuous and expanded post-LGM record across the transition from the climatic optimum

to the cooling, up to the recent times.
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Figure 4.17: Cartoon of the Post-LGM Progressive opening phases of the Edisto Inlet Fjord.

a. Advanced glacial phase (LGM), ice is grounded out of the Edisto Inlet Fjord. b. Opening of the Fjord
between the LGM and 11 cal BP Ka. c. Acceleration of the deglaciation between 8 -7.2 Ka and intrusion
of the mCDW d. Modern oceanic condition with seasonal sea ice something in between 7.2 cal ka and
2.6 ka.
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4.6 Conclusions

The last deglaciation is the most recent, large-scale climate warming interval during which
northern and southern hemispheres ice sheets retreated and sea level rise at a non-uniform
rate. The Antarctic ice sheet is the main source of uncertainties upon future sea level rise,
but little is known about its last deglaciation chronology in key marine-based sectors, such
as the Ross Sea. We combine multibeam, reflection seismic data, and oceanographic
measurements with the southernmost, first evidence of an expanded, ultrahigh resolution,
Holocene sedimentary section deposited in the Edisto Inlet fjord (North Victoria Land,
NVL). We find that post-glacial sedimentation resulted in an up to 130-meters-thick
undisturbed diatom ooze (mainly), locally redistributed by bottom currents over confined
drifts-moats in the inner part of the fjord. This line of evidence indicates that the fjord was
not carved by grounding ice after the Holocene Climatic Optimum anymore and was subject
to seasonal sea-ice free conditions with regular warm water intrusions. Those findings
support an early retreat of coastal glaciers by ca. 11.1 ka from the NVL continental shelf

after this period.
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Chapter 5

5. ROBERTSON BAY

5.1 Introduction

The advance and retreat of the ice sheet during past climate glacials and interglacials has
had a significant impact on the environmental condition of the continental margin (Domack
et al 1999). Particularly, the Ross Sea is a key area for reconstructing the ice sheet dynamics
from the geological records, as it drains a large sector of the most vulnerable West Antarctic
Ice Sheet (Setti et al 2004). The grounding line advanced near the Ross Sea continental shelf
edge at the end of the Last Glacial Maximum (LGM, ca. 20 ka) and now is located several
hundreds of kms inland (Howat et al 2003; Anderson at al 2014).

Understanding sediment type and distribution is critical for studies reconstructing glacial
and ice-sheet behaviour based on paleo-records (e.g., Naish et al. 2009; Anderson et al.
2011; Fernandez, Anderson, Wellner et al. 2011; Stokes et al. 2015). Previous study in the
western Ross Sea continental shelf document that interglacial phases are characterized by
deposition of diatom mud. The presence of this type of sediment in the geological record is
interpreted as representing the establishment of seasonally sea ice open climatic conditions.
However, interglacial diatom mud deposits are difficult to find, because they have been
mostly eroded by grounding ice sheet, during subsequent glacial expansion, remoulded by
icebergs or swept by bottom currents. Prothro et al. 2018 and Wellner et al. 2001, show the
distribution of the sedimentary facies and glacial landforms, deposited after the LGM in the
Ross Sea and Antarctic Peninsula, located mainly in inner shelf basins (where it is preserved
from the action of icebergs and of strong bottom currents). Coastal bays and deep fjords are
potentially good candidates to preserve expanded geological records of past interglacials.
Tidewater glaciers generally respond more rapidly to climatic fluctuations than large ice
sheet because they have small drainage areas and high accumulation rates (Anderson 1999).
Rapid sediment accumulation generally is observed in temperate and subpolar fjords and
coastal bays where tidewater glaciers are debouching and into which they carved deep

depressions during maximum expansion. These depressions are now filled with high-
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resolution sedimentary Holocene record, deposited after glacier retreat. Environmental
variations are reflected in the cyclic alternations between glacial facies (e.g. sub-ice, melt-
out, water-lain diamicton, Ice Rafted Debris - IRD) and open marine facies (biogenic mud)
(Escutia et al., 2002, Maldonado et al., 2005, Close et al.2010). However, the characteristics
of single bay can be widely variable, depending on the number and type of glaciers draining
into the bay and to the processes carrying and depositing sediment in and out of the bay.
Numerous factors control sedimentation including climate, seafloor bathymetry, bay
geometry, oceanographic regime, the presence of sea ice, the size of ice drainage areas and
proximity to sediment sources (Griffith & Anderson 1989; Domack & McClennen 1996;
Ashley & Smith 2000). Each of these contributes differently to the distribution of sediment
along the bays. Therefore, when applying any model of sediment distribution in a fjord or
in a bay environment, we must take into account how local versus regional variations of bay

systems variations affect sediment distribution.

The BAY project’s cruise carried out by by PNRA (Programma Nazionale di Ricerca in
Antarttide) in 2005 and the following PNRA cruises in 2016 and in 2017 and the KOPRI
cruise 2015 had the purpose of exploring several bays along the North Victoria Land to seek
for: 1) post-LGM and possibly older interglacial records, 2) to verify the local versus
regional response of the depositional system to climate changes; and 3) to investigate
diachronicity of the Victoria Land system in response to the regional climatic oscillations.
Expanded sedimentary sequence has been discovered in some of the fjords along the North
Victoria Land (NVL, Finocchiaro et al., 2005, Mezgec et al., 2017). The present work is
aimed at investigating the geological record from Robertson Bay and compare it with the
Edisto Inlet record to study local versus regional response of the different glaciers to the
post-LGM climatic change.

Robertson Bay lies between Cape Barrow and Cape Adare in the northern Victoria Land in
the western Ross Sea. The seafloor morphology and seismic-stratigraphic characteristics of
Robertson Bay have never been reported. In this thesis chapter, I constructed a new
bathymetric map and some geological sections, obtained from multibeam, a grid of sub-
bottom profiles (SBP) and sedimentological and geochemical analyses on two sediment
cores collected inside the bay in 2005.

This multiproxy approach allowed reconstructing environmental changes in different

morpho-bathymetric setting, from the Holocene to the present.
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5.2 Regional Setting

Robertson Bay is located at the boundary between East and West Antarctica, at the Pacific
termination of the Transantarctic Mountains. It’s about 37 km wide and 40 km long, in Cape
Adare region, a prominent cape of basaltic lavas and volcaniclastic deposits forming the
northern tip of the Adare Peninsula and the north-easternmost extremity of Victoria Land.
Figure 5.1

The geology of northern Victoria Land has received considerable attention in the past
(Wright, 1981; Bradshaw et al., 1982; Field et al., 1983) and a more comprehensive study
of volcanic rocks and tectonic significance is widely reported by Harrington 1958, Behrendt

et al. 1991, Kyle 1990, Rocchi et al 2003, Nardini at al 2003.

150E |

Victoria Land

Figure 5.1 Map of Robertson Bay and the Adare Peninsula in the western Ross Sea. (U. S. Geological
Survey)

The geological framework of NVL is commonly referred to the assembly and stabilization
of three different NNW-trending, Neoproterozoic to Early Palaeozoic, fault-bound
lithotectonic units or “terranes” onto the East Antarctic Craton during the Early Palaeozoic
Ross orogeny (GANOVEX Team, 1987; Kleinschmidt and Tessensohn, 1987; Borg and
Stump, 1987; Stump, 1995; Roland et al., 2004).
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These terranes from west to east are: (i) the Wilson Terrane (WT), (i1) the Bowers Terrane
(BT), and (iii) the Robertson Bay Terrane (RBT) (GANOVEX Team, 1987; Bradshaw,
1987, 1989; Tessensohn and Henjes-Kunst, 2005; Rocchi et al., 2011; Estrada et al., 2016).
The latter comprises turbidites of the probable Cambrian Robertson Bay Group, which were
metamerphosed and folded during the Ross Orogeny (approximately 500 Ma). These strata
are intruded by granitoids of the Admiralty Intrusives (Borg et al. 1987, Rossetti et al. 2006)
and local trachytic lavas of the McMurdo Volcanic Group (Kyle 1990).

5.3 Oceanography

The circulation of the Ross Sea is dominated by a polynya processes and by a wind-driven
gyre. Near-freezing Ross Sea High Salinity Shelf Water (HSSW, with temperatures of c. -
1.9°C) forms in the polynya, where prevailing katabatic winds drive intense sea ice
production (Fig.5.2 an example of Terra Nova Bay polynya in the Victoria Land). Shelf
Water originates from winter buoyancy loss of superficial waters due to sea-ice formation
process that produces dense and salty water masses (Williams et al. 2010).

The Ross gyre involves the southernmost branch of the Circumpolar Deep Waters (CDW),
that mixes with the surface and shelf waters forming on the continental shelf to create
Modified Circumpolar Deep Waters (mCDW) (Williams et al. 2010) (Fig. 5.3).

At the shelf break, Antarctic Bottom Water (AABW) forms through modification of shelf
water (SW) and HSSW via mixing with mCDW and AASW. Newly formed cold, saline
AABW flows down the continental slope in cascading gravity currents into the abyssal
ocean (Ohshima et al., 2013; Rintoul, 2000)

The change in the export of the Antarctic Bottom Water (AABW) strongly influences
cooling and ventilation processes of deep oceans (Whitworth, T., Orsi, A.H., 2006). AABW
is generated from vertical mixing events occurring between the modified Circumpolar Deep
Water (mCDW) and Shelf Water.

The Modified Circumpolar Deep Water (mCDW) is a relatively warm, salty and nutrient-
rich water mass that flows onto the continental shelf at certain locations in the Ross Sea.
Through heat flux exchange, this water mass moderates the sea ice cover. It provides also
nutrients to excite primary production (Ito et al. 2005). mCDW transport onto the shelf is

known to occur at specific locations mainly influenced by bottom topography and depending
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on the strength of the Antarctic Slope Front. The flow is considerable in spring and winter,
due to influencing tides.

The Ross Sea is partially covered with sea ice for much of the year. In the south-central
region little melting occurs (Holland at al 2017). Sea ice concentration in the Ross Sea is
influenced by wind with ice remaining in the western region throughout the austral spring
and generally melting in January due to local heating (Holland at al 2017). This leads to
extremely strong stratification and shallow mixed layers in the western Ross Sea.

Cape Adare, in particular, provides a western boundary pathway for Ross Sea dense water
exported from the central and western topographic troughs of the Ross Sea. The northward
transport of bottom water observed in austral summer 2004 off Cape Adare was ~1.7 Sv,
composed of ~25% HSSW (Gordon et al., 2015). Additional export of Ross Sea water in to
the deep ocean, composed mainly of Lower-Salinity Shelf Water (LSSW; including Ice
Shelf Water) and modified Circumpolar Deep Water (mCDW), occurs east of Iselin Bank
(Orsi and Wiederwohl, 2009).
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Figure 5.3 Schematic of the movement of water masses in the Ross Sea and along the marginal marine
environment in East Antarctica. The diagram shows key water masses as defined from Whitworth et al.,
(1998). Main water masses include: Circumpolar Deep Water (CDW); Modified Circumpolar Deep
Water (mCDW); Shelf Water (ISW); High Salinity Shelf Water (HSSW); Antarctic Surface Water
(AASW); and Antarctic Bottom Water (AABW). The black rectangle indicates the location of Robertson
bay in Cape Adare in the western Ross Sea.

5.4 Data and Methods

5.4.1 Multibeam Bathymetry and Sub-Bottom Profiles

The PNRA BAY Project took place in January 2005 along the Victoria Land coast and 100
miles of Sub-bottom profiles (SBP 3.5 kHz), 8 gravity cores (for a total of 30 meters) and
one box corer were acquired in Robertson Bay. Only two of them, the core 29¢ and 32¢

have been used for this thesis Figure 5.4.
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Figure 5.4. Bathymetric map of Robertson Bay with the location of the Sub-bottom profiles red lines and
sediment cores red dots. Seismic profiles show the location of the sediment cores and the seafloor
bathymetry (Morelli poster 2005).

The acquisition of the cores occurred along the continental slope off Cape Adare, at a depth
between 150 m and 700 m. The choice of the sampling sites has been assisted by the aid of
the high-resolution seismic profiles (SBP). The sediment cores, with an average length of
about 4 meters, were sectioned into 100 cm lengths each and the magnetic susceptibility was
measured on board. The cores were then stored at -4° C for the subsequent analysis.

The second geophysical data set for this study has been collected from a Korea Polar
Research Institute (KOPRI) cruise in 2015 Figure 5.5. Shallow sub-bottom profiling data
were collected using an SBP120 Sub-bottom profiler (12 kHz). The multibeam data was
acquired using a hull-mounted Kongsberg-Simrad EM-122 multibeam echosounder, with a
swath of 432 beams and an operating frequency of 12 kHz. Data acquired aboard the RV/IB
Araon was manually edited to remove errant data with the multibeam editing software

CARIS HIPS&SIPS 8.0, and gridded to 25 x 25 m.
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Figure 5.5. Geographic Map of Robertson Bay with the SBP and Multibeam data collected aboard the
research vessel/ice breaker (RV/IB) Araon during a KOPRI expedition in 2015. Bathymetry collected
aboard the research vessel Italica during a PNRA expedition in 2005 and SBP over it (Black lines). The
two yellow starts indicate the location of the sediment core 29¢ and 32c. Colour bar shows heights/depths
in metres.

The Sub-bottom profiles were taken to estimate rock and sediment types of the geomorphic
assemblages and composition. Sub-bottom profile systems are successfully used in other
similar glaciated areas to investigate the subsurface of the marine sedimentary sequence in
poorly consolidated deposits and to characterize the sediment packages and bedrock up to
80-100 m below the seafloor (Anderson et al., 2001). Water depths and sediment thickness
were calculated by converting the two-way travel time to meters using acoustic velocities of
1500 m s—1 for water and soft unconsolidated sediment. For interpretation of depositional
mechanisms, the acoustic facies were correlated to the core (29¢ and 32c¢) sedimentology.
The analysis of all the dataset was conducted by using the IHS Kingdom Suite seismic
interpretation software.

All the data and methods used in this thesis are well detailed in the chapter 3.
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5.4.2 Sedimentological analyses

On the cores BAY05 29¢ and 32c the following analysis were made: X-ray analysis
(Bartington MS2C), grain size analysis (the biogenic component is given mainly by diatoms
and spicules), Multi-Sensor Core Logger (MSCL) measurements, such as density, the speed
of the compression waves (P-wave velocity) and the amount of magnetically susceptible
material present in the sediment. Forams assemblage (by R. Melis, not published yet) and
Diatom assemblage was made by PhD student F. Torricella at University of Pisa (not

published yet).

54.2.1 Grain size analysis

Grain size analyses were performed in 2005 on 40 samples by Prof. Ester Colizza
(University of Trieste). Samples were treated with hydrogen peroxide to remove organic
matter and sieved to separate the < Imm fraction.

The grain size characterisation of < 1 mm fraction was analysed using a Malvern MasterSizer
2000 laser. Sand, silt and clay were determined using the grainsize classification proposed
by Friedman and Sanders (1978). Statistical parameters were determined according to Folk

and Ward (1959).

54.2.2 Diatom Relative Abundance

Diatoms were identified to species or species group level based on a variety of Southern
Ocean and Antarctic diatom resources (including Armand et al., 2005; Crosta et al., 2005;
Scott, 2005; Romero et al., 2005). The relative abundance of each diatom species was

determined as a percentage of total diatom valves counted for each sample.

The unpublished datasets presented in this thesis were provided by PhD student F. Torricella
who performed diatom analysis at the University of Pisa.

A total of 209 samples were performed according to the methodology described in Rathburn
et al., (1997) which avoids the use of centrifuge. A diatom count was performed under a
microscope at a magnification of 1000x. For each sample at least 300 diatom valves in each
sample were identified and counted following the counting method outlined by Armand

(1999) and Crosta and Koc (2007). The relative abundance was determined for each taxon
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as the ratio between the diatom species and the total diatom. The total absolute diatom
abundance (ADA) in terms of the number of valves per gram of dry weight (nv gdw™!) was

determined using the formula described by Armand (1997).

54.2.2.1 Diatom Paleoecology

The distribution and assemblage of diatoms in the surface waters of the Southern Ocean is
controlled by a variety of environmental factors. Light intensity, salinity, sea surface
temperature, sea ice concentration and duration, nutrient availability, and water column
stability (Armand et al., 2005; Beans et al., 2008; Crosta et al., 2005; Cunningham and
Leventer, 1998; Romero et al., 2005). Sea ice extent, in particular, effects both total
productivity - suppressing productivity when present and enhancing productivity as it
retreats (Arrigo et al., 2010) and the nature of the diatom community. The diatom
assemblage in Robertson Bay is dominated by sea ice (as opposed to open ocean) associated
species with varying preferences regarding the nature and duration of ice extent (Torricella

personal comment).

5.4.3 Geochemical analyses

Organic matter characterization (TOC), Carbon and Nitrogen isotopes (83C; 8"°N) and
Biogenic silica concentration (BSi) were made by myself at University of Otago and bulk
radiocarbon dates were obtained at the Poznan Radiocarbon Laboratory located at Adam

Mickiewicz University (Poland).

Sedimentary biogenic silica concentrations (BSi%) were measured at the Geochemical
Preparation Laboratory, Geology Department, University of Otago. Measurements were
carried out using an alkaline extraction spectrophotometric method modified from

Strickland and Parsons (1972) and Mortlock and Froelich (1989).
Sediment samples for bulk carbon analyses were taken from core 29c¢ and 32c at 5 cm

resolution (211 samples in total). Sample preparation was conducted at the Geochemical

Preparation Laboratory, Geology Department, University of Otago.
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Carbon concentrations and isotopes were analysed using a Carlo Erba NA1500 Series 2
Elemental Analyzer interfaced with a DeltaPlus isotope ratio mass spectrometer via a

ConFlolI device at the Stable Isotope Laboratory at Stanford University, California, USA.

5.4.4 Chronology

To develop a chronology for core 29¢ e 32c, sediment samples for Ramped Pyrolysis (RP)
radiocarbon analysis were taken from four depths for core 29¢ and from five depths from
core 32c spanning the length of the cores. Samples were pre-treated by myself at the
University of Otago and then sent to the Rafter Radiocarbon Lab AMS facility at GNS in
Wellington for radiocarbon dating.

Due to the Covid-19 pandemic, the PR analyses suffered severe delays, as mentioned in
chapter 3, therefore in this thesis the radiocarbon dates were calibrated with the Bayesian
age model following Tesi et al 2020 (Table 3) with the latest version of OxCal software (see
3.6.5.1.3). For core BAY05_32c the limitation of the model due an inversion date showed a

negative accumulation rates so in that case we used the unmodeled calibrated date.
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5.5 Results

5.5.1 Glacial landforms

The bay was divided into two sectors (Figure 5.6): sector 1 was analysed by using a SBP
dataset (PNRA 2005) correlated with the two sediment cores. Unfortunately, the lack of
multibeam swath bathymetry did not allow the mapping of the glacial landforms in detail in
sector 1. Instead, in sector 2, the swath bathymetry collected by KOPRI (2015) shows with
more detail the occurrence of several glacial landform types: Streamline ridges, depressions,
meltwater channels, Mega scale glacial lineations (MSGLs), lateral moraine and other

erosional features (Fig. 5.8).
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Figure 5.6: Sector 1 (outer shelf) the dataset is a bathymetric survey collected in 2005 (PNRA). Sector 2
(Inner shelf) the dataset is a high resolution multibeam swath bathymetry collected in 2015 (KOPRI).
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The bathymetry in the sector 1, reconstructed using the SBP data, highlights the presence of
three basins: the inner basin (up to 506 meters deep) is separated from the mid basin/
depression by a sill (Sill 2), at depth of 370. The mid-basin reaches a depth of 533 m and is
separated by the outer basin by a sill (Sill 1) at 350 m. The outermost basin is 525 m deep
(fig. 5.7)

The shape and orientation of the three basins must in some way reflect the main route of
grounding ice erosion during past glacial maxima, although it is also influenced by bedrock
lineations and substrate will in turn control the location of ice streams during glacial
advances. NW-SE dextral faults have been identified in the North Victoria Land (Salvini et
al 1997, Domack et al 1999, Howat et al 2003, Rocchi et al 2003), that likely continue
offshore, and originate the two morphological steps, that separate the three basins, although
there is no evidence of recent faulting in our SBP profiles.

Core 29c, is located at 450 m water depth, in the mid depression. Core 32c is located in the

morphological sill between the mid and the inner basin (fig. 5.7).

Figure 5.7 Bathymetric data collected from sector 1, aboard the research vessel Italica, during a PNRA
expedition in 2005. The bathymetry highlights the presence of three basins ranging from 150 m to about
550 m. The inner depression (506 m) is separated from the outer depressions (533 m and 525 m) by two
sills, at depth of 370 and 350 m (a). The black lines show the location of the sediment core 29 ¢ and 32 ¢

(b). Contour heights/depths are in metres.
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5.5.1.1 Description of glacial landforms

The swath bathymetric data from sector 2 show a rugged crystalline substrate and elongated
streamlined features overall parallel to the bay axis (Figures 5.8, 5.9).

The elongated ridges trend SE-NW, up to 7 km long, 1.5 km of width, and from 30 to 50 m
high, have a slightly curved pattern with their convex sides to the SE. They exhibit a
convergent pattern towards NE. Depressions within the elongated ridges are up to 6 km long,
2 km wide and 40 m deep, but are generally 1 km in width and have a V-shaped cross-
sectional profile and are interpreted as glacial lineations. Some of them terminate with hills
downstream (to the NE).

Channels (up to 4 Km long and 300 m wide and 8 m deep) are observed in innermost area
of sector 2 and on the eastern side of the Bay (fig. 5.8). They likely originated from
meltwater outwash during grounding ice retreat or belong to an old sub-glacial drainage
system (fig. 5.8). Asymmetric mounds lying on the western and eastern side of Roberston
Bay, in sector 2 (fig. 5.10) are interpreted as lateral moraine possibly formed during several
glacier overriding stages. Linear incisions (2 Meters deep), oriented NW- SE, lying in the
area between the channels and the elongate ridges are interpreted as glacial striations,
possibly originated as Ice shelf melange scours or Sub-ice shelf keel scours (e.g. Smith et
al., 2019), after lift-off of marine terminating glaciers and subsequent disintegration of

floating ice with production of an iceberg armada.

The character and dimensions of the bedforms observed in Robertson Bay match well to
similar features described across a number of formerly glaciated regions in Antarctica,
where they are carved in hard crystalline bedrock (e.g Graham et al 2009, Halberstadt et al.,
2016, Simkins et al., 2017, Smith et al., 2019), and which are plastered by a till sheet at least
several metres thick.

We are unable to determine the precise nature of the streamlined linear ridge (i.e., whether
they are rock drumlins, roche moutonnées, or crag and tail). Between the bedforms, which
are separated by less than 1 km in almost all cases, we observe the bed to be very flat,
indicative of draping and infill sediments (Fig 5.9).

A high resolution three-dimensional (3D) map of the streamlined elongated ridges is
provided in Figure 5.9 and a cross and longitudinal section in the seismic profile is provided
in Figure 5,10, 5.11 (Transect XX’ and YY”). In figure 5.11 the longitudinal section (ZZ’)
along the Sill 2 shows that the bedrock is cut by the marks of the glacial lineations.
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These features suggest ice flow from southeast into Robertson Bay (Figures 5.8). Their
orientation is opposite to that of present-day ice flow of the small coastal glaciers on the
western flank of the bay Figure 5.6. Mineralogical analysis should be done in the future to
reconstruct the provenance of sediment composing the elongated ridges. However, in
analogy to what is observed on other Antarctic coastal regions (like Drygalsky Glacier and
the Mertz Gleacier), we suggest that during the Last Glacial Maximum the coastal glaciers
(Adare, Murray and Dugdale) debouching into the Robertson Bay, expanded, merged and

deviated westward.
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Figure 5.9 3D swath bathymetry of submarine elongate ridges at 25 m grid resolution (a) Zoom of the
elongated streamlined bedforms uninterpreted oriented SE-NW (b) and interpreted, with Ice flow
direction (black dotted arrows) (c). Figures b and ¢ have been rotated by 15 ° degrees on the right. The

colour bar (depths) is in metres.

In contrast, the areas with relatively smooth seafloor where the low reflectivity allows

penetration of the acoustic signal below the seabed, is interpreted as the surface of recent

soft sediment, filling and draping previous morphology, most probably made of hemipelagic

diatomaceous ooze (in analogy with the Edisto Inlet Fjord) but no samples are available

from this area.
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Figure 5.10: SBPs show in profile A A' and B B' two lateral moraines that could have formed during
different phases of glacier stationing in the western and eastern flank of Robertson Bay.
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the longitudinal section along the Sill 2, the bedrock shows the signs of glacial lineations, a V-shapes
channel and few ridges.

5.5.2 Seismic facies

Acoustic lines were analysed using standard seismic stratigraphic techniques for glacial and
glaciomarine deposystems. This procedure involves acoustic facies analysis. Tree acoustic
facies numbered from 1 to 3 Fig. 5.12 are defined on the basis of reflector geometry,

amplitude and lateral continuity.
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The acoustic basement is the limit of acoustic penetration, it is generally a high amplitude

reflector sometimes discontinuous.

Seismic facies 1 consists of laterally continuous, high amplitude, parallel, sub-horizontal or
undulated reflectors, generally conformable to the sea floor. Facies 1 can be found as basin
fill, onlapping the flank of a basin, or as sediment drift deposits (See paragraph 4.5.4 with
details on geometry and internal facies of the sediment drift and references) (Figure 5.12a).
The seismic facies I reaches a maximum thickness of 100 ms (twt) in the inner part of the

bay.

Seismic facies 2 shows medium to low amplitude, discontinuous reflectors. Facies 2 can be
found in asymmetric wedges or isolated mounds. Core 29 penetrated the acoustic facies 2
recovered diatomaceous mud and with poorly sorted muddy sand with IRD, deposited after
the LGM.

The core 32c¢ penetrated the acoustic facies 2 from 1 to 420 cm. (Figure 5.12b) recording

marine post glacial sediment deposition.

Seismic facies 3 1s transparent with low-amplitude reflectors that are found in asymmetric
wedges or lenses overlying the acoustic basement (Figure 5.12¢). Core 32 penetrated the
acoustic facies 3 from 420 to 464cm, recovering normally- compacted glacial diamicton.

Facies 3 can then be recording in of sub-glacial or ice proximal glacimarine deposit.

The acoustic basement is the limit of acoustic penetration. It is generally a high amplitude
reflector sometimes discontinuous with strong bowtie, hummocky reflections or diffraction

(fig. 5.12d).
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Figure 5.12: Seismic Facies Classification; (a) Seismic facies 1, layered sediment or basin fill; (b)Seismic

facies 2, asymmetric wedge with internal discontinuous reflections; (c) Seismic facies 3, asymmetric wedge
with low amplitude and no internal reflections; (d) crystalline basement or bedrock.

Sub bottom profiles show that the acoustic facies below the elongated ridges is opaque or

weakly stratified, with reflectors draping the ridges (Fig. 5.13).

Small depressions within the elongated ridges are filled with parallel stratified reflectors.

One of these is shown in the Figure 5.13 with up to 15m of stratified sediments. In the

innermost part of the bay a V-shaped valley is partially filled by sediment with high

reflectivity (Fig. 5.13 c, d).

The thickness of the sediment was calculated using an acoustic velocity of 1500 m s — 1 for

the sediments.
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Figure. 5.13 Acoustic sub-bottom profiler data. (a) Map of the region and location of sub-bottom profiler
surveys beneath Robertson Bay. Black boxes denote sections of data shown in the main figure (b).

(c) Acoustically stratified basin (black circle) showing up to 15 m of stratified sediments. Sediment
thickness was calculated using an acoustic velocity of 1500 m s—1 for soft sediments.

(b) Acoustically transparent seafloor reflector on the inland eastern slope of the bay with asymmetric
ridges (brown arrows) and V-shape channels ((black arrows), dotted black line is the penetration limit of
the acoustic bedrock.

5.5.3 Seismo - Stratigraphy

High resolution sub-bottom seismic profiles from Robertson Bay show that the seafloor is
highly rugged and covered by a thin drape of weakly stratified sedimentary deposits.
The SBP in Sector 1, show that core 29c¢, located at the entrance of the bay, inside the mid

basin, penetrates the upper 6 meters of a sediment drift, made of sandy material, locally
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laminated. The core 29c penetrates seismic facies 2. The core doesn’t penetrate facies 1 that
pinches out to the east of the core site (Fig. 5.14).

Core 32c located in the morphological sill, that is separating the inner basin from the mid
basin. Core 32c penetrates the upper 5 meters of the seismic facies 2, composed of a marine
sandy unit. The base of the core recovered a glacial marine diamicton corresponding to the

facies 3 (fig. 5.14).

- Seismic facies 1 layered sediment or basin fill.
Seismic facies 2 asymmetric wedge with internal reflections.

- Seismic facies 3 asymmetric wedge with no internal reflections.

- Acoustic Bedrock.
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Figure 5.14. Top left map with the position of the SBP (red lines) and of the sediment cores (yellow stars).
At the top right, the legend with the identification of the different colors with which the seismic facies
are represented. Bottom left SBP uninterpreted and interpreted with location of core 29¢ and known
seismic facies. Bottom right SBP uninterpreted and interpreted with location of core 32c and known
seismic facies.

A NW-SE and E-W SBP CHIRP (fig. 5.15) transect shows:

1) a basement high with high acoustic reflectivity, on the eastern side of the bay, that can be
the expression of the crystalline bedrock outcropping at the sea floor, or of a coarse residual
lag, or of compacted subglacial till;

2) a rugged slope on the western flank of the basement high with terraces and mounded

features approx. 15 m high, with high reflectivity, and chaotic facies with weak,
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discontinuous internal reflectors (Figure 5.15 c). This facies suggest erosional processes here
like from glacial scour, or slope failure.

The mounded feature could be a lateral moraine, since its internal reflector configurations
resemble those characterizing the recessional moraines described elsewhere, (i.e.by Lodolo
et al. 2020), although the lack of additional seismic data and sediment cores prevents us to
constrain our hypothesis.

3) a basin filled with high amplitude, sub-horizontal, parallel reflections, at the base of the
slope. The penetration of the signal (> 100 ms) below the sea floor suggest the relatively
soft character of the basin infill, in contrast with the low signal penetration over the basement
high. The undisturbed, sub-parallel geometry of the reflections filling the basin discounts
the occurrence of large erosive events during the deposition. Therefore, a post-LGM age for
the sediment infilling the basin can be reasonably inferred, because it would not have
survived the LGM grounding ice expansion. However, the age of the basin infill is unknown

due to the lack of sediment cores here (Figure 5.15 d)
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Figure 5.15. Top

In the sector 1 three SBP CHIRP (AA’, BB’, CC’) (fig. 5.16) transect show several sediment
drifts. As already detailed in section 4.5.4, sedimentary drifts are sedimentary bodies
produced by the accumulation of sediments under the control of bottom currents (Rebesco
and Stow, 2001, Stow et al., 2002, Rebesco, 2005, Rebesco et al., 2008 , 2014).

Following the classification of Rebesco et al 2014, the sediment drifts in Robertson Bay are
best represented by the Elongated drift and Confined drift usually mounded, with distinct

moats in a relatively small confined basin. As in the Edisto Inlet Fjord the drifts have the
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typical form of a sigmoid clinoform, characterized by a high-amplitude stratified seismic
facies (Seismic Facies 1) with a length not exceeding 2 km but in Robertson Bay we have a
much smaller thicknesses ranging from 3 to 10 meters (figure 5.16).

We do not have samples in this area to be able to constrain the lithology and the
sedimentation rate, but the penetration of the acoustic signal below the seabed suggests a
relatively soft character of the basin filling, in contrast to the scarce signal penetration in the

basement high.
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Figure 5.16: SBP CHIRP (AA’, BB’, CC’) profile black lines in map. The two squares (b) and (c) are a
zoom of sedimentary drifts characterized by acoustic facies 1 recognized in the SBP profile (a).

SBP (d) and (e) show two more sediment drifts filling the basins. All sediment drift in Robertson Bay is
represented by elongated drift and confined drift according to the classification by Rebesco et al 2014.
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5.5.4 Stratigraphic data

Core 29¢ and 32c provide direct lithological information for the acoustic facies identified on
the seismic profiles for the outer sector of the bay (sector 1). No samples are available from
the inner sector 2 of the bay. Physical properties (water content, magnetic susceptibility),
grain size data, diatom assemblage, biogenic silica (BiSi), total organic carbon (TOC) and
X-rays document the presence of 4 main sedimentary facies (Fig 5.17 a, b). They generally
consist of volcanoclastic sediment mixed with biogenic-rich mud and Ice Rafted Debris

(IRD). The biogenic component consists mainly of diatoms and sponge spicules.

il Core 29c
WO .~ e e : ar o R .
canr . e - —  =—
1w ka = | - e .
=, £ =
.1| ! — e o .
- ? [ [ c_r'—- --'} : 5
:’::'I i il 1:I pol 4 1 ‘;x:; ] | 5_.’_1.. -1::
P 1 m— T 1 - -
[l L ; |
moy 3 1 |3
. "'-_. I| i ML = "}_
M ks s 1 q:l. 1 ’}}5‘ r;‘
e i :'.s;—-' = 1': -
I _._..--' ' i { :'3.- . == -_.: =
b} Core32c
Deats T -
diny Phmim M Co'dr
m ¥ I 4 [ . e — i
- J . L — g, e
e S ] o ;\' {__; “ F'f
i PG S G Z
nandy iy |- 1¥ET s — _ -
. b | S £ | 5 3
s ] o s —— e
1 [ % 11 —— _k_x,\_ ‘__-:_—- s L]
| j T || _c,?:: '}.: _:e -*"‘
{ = = = %
] -’3 —— =y
] VTl 4 F_J T '-:b.‘ 5
| | 1, > { e u
vl . J ! { A 3 {

Figure 5.17: Xray, Photos, Radiocarbon dates (*C), grain size data (% fraction), water content, total
organic carbon (TOC), magnetic susceptibility (MS), biogenic silica (BiSi) charts of the core 29c (a) and
32¢ (b)
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5.54.1 Cores Description

Core BAY05-29¢ comprises a biogenic-rich lithological unit where the dominant grain size
is silt with rare gravel clasts (color from dark olive to very dark gray) (Unit4). This
lithological unit is moderately bioturbated and shows discontinuous dark laminae. Near the
core bottom (420- 580 cm) there is an increased proportion of fine sand, slightly more
distinct laminae. Sub-horizontal sandy pockets (very dark in color) occur at 510 cm and 516

cm (Unit 3).

Core BAY05-32c comprises three different lithological units. The top section of the core
comprises a biogenic-rich lithological unit (Unit 4). From (0-400 cm) is made by a silty sand
marine sediment with dispersed gravel clasts and sparse dark laminae (Unit3). The bottom
(400 - 420 cm) is characterized by weakly stratified to massive silty sandy matrix with sparce
Ice rafted debris (IRD) (Unit 2) and from 420 to 464 there is a glaciomarine diamicton
characterized by abundant gravel and pebbles (from millimeter to centimetre) in a sandy silt

matrix (Unit 1).

5.5.4.1.1 Lithostratigraphic facies

Weakly laminated silty sand marine facies (WLmf) (Unit 4) alternating layers silty sand to
sandy silt sediment with dispersed gravel clasts characterizes this facies. The MS averages
491 x 107 SI, water content is 40%, TOC 0.32%, low wt% BSi 8.2%. The mean dry density
is 1,650 g/cm?. This facies occurs above the diamicton unit in core 32c and overall, in core

29c.

Laminated silty sand marine facies (Lmf) (Unit 3), diatomaceous mud with rare gravel clasts,
moderately bioturbated and discontinuous dark laminae. The MS averages 742 x 107 SI,
water content is 41%, TOC 0.32%, low wt% BSi 7,6%. The mean dry density is 1,650 g/cm3.
This facies occurs from 480 cm to the bottom in the core 29¢ and at the top 0 - 40 cm in core

32¢c

Silty sandy facies with pebbles and IRD (SSpf) (Unit 2) is characterized by weakly stratified
to massive silty sandy matrix with sparce IRD (Ice rafted debris) with high dry density (avg
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1.600 g/cm?) and high magnetic susceptibility (MS, avg 427 x 10~ SI). Water content, TOC
and wt% BSi contents (33%, 0.28%, 10% respectively) are low. This facies is present

between 400 - 420 cm above the diamicton unit in core 32c.

Glacio Marine Diamicton facies (GmDf) (Unit 1) is characterized by abundant gravel and
from millimeter to centimeter pebbles in a sandy silt matrix, high dry density (avg 1.500
g/cm?) and high magnetic susceptibility (MS, avg 371 x 107 SI). Water content, TOC and
wt% BSi contents (24%, 0.26%, 9% respectively) are low. This facies is present at the
bottom of cores BAY05-32¢ (420-464 cm).

5.5.5 Geochemical Proxies

Weight percent biogenic silica (wt% BSi), 013C, and C:N ratio are discussed together.
Five transitions (T6, T5, T4, T3, T2, T1) with prominent changes in the curves are

highlighted in Figure 5.18 (core 29¢) and Figure 5.19 (core 32c).

5.5.5.1 Core 29¢
The upper section of the core 29¢ between 0 cm and 20 cm, wt% BSi averages 4% and §'°C
averages - 22%o (T1). Between 25 cm and 180 cm (T2), a step decrease occurs in d13C from
-22%o0 to -26%o0; wt% BSi increases from 2% to 13%.
013C values gradually increase with a peak at 158 cm (-23.8%0) accompanied by a
corresponding decrease in wt% BSi, from 13% to 5% and a positive increase in the C:N
ratio. However, a step increase in wt% BSi1 between 190 cm and 210 cm corresponded to a
decrease in §'°C profile (-26,3%o) (T3).
Between 220 cm and 520 cm high frequency variability in both wt% BSi and §'*C decreases
(T4). The C:N ratio in core 29c increases slightly except for a very high positive increase at
285 cm. A maximum peak in wt% BSi with the maxima at 495 cm (>18%) co-occur with
minima in 8"3C (-27%o).
At the bottom of the core from 540 to 565 cm (T5) wt% BSi increase from 7% to 12% and

that co-occur with decrease in 8'C (-25%o).
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Figure. 5.18: Core 29c, weight percent biogenic silica, §13C, and C:N ratio, highlighted five notable
transitions (T1 to T5).

5.5.5.2 Core 32¢

The upper section of the core 32c between 0 and 10 cm (T1) is characterize by wt% BSi
(4%) and an increase in §'°C (-23,5%o). Between 10 and 40 cm (T2), is characterize by
minima in wt% BSi (4%) and maxima in 313C (-22%o). From 40 cm to 145 cm wt% BSi
slightly increase up to 8% and 9613C decrease (~ -25%o ) (T3). From 135 to 190 cm (T4) there
is a positive growth step in wt% BSi up to 13% and a decrease in §'*C up to -27%o.

813C values gradually increase with a pick at 295 cm (-23%o) accompanied by a
corresponding decrease in wt% BSi, from 10% to 5%

Between 255 cm to 305 cm a positive increase trend in the C:N ratio is noted.

From 305 to 350 cm wt% BSi decrease from 12% to 7%, and then increase again up to 13%.
The §'3C increase (from -26%o to -24%o) to then decrease to a minimum of -28%o.

From 350 towards the bottom of the core but just before the diamicton (T6) wt% BSi slightly

decrease, that co-occur with minima in §'*C (-28%o).
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Figure 5.19: Core 32c, weight percent biogenic silica, !°C, and C:N ratio, highlighted five notable
transitions (T1 to T5).

This multi-proxy investigation highlights the importance of interpreting geochemical proxy
data in the context of other paleoenvironmental proxies. This thesis will not take into
considerations all the diatoms species found in the bay, but only the diatom species with
well-established environmental preferences (Gersonde et al 2000; Leventer & Dunbar 1996;
Haug & Myklestad 1976; Crosta et al 2004, 2009; Taylor -Silva et al 2018; Duncan et al
2022). I use the results from the unpublished diatom data provided by F. Torricella (Fig 5.20,
5.21). The combination of our proxies, once both theses will be reviewed, may reveal more
detailed information and strengthen subsequent paleoenvironmental reconstructions of this

region.
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5.6 Discussion

5.6.1 Interpretation of glacial landforms and cores correlation

The sedimentary succession in Robertson Bay is composed of biogenic material produced
in the water column and lithogenic material derived from terrigenous sources. Siliceous
fossil diatoms dominate the biogenic component while terrigenous material is transported
into the bay through erosion of the surrounding bedrock due to ice flow and the high-speed

katabatic winds described by Harrowfield, DL (1996).

The distribution of depositional and morphological features in Robertson Bay reflect local
geology, as well as glacial and circulation dynamics since the LGM.

Elongated ridges emerging from the sea floor and parallel to the bay axis, oriented SE-NW,
and probably made by pre-Holocene sediments overlying crystalline bedrock, are interpreted
as mega scale glacial lineations (MSGLSs) or streamline grooves (fig 5.8, 5.9, 5.11) formed
under the ice flowing from south toward north, and grounding over a deformation layer,
similar to the interpretations of Munoz, Y. P. and Wellner, J. S, 2018 and Batchelor, et al
2017 in the western Antarctic Peninsula.

These features have previously been described from a wide range of formerly glaciated
terrestrial and marine environments where they are inferred to form sub-glacially and are
used as indicators of fast-flowing outlet glaciers or ice streams (Stokes and Clark, 2001;
Shipp et al., 1999; Canals et al., 2000; 0 Cofaigh et al 2016; Slabon et al. 2016; Halberstadt
et al., 2016). Unfortunately, there are no samples from these ridges, therefore their
composition is unknown, but the high seabed reflectivity on sub-bottom data with no or very

little penetration below would suggest highly lithified or compacted character.

Sets of channels occur on bathymetric highs in innermost area of sector 2 and on the eastern
side of the bay (fig. 5.8, 5.10). These channels are up to 4 km long, 300 m wide and 8 m
deep. They are mainly flow-oriented and that often occur in-between ice-flow landforms.

Similar landforms were described in palaeo-ice stream tracks (e.g., Lowe and Anderson,
2003; Nitsche et al., 2013; Smith et al., 2009) and have been interpreted as the product of

subglacial meltwater carrying sediments and eroding in hard bedrock. These channels are
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interpreted as meltwater channels, which formed subglacially under ice-streaming

conditions.

The swath bathymetric imagery reveals that distal-flanks accretion resulted in sequences of
stacked tills lying on the western and eastern side of Robertson Bay, in sector 2 (fig. 5.10)
oriented parallel to former ice flow.

On sub-bottom profiles, these ridges are represented by a strong reflection signal with no
penetration, which indicates that they either consists of coarse sediments, massive till or
bedrock. Those features are also characterized by longitudinal depressions (meltwater
channels) with the near absence of postglacial sediments draping, suggests that these
landforms are sediment bodies, most likely representing lateral moraines ridges deposited

during standstills or re-advance of outlet glaciers during deglaciation.

Asymmetric smaller ridges no more than 15 m high, with a very weak internal stratification
are interpreted as sedimentary mounds forming during the advance or the retreat of the
glaciers from the bay (fig 5.10), however, the lack of additional seismic data and sediment

samples prevents us to constrain our hypothesis.

Sub-bottom profiles show a variety of bottom current controlled sediment-drifts in sector 1
(Fig 5.16) typically made of mounded bodies with internal seismic facies 1, pinching toward
moats. Sediment drifts have been found at all latitudes, including the lower continental slope
and rise and on the Antarctic continental shelf (Harris et al., 1997; Escutia et al 2002; Presti
et al., 2005, Close et al 2010; Maldonado 2015). They have a convex shape, with the
predominance of sediment accumulation in the center of the drift and low or no deposition
in the moat (Rebesco et al 2005). Sediment drift depocenter is characterized by suspended
particle material settled from the water column in null or very low bottom current. Drift type
and growth are controlled by the physiographic and geological setting in which they develop
and by the supply of suspended material and the occurrence of persistent bottom-current
circulation, conferring typical erosional and depositional typical features (pinching out
toward the drift-moat). Following the classification for drifts by Rebesco et al. (2014) we
suggest that the sediment drifts forming in Robertson Bay are elongated drifts and confined
drifts (Rebesco et al. 2014) (fig 5.16).

In Robertson Bay, several basins act as depocentres but the thickness of the sedimentary

records is not as high as for example in Edisto Inlet Fjord, considered a morphologically
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protected fjord where bottom currents have allowed the formation of a very expanded
sedimentary record. The thicknesses of the sedimentary drifts, in the northern part of
Robertson Bay facing the mouth of the bay does not exceeding 10 m (Fig 5.16), suggesting
a lower sedimentation rate, similar to Andvord Bay on the West Antartic Peninsula (WAP)
(Eidam et al 2019) where sediment accumulates at slow rates of millimeters per year,
conditions which foster great biologic productivity in the coastal zone.

On the other hand, the deposition and preservation of the thicker (> 80 m) and undisturbed
stratified sediment sequence (facies 1) in sector 2 (fig 5.15 d) of Robertson Bay can only be
explained if a modern oceanic slow circulation with periodic intervals of high productivity,
favored by intrusion of warm waters, persisted for several thousand years. Furthermore, this
undisturbed sequence indicates that the glaciers never readvanced into the bay after their
retreat.

Unfortunately, we do not have samples from Robertson Bay to constrain the age and

sedimentation rate of the seismic facies 1.

The sediment deposited in the upper part of facies 2 and sampled at core Bay05_29c and
Bay05_32c (fig. 5.14) has generally an opaque low amplitude acoustic facies and is draping
or onlapping previous morphology (facies 2 in yellow in fig. 5.13, 5.14, 5.15, 5.16). Locally,
facies 2 shows a geometry typical of confined sediment-drift inside the basin (fig. 5.14) or
is forming on the top of morphological highs. Our interpretation is consistent with a
hemipelagic origin and the establishment of a persistent, possibly tidally-fjord-driven
circulation setting in Robertson Bay at least since 6.2 ka ago, dated at the base of core 29c,
however, as suggested by the age of the sediments of seismic facies 2 in core Bay05-32c¢
and the thickness of the facies 2 in sector 2 (fig 5.15 d) the onset of a shift in water masses

circulation is clearly older than 6.2 ka.

The diamicton (sedimentary facies GmDf) sampled at the base of core Bay05-32c (fig 5.14)
and dated 17.6 kyr BP, on the basis of the sedimentological and geochemical properties
(TOC, MS, grain-size, water content, BiSi) is interpreted as glacial-marine sediment that
has experienced variable inputs of sand resulting from pulses of iceberg rafted debris and/or
meltwater from the retreating of the ice sheet in Robertson Bay right after the LGM.

The transition between the massive (glaciomarine, more terrigenous, less homogeneous and
coarser sediments, with IRD) facies GmDf and facies SSpf just above the diamicton to a

more biogenic-rich, stratified sub-facies (Lmf) lying over the SSpf facies, in sectors 1,
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represents the transition to an open and stratified water, with the establishment of ocean
circulation and seasonal sea ice condition inside Robertson Bay. This is supported by the
higher percentage of BiSi > 12% and F. obliquecostata, CRS and Chaetoceros spp that
dominate the diatom assemblage (F. Torricella unpublished) at the base of both cores from
17.5 ka to approximately 4.0 ka (Fig 5.20, 5.21). While Fragilariopsis curta is strongly
associated with the modern summer sea ice edge and is observed in highest abundance close
to melting sea ice, the F. obliquecostata is sometimes associated with both sea ice (Crosta
et al. 2004, Armand et al. 2005) but also with cold open water and polynyas of the Antarctic
Oceans (Taylor et al. 1997; Cunningham and Leventer 1998). This supports our
interpretation of a general cooling trend during the early Holocene (Crosta et al. 2004;
Armand et al. 2005; Leventer et al. 2007) possibly related to a reinvigoration of bottom
circulation due to seasonal sea ice occurrence, meltwater discharge and coastal glaciers

expansion and retreat.

The bathymetry in sector 1 highlights the presence of three basins separated by two sills (fig
5.7). The shape and orientation of the three basins reflect the main path of ice erosion during
past glacial maxima, although it is also influenced by bedrock type and NVL’s NW-SE
dextral faults (Salvini et al 1997, Domack et al 1999, Howat et al 2003, Rocchi et al 2003),

that likely continue offshore, although there is no evidence of faults in our SBP profiles.

The overall elongated ridges and MSGLs parallel to the bay axis suggest that the ice flow
was flowing from southeast to northwest in Robertson Bay (Figure 5.8). Their orientation is
opposite to that of the current ice flow of small coastal glaciers on the western side of the
bay (fig 5.6), however, in analogy with what has been observed on other Antarctic coastal
regions (such as the Drygalsky glacier and the Mertz Gleacier), we suggest that during the
LGM the coastal glaciers (Adare, Murray and Dugdale) that flow into Robertson Bay have
expanded, melted and deviated westward into a single large ice sheet. This deviation is
supported by a tectonic controlled features/trends (Harrington 1958; Behrendt et al. 1991;
Kyle 1990; Rocchi et al 2003; Nardini at al 2003).

The sedimentology and geometry of the glacial landforms is consistent with the pattern that
ice extended into Robertson Bay during the LGM but retreated in sector 1 at least 17.6 ka
ago as shown by seismic facies 1 and 2 where the sediment drifts are preserved from glacial
erosion, and strong bottom current winnowing, although a weak circulation was

continuously occurring. Ice was grounded on shallower banks and ridges as shown by the
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MSGLs in both sector 1 and sector 2. Here the thicknesses, the IRD rich and massive facies
of the sedimentary cover and the glacial lineations toward north would suggest ice pinning
in the basement highs and on the sills (fig 5.11) and floating ice into the deepest depressions,
the drift body of seismic facies 1 shows no signs of glacial erosion (fig. 5.16).

The retreat of the glaciers is also supported by the bloom of diatoms, in particular the
dominance of Chaetoceros resting spores which peak at a relative abundance >40% just
above the diamicton facies (GmDf) (approximately 17.6 ka) (F. Torricella unpublished data
fig 5.21), represents a higher hydrodynamic regime after the retreat of the calving front of

the Ross Sea Ice Shelf and the establishment of a more stratified water column.
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Figure 5.20: Summary results figure core 29¢ showing calibrated '“C dates, magnetic susceptibility (MS),
weight percent biogenic silica (wt% BSi), and 8'*C highlighting notable transitions (T1 to T5). ADA and
relative abundances of F. curta, the setae group, T. antarctica; Chaetoceros resting spores (CRS), and F.
obliquecostata; The bands of color highlight the dominant diatom species: red (F. curta), green (Setae
group and CRS), blue (F. obliquecostata), pink, (T. antarctica) (F. Torricella unpublished data).
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Figure 5.21: Summary results figure core 32¢ showing calibrated '*C dates, magnetic susceptibility (MS),
weight percent biogenic silica (wt% BSi), and 8'3C highlighting notable transitions (T1 to T6). The bands
of color highlight the dominant diatom species: red (F. curta), green (setae group and CRS), blue (F.
obliquecostata), pink, (T. antarctica) (F. Torricella unpublished data).

5.6.2 Core BAY05_29c and BAY05_32 Proxy data reconstruction

In the following sections we will discuss the Holocene environmental trends in Robertson
Bay highlighting the environmental transitions (T6 17,600 — Early Holocene; TS5, 17,600 —
6,500; T4 6,500, 2,400 —T3 2,400 — 2,000; T2 2,000 — 1,500; and T1 the last 1,000 cal yr
BP) noted in core BAY05_29¢ and BAYO05_32c¢ (Fig 5.22, 5.23) through the main
paleoenvironmental proxies such as:

1) The Magnetic susceptibility (MS), proxy for terrigenous flux;

2) Wt% BSi, proxy for biogenic flux, interpreted as a proxy for primary production;

3) §'3C: nutrient regime, interpreted as proxy for water column structure;

4) Ratio of Chaetoceros spp. / Chaetoceros resting spores (CRS), a proxy for nutrient

availability in surface waters;
5) Relative abundance of T. antarctica, a proxy for water column structure;

6) Relative abundances of F. curta: a proxy for proximity and sea ice duration;

Weight percent biogenic silica (wt% BSi) and diatom absolute abundance (ADA) reflect the
concentration of biogenic material relative to terrigenous material; variations in wt% BSi
and ADA could reflect changes in (i) biogenic flux, (ii) terrigenous flux, or (iii) both

processes operating simultaneously (Leventer et al., 1996; Mortlock and Froelich, 1989).
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Like ADA and wt% BSi, bulk magnetic susceptibility (MS) is influenced by the variable
dilution of magnetic terrigenous material from the continent by the diamagnetic shells of
siliceous diatoms (cf. Leventer et al., 1996). However, bulk MS is also affected by any
variations in the magnetic character (magnetic mineralogy, magnetic particle size, and any
post-depositional diagenesis) of the sediment (Brachfeld and Banerjee, 2000; Brachfeld et
al., 2002).

In cores BAYO05_29¢ and BAYO05_32c wt% BSi (biogenic flux) is inversely correlated with
magnetic susceptibility (MS). The covariance trend between wt% BSi and MS indicates that

MS reflects changes in terrigenous flux entering Robertson Bay.

As discussed in section 3.5.1, in the Antarctic environments, 8'°C is typically interpreted as
a proxy for total primary production. This is because the effect of the fraction of the increase
in primary production on 8'3C (surface water) is believed to dominate the effects of
oceanographic change (stratification) and species-specific fractionation processes (Berg et
al., 2013; Crosta et al., 2002; Panizzo et al., 2014; Villinski et al., 2000). Furthermore, since
diatoms thrive in a stratified environment (Leventer et al., 1996), periods of high primary
productivity typically occur with increases in stratification, such that both processes operate
simultaneously to shift the §'*C of surface waters to be more positive values (Fry, 1996;
Villinski et al., 2000).

In Robertson Bay periods of high biogenic accumulation (higher wt% BSi and ADA) occur
concomitant with more negative §'°C. Conversely, stratification (high §'3C) is correlated
with lower primary productivity (wt% BSi and ADA) (Figure 5.22, 5.23). An inverse
relationship between §'°C and productivity indicates that the effect of a continually refreshed
8'3C pool in surface waters (decreased stratification) dominates the fractionation effect and
may stimulate increased primary production. The correspondence of elevated §'3C with
lower biogenic flux (wt% BSi and ADA) may be due to nutrient limitation, as the
micronutrients essential for primary production are supplied by terrigenous material from

the continent and/or from upwelling deep waters (Graham et al., 2015; Sedwick et al., 2000).
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Figure 5.22: Holocene environmental trends in Robertson Bay core 32c highlighting environmental
transitions (T6 17,500 — Early Holocene; T5, Late Holocene — 6,300; T4 6,300, 5,300 —T3 5,300 — 2,000;
T2 2,000 — 1,500 and T1 the last 238 cal yr BP). (a) Magnetic susceptibility (MS), proxy for terrigenous
flux. (b) Wt% BSi, proxy for biogenic flux, interpreted as a proxy for primary production. (¢) 8'3C, proxy
for water column structure. (d) Ratio of Chaetoceros spp. / Chaetoceros resting spores (CRS), a proxy
for nutrient availability in surface waters. (e) Relative abundance of T. antarctica, a proxy for water
column structure. (f) Relative abundances of F. curta, a proxy for sea ice duration.
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Figure 5.23: Holocene environmental trends in Robertson Bay core 29c highlighting environmental
transitions ((T5, 17,000 — 6,200; T4 6,200, 2,200 —-T3 2,200 — 2,000; T2 2,000 — 1,000 and T1 from 1000
yr BP to present day). (a) Magnetic susceptibility (MS), proxy for terrigenous flux. (b) Wt% BSi, proxy
for biogenic flux, interpreted as a proxy for primary production. (c) 8'*C, proxy for water column
structure. (d) Ratio of Chaetoceros spp. / Chaetoceros resting spores (CRS), a proxy for nutrient
availability in surface waters. (e) Relative abundance of T. antarctica, a proxy for water column structure.
(f) Relative abundances of F. curta, a proxy for sea ice duration.
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5.6.3 Robertson Bay post -LGM evolution

Variations in wt% BSi and 8'°C in the Robertson Bay sedimentary record reflect changes in
both the isotopic composition (8'*C) and the nutrient concentration of surface waters.

Nutrient concentrations and '°C in Robertson Bay reflect variations in stratification which
is affected by the strength of the katabatic winds inferred to drive water masses circulation
such as the AASW, SW, and mCDW along the Antarctic slope front (ASF) (Miles et al.,
2016; Schmidtko et al., 2014; Spence et al., 2014). Diatom species are sensitive to changes
in sea ice, stratification, and nutrient concentration; thus, changes in the diatom assemblage
can be used to differentiate between sea ice, stratification, and a water mass signal (Armand

et al., 2005).

Deglacial Phase to Early Holocene

After ~17.6 ka when the onset of the reopening of the bay after LMG takes place, the
transition T6 (between ~17.6 ka and the Early Holocene) (Fig. 5.26) shows an increase in
wt% BSi and ADA (primary productivity) and low MS (terrigenous input) and §'°C
(enrichment of nutrients and stratified surface water) and a more gradual shift in the
sedimentary grain size.

In core BAY05_32c the end of the more intense glacial cover phase (LGM) was marked by
a silty sand layer level (Silty sandy facies with pebbles and IRD (SSpf) (Unit 2) overlying
the glaciomarine diamicton facies (GmDf), which corresponded to the first deglacial phase,
when the ice sheet detached from the seabed near the continental shelf edge and the oceanic
current reactivated inside the bay.

The transition TS (between the Early Holocene and ~ 6 ka) (Fig 5.25, 5.26) shows the same
trend in wt% BSi and ADA curves but with an increase in MS and §'°C.

This transition is marked by an increase in seasonal sea ice diatom species (F. curta, F.
obliquecostata), and by an increased of the calving of icebergs (IRD level) and the bloom
of the Chaetoceros resting spores species > 40% with a peak just above the diamicton facies
(GmDf) (approximately 17.6 ka) (fig 5.21), representing a higher hydrodynamic regime. I
presume that oceanic and continental shelf hydrological features evolved in this phase,
leading to the establishment of seasonal sea ice cycles, cold and salty waters production

(HSSW) and consistent mCDW input in Robertson Bay (Miles et al., 2016; Schmidtko et
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al., 2014; Spence et al., 2014) after the retreat of the calving front of the Ross Sea Ice Shelf

and the establishment of a more stratified water column.

Mid Holocene - Neoglacial

Transition T4 (from ~ 6.2 to ~ 2.2 ka in core 29c¢) (Fig 5.22) shows a decrease in primary
productivity with lower values of wt% BSi and ADA and an increase in MS (terrigenous
input) and 8'3C. This reflects a nutrient depleted surface water. The lower abundance of
Chaetoceros spp./CRS indicates an interruption of the stratification and the high abundance
of T. antarctica reflects a well-mixed surface water.

This thesis proposes a decreased mCDW presence on the continental shelf during this phase
with a weaker ocean masses circulation and a shorter sea ice free summer season. This
hypothesis would justify the higher abundance of F.curta and would be consistent with the
hypothesis of a general cooling trend.

In core 32c transition T4 shows the same geochemical pattern but in this case, we have an

inversion date that does not allow to constrain an accurate age range.

Late Holocene

The Late Holocene can be divided into two different transitions: Across Transition T3
(between 2.2 ka and 1.9) and transition T2 (between ~ 2.0 and 1.0 ka) (Fig 5.22, 5.23) wt%
BSi increase with a concomitant decline in §'*C and MS. Depleted §'°C and increased
productivity during this interval is consistent with decreased stratification (increased surface
wind stress and water column mixing). Increased abundance of 7. antarctica indicates that
the water column in Robertson Bay was well mixed and influenced by upwelling mCDW
during the interval relative to the period between 2.0 and 1.9 ka (Denis et al., 2010). The
ratio of Chaetoceros spp. and CRS is also consistent with inferred nutrient enrichment of
surface waters (Leventer, 1992). A decline in F. curta from ~50% to ~40% indicates that

sea ice was less prevalent in Robertson Bay (warmer period).

Marine reconstructions from Adélie Land and the Ross Sea also record resurgence of mid-

Holocene-like conditions (Denis et al., 2009). The interval between 2.4 and 1.5 ka is
associated with a decrease in sea ice extent, and increase in productivity, glacial meltwater,
and stratification in marine records from Adélie Land (Johnson et al 2021; Ashley et al 2021;

Newton, 2015; Panizzo et al., 2014; Crosta et al., 2007, Denis et al., 2009). In the Ross Sea,
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a decrease in coastal sea ice extent and polynya efficiency occurs concomitant with

terrestrial records that indicate warming (Mezgec et al., 2017).

Transition T1 (1.0 ka to Present). Between 1.0 ka to Present (Fig 5.22, 5.23), lower primary
production and rising abundance of F. curta in Robertson Bay indicates increasing sea ice
extent. The total absence of both Chaetoceros spp. and CRS, lower wt% BSi, and increased
813C also indicate a stratified environment associated with nutrient limitation in the surface
layer. High §'3C in Robertson Bay during the late Holocene may also indicate that decreased
mCDW presence on the continental shelf after 258 cal yr BP.

After the contraction of the Ross Sea polynya at ~1.0 ka, increased sea ice extent and colder

conditions persisted in the Ross Sea up to the modern period (Mezgec et al., 2017).

Records from ice in cores from eastern Victoria Land, East Antarctica (Talos Dome, Taylor
Dome, and Mt. Erebus Saddle) and West Antarctica (Siple Dome) also indicate increased
sea ice production and katabatic wind intensity (Bertler et al., 2011; Kreutz et al., 1998;
Mezgec et al., 2017; Rhodes et al., 2012). Late-Holocene cooling, associated with decreased
primary productivity, may also have occurred on the Antarctic Peninsula beginning at ~700

cal yr BP (Domack et al., 2001).
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Mid Holocene - Neoglacial

d Late Holocene

1.0 ka to Present

Figure 5.24: Proposed palaeoenvironmental evolution model. a. Advanced glacial phase (LGM) with total
covering from ice shelf, grounded in Robertson Bay. b. Transitional phase from glacial to interglacial
environment (transition T6 and T5) with seasonal sea ice conditions with high productivity of diatom
blooms and consistent mCDW input. The arrows represent intrusion of mCDW current. c. A Mid
Holocene — Neoglacial phase with more sea ice and (general cooling trend) with well-mixed surface water
and a decrease of the mCDW (Transition T4). d. A Late Holocene phase of seasonal sea ice conditions
with high productivity of seasonal diatom blooms and water column mixing influenced by upwelling
mCDW (Transition T3). e. From 1.0 ka to Present, lower primary production and increased sea ice extent
and colder conditions with decrease of the mCDW (Transition T1).
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5.7 Conclusions

Reconstruction of the paleo-glaciomarine environment

Some inferences concerning sedimentary environment can be made from the marine geology
and glacial landforms of Robertson Bay.

Geomorphic features present in Robertson Bay were identified, mapped in detail, and
interpreted in order to reconstruct ice sheet configuration since the LGM, and to define ice
flow style and streaming activity.

During the LGM, an ice sheet covered the region with grounded ice, extending out to the
shelf break off of Robertson Bay. During this and perhaps previous glaciation, the bedrock
was scoured by the ice streams (glacial lineations) with steep slope ridges (fig. 5.8, 5.9.).
The bay is not regular, but it is divided in three basins: the inner basin (up to 506 meters
deep) is separated from the mid depression by a sill (Sill 2), at depth of 370. The mid-basin
reaches a depth of 533 m and is separated by the outer basin by a sill (Sill 1) at 350 m
respectively. The outermost basin is 525 m deep (fig. 5.7)

The thickness of the well-stratified sequence (seismic facies 1) averages between 3 and 10
m in the sector 1, but evidences of a higher sedimentation rate are noted in the sector 2 (fig
5.15 d) with thickness up to 75 m, while the thickness of the opaque facies with weak internal
stratification (seimic facies 2) averages between 3 and 50 m based on the interpretation of
the SBP profile and the two sediment cores 29¢ and 32c (fig 5.14) this is indicating that the
postglacial sedimentation has been dominated by hemipelagic sedimentation as well as into
Edisto Inlet Fjord.

Even though we were not able to extrapolate the sedimentation rate in Robertson Bay,
initiation of these sequences deposition is estimated to be around 17.6 ka based on AIO
radiocarbon dating.

During deglaciation the ice sheet retreated through Robertson Bay depositing lateral and
frontal recessional moraines.

As climate conditions became warmer with resultant sea-level rise, stratified hemipelagic
mud accumulated, draping over the deep basins.

The occurrence of ice proximal or sub-ice-shelf, glaciomarine diamicton at the base of the

core 32c dated to 17.6 ka makes it possible to postulate that the subglacial till is clearly older.
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This would mean that Robertson Bay was ice covered during the LGM at least until 17.6 ka
ago. As the tidewater glacier retreated landward, the bay experienced a marine transgression.
During this period, subglacial meltwater streams may have been present at the ice front.

As glaciers continue to retreat, energy conditions became lower in response to increasing
distance to the tidewater glaciers. Consequently, pebbly mud accumulated at the results of
both vertical settling of mud and from overflow plumes and deposition of gravel from
drifting icebergs (Unit 2). Sediment-laden melt water plumes from the streams deposited
interlaminated sand and mud (Unit 3) by rapid suspension settling. During this time the

glacier was likely ablated by active calving dumping gravel, and other sediment into Unit 4

Marine Proxy data reconstruction

The Holocene paleoenvironment of Robertson Bay is reconstructed using geochemical and
physical proxies for primary productivity (wt% BSi, §'°C) relative terrigenous contribution
(MS); terrigenous source (grain size); and oceanography (5!°C). These interpretations are
complemented by supporting evidence from unpublished diatom abundance and assemblage
data provided by F. Torricella. The work on diatoms is still under revision and for this reason

is not presented here.

Holocene surface water conditions are recorded in the sedimentary record by biogenic
sediments. In most Antarctic sedimentary environments, stratification is associated with
increased primary productivity; however, in core BAY05_29c and BAYO05_32c, wt% BSi,
ADA, MS, and §'3C co-vary with maxima in the MS and &'*C records corresponding to
minima in the wt% BSi and ADA records. Therefore, stratification (high §'°C, low
Chaetoceros spp. relative to CRS) co-occurs with lower biogenic flux (wt% BSi).

In Robertson Bay, the ecological benefits of stratification appear to be outweighed by
associated nutrient limitation in the surface layer. Thus, periods of higher primary
production are linked to a continually refreshed 8'3C reservoir in the surface ocean layer by
either increased water masses circulation or increased presence of nutrient-rich mCDW on
the continental shelf at the mouth of Robertson Bay. Periods of enhanced mCDW inflow

and mixing result in an upwelling-associated diatom assemblage, increased primary
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productivity, and more negative bulk sedimentary §'°C values because both mixing and

mCDW refresh the surface reservoir of '>C and nutrients.

The same paleoenvironmental transitions were recognized in both cores and divided into six
phases from the post LGM (deglaciation phase) to the early Holocene (T1 to T6) closely
related to the dynamics of the Ross ice shelf and to the regional oceanographic and ice-

affected environments.

[a] Advanced glacial phase (LGM) with total coverage by the ice shelf, grounded on the
bay (fig.5.24 a)

[b] Deglacial Phase to Early Holocene - Transition T6 (between ~17.6 ka and the Early
Holocene) (Fig. 5.23) shows an increase in wt% BSi and ADA (primary productivity) and
low MS (terrigenous input) and 813C (enrichment of nutrients and stratified surface water).
Transition TS (between the Early Holocene and ~ 6.2 ka) (Fig 5.22, 5.23) shows the same
trend in wt% BSi and ADA curves but with an increase in MS and §"°C.

This transition marked by seasonal sea ice diatom species (F. curta, F. obliquecostata),
increased together with the calving of icebergs (IRD level) and the bloom of the Chaetoceros
resting spores species represents a higher hydrodynamic regime.

It is considered a deglacial phase during which the hydrodynamic situation restored with the
influence of the mCDW, which gradually expanded over the continental slope, and the

formation of HSSW on the continental shelf (fig.5.24 b).

[c] Mid Holocene Transition T4 (between ~ 6.2 ~ 2.2 ka) (Fig 5.25, 5.26) shows a decrease
in primary productivity with lower values of wt% BSi and ADA and an increase in MS
(terrigenous input) and §'3C. During the mid-Holocene, more positive §'°C values and lower
primary productivity in Robertson Bay are attributed to inhibited mCDW inflow and nutrient

limitation in the surface layer (fig.5.24 c)

Marine sedimentary records from Adélie Land (Crosta et al., 2007), the Ross Sea (Mezgec
et al., 2017), and the Antarctic Peninsula (Leventer et al., 2002; Taylor and Sjunneskog,
2002) indicate that the mid-Holocene was a climatic optimum associated with stratification,

high primary productivity, and decreased sea ice extent. Inferred nutrient limitation and
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decreased presence of mCDW in Robertson Bay during the mid-Holocene is interpreted to

be the result of an enhanced regional oceanographic conditions.

[d] Late Holocene -Transition T3 (between 2.2 and 1.9 ka) and Transition T2 (between
1.9 and 1.0 ka) (Fig 5.22, 5.23) mark increased primary production and more negative in
8'3C are interpreted to indicate a decreased stratification and an increased surface water
column mixing. Nutrient-rich surface waters in Robertson Bay are interpreted to reflect

increased presence of mCDW on the continental shelf in East Antarctica (fig.5.24 d).

[e]Transition T1 (1.0 ka to Present) (Fig 5.22, 5.23) lower primary production and
increased 8'°C indicate a stratified environment associated with nutrient limitation in the
surface layer, decreased mCDW presence on the continental shelf rising abundance of F.
curta in Robertson Bay indicates increasing sea ice extent. Colder conditions persisted in

the Ross Sea from 1000 ka into the modern period (fig.5.24 e).
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Chapter 6

6. CONCLUSIONS

Models on continental-scale reconstructions of the Antarctic ice sheet (AIS) retreat during
the last deglaciations (Golledge et al 2021) show that the AIS experienced substantial
changes after the Last Glacial Maximum (LGM, ~21 kiloyears ago, ka). In the Ross Sea,
where the ice sheet mostly advanced up to the continental shelf edge (Bentley et al 2014),
the deglacial history remains, however, still debated. In this sector, the ice sheet grounds
below sea level (Leong et al 2020) and as such, it is sensitive not only to atmospheric
warming, but also to oceanic warming (Lowry et al., 2020). Compilations of marine data
indicate that the retreat was not contemporaneous between the Eastern (early retreat, Bart et
al 2018) and the Western Ross Sea (e.g. Halberstad et al., 2016), with periods of grounding-
line stability interrupted by episodes of rapid retreat. This has generally been attributed to
differences in pinning areas in the seafloor bathymetry (e.g. Anderson et al., 2019). In the
Western Ross Sea, marine data suggest that by 15 ka, the ice sheet had largely retreated
(Prothro, 2020). But the grounding line position along the coasts of Victoria Land is
unknown and tentatively located offshore until about 8-4 ka (Prothro, 2020).

To fill this knowledge gap I studied two coastal bays of North Victoria Land (NVL) as ideal
environments where to retrieve highly resolved archives as they act as natural sediment
traps. Rapid and high sediment accumulation have, indeed, been observed in other Antarctic
fjords and coastal bays (Sjunneskog et al., 2002; Rebesco at al.,1998; Cunningham et al.,
1999; Domack et al., 1999; 2001; Domack et al 2003; Mosola and Anderson, 2006;
McGlannan et al., 2017, Escutia et al., 2014; Munoz, Y. P., & Wellner, J. S. (2016), Crosta
et al 2021, Asley et al., 2020) where tidewater glaciers are debouching and carving deeply

the fjord sea floor during ice expansions.
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6.1 Edisto Inlet Fjord

In this thesis I report the southernmost, first evidence of an expanded, ultrahigh resolution,
Holocene sedimentary section in Antarctica, deposited in the Edisto Inlet fjord (NVL), to
advance the knowledge about post-LGM - AIS retreat from the western Ross Sea.
Multibeam bathymetry and echosouding subbottom data, combined with geological records
and present-day oceanographic measurements document that the most of the post-LGM
sedimentation has been influenced by the deposition of biogenic material (mainly diatom
ooze), locally redistributed by bottom water currents. The interplay of high sediment rate
due to high productivity and of fjord-type persistent circulation, resulted in the formation of
confined drifts-moats and in the accumulation of an up to 130 meters thick sedimentary
section in the inner part of the fjord. This analysis shows that the sediment drift in the central
sectors of the fjord have remained undisturbed since at least 11 ka. I infer that the fjord was
not carved by grounding ice since the Holocene Climatic Optimum, and that glaciers
remained mostly terrestrial. The continuous deposit of diatom ooze suggests seasonal sea
ice free conditions, with regular warm water intrusions supporting that the NVL coastal
glaciers retreated by ca. 11 ka. This would discount the occurrence of expanded grounding

ice over the north western Ross Sea continental shelf after the Holocene Climatic Optimum.

The Holocene sedimentary section (130 m) in central sector of the Edisto fjord is very
similar to that one found in the Adélie Basin where the sediment accumulation has been
particularly high (averaging 2 cm/y) after the Last Glacial Maximum (Denis et al., 2009) as
documented by the IODP site U1357 (Escutia et al., 2011). Here the thick (183 m) Holocene

sedimentary section above the last glacial diamicton deposited since 10,000 y.

6.2 Robertson Bay

In Robertson Bay I developed a conceptual model of paleoenvironmental evolution of the
processes that drove environmental changes during the Holocene integrating geophysical
and geological data with geochemical proxies for primary productivity (weight percent
biogenic silica, wt% BSi, absolute diatom abundance (ADA); relative terrigenous

contribution (magnetic susceptibility MS); terrigenous source (grain size); oceanography
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(6'3C); My results are complemented with absolute diatom abundance (ADA) and diatom

assemblage analysis performed by another PhD student (under revision).

I reported the first geophysical characterization and morphologic mapping of the bay
compared radiocarbon dates with a lithological and geochemical proxy to provide a first-
order constraint of ice sheet retreat in the western Ross Sea. The glacio-marine diamicton
dated 17.6 ka at the base of core 32c suggests that the ice expanded into Robertson Bay
during the LGM, but ice was not grounding in the middle of the bay after that time. This
hypothesis is based on a shift in the depositional environment from a glaciomarine diamicton
facies (GmDYf) to silty sandy facies with pebbles and IRD (SSpf).
Paleoenvironmental transitions were recognized in the two sediment cores studied in the
Bay and divided into six phases from the post LGM (deglaciation phase) to the early
Holocene (T1 to T6) closely related to the dynamics of the Ross ice shelf and to the regional
oceanographic and ice-affected environments.
a) Glacial phase (LGM) with the occurrence of floating and grounding ice in the inner
sector of the Robertson Bay
b) Transitional phase from glacial to interglacial environment (transition T6 and TS)
with seasonal sea ice conditions, high productivity of diatom blooms and incursion
of mCDW in the Bay.
¢) A Mid Holocene — Neoglacial phase with more sea ice (cooling trend) and a decrease
of the mCDW influence (transition T4)
d) A Late Holocene phase of seasonal sea ice conditions with high productivity of
seasonal diatom blooms and water column mixing influenced by mCDW (transition
T3)
e) From 1.0 ka to Present, lower productivity and increased sea ice extent and colder

conditions with decrease of the mCDW influence (Transition T1).

In Robertson Bay the postglacial sedimentation has been characterised by hemipelagic
sedimentation as well as into Edisto Inlet Fjord. However, the Holocene record in Robertson
Bay is less expanded than in the Edisto Inlet Fjord or in the Adelie Basin.

Edisto Inlet and the Adelie Basin are confined protected areas with a slow circulation, while
Robertson Bay's is a wider bay more exposed to ocean current. Elongated and confined
sediment drift features have been recognized in Robertson bay, like in the Edisto Fjord.

However, the lack of oceanographic measurement series do not allow to compare the
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location of the sediment drift with modern circulation and water masses distribution in the
Bays.

The high-resolution marine sediments paleoclimatic records revealed significant variations
in the extent and duration of sea ice cover and in primary productivity from the Early

Holocene to present.

6.3 Evolution post LGM: comparison between Edisto Inlet fjord and
Robertson Bay

During the peak of the glaciation, the glaciers in both bays advanced, merged and flowed
across the bays, as evidenced by the glacial landforms found on the seabed.

The retreat phase of the glaciers in Edisto Inlet fjord occurred between the LGM and about
~11 ka while in Robertson Bay it took place between the LGM and 17.6 ka. This is based
on the radiocarbon dates of sediments lying above the diamicton facies in the cores
BAYO05_18c (Edisto Bay) and BAY05_32c (Robertson Bay) and the seismic facies. There
is no evidence of glaciers re-advance, e.g. post-LGM grounding-zone wedges. I therefore
deduce that the retreat could have been gradual with a progressive glacier thinning, without
any stationary or ice re-advancing phases. The grounding ice retreat with no floating ice and
open water circulation establishment in Edisto Inlet occurred about 11 ka ago, while in
Robertson Bay during the Early Holocene deglaciation phase glaciers front was floating.

In Edisto Inlet the deposition of the massive sediment (MB-f, whose base is dated at 7.2 ka
in BAY05-18c) indicate a cooling event.

In Robertson Bay a change to a higher hydrodynamic regime occurred at ~ 6.0 ka. Based on
geochemical proxies I presume that oceanic and continental shelf hydrological condition
evolved in this phase, leading to the establishment of seasonal sea ice cycles, with cold and
salty water production (HSSW) and with more mCDW incursion into the bay.

The T4 transition appears to be characterised by a general cooling in the Robertson bay core
data. This assumption is based on decrease in primary productivity (BSi and ADA) and an
increase in terrigenous input (MS) and 8'C. This reflects a nutrient depleted surface water.
My hypothesis is consistent with a decreased mCDW presence on the continental shelf
during this phase with a weaker ocean masses circulation and a shorter ice free summer

s€ason.
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In the Late Holocene between 2.2 and 1.6 ka the water column in Robertson Bay was well
mixed and influenced by upwelling mCDW during this interval and sea ice was less
prevalent suggesting a warmer period.

From 1.0 ka to present, there has been an increase in sea ice and lower primary production
associated with nutrient limitation in the surface layer. A high 8'*C in Robertson Bay may
also indicate a decrease in the presence of mCDW on the continental shelf after 1.0 ka.
Increased sea ice extent and colder conditions persisted in the Ross Sea to the modern period
are consistent with other ice core records from East Victoria Land, East Antarctica (Talos
Dome, Taylor Dome, and Mt. Erebus Saddle) and West Antarctica (Siple Dome) which also
indicate increased sea ice production and katabatic wind intensity (Bertler et al., 2011;

Kreutz et al., 1998; Mezgec et al., 2017; Rhodes et al., 2012).

This is a first reconstruction based on the available data on the two bays, but I expect the
Ramped Pyrolysis dating to return younger ages than those measured on AIOM, so when all

ages are finalized this paleoenvironmental reconstruction could be revised.

These results obtained in the Edisto Inlet Fjord and Robertson Bay will then be compared
with the results of the thesis obtained by two other PhD students F. Torricella (University of
Pisa) and Olivia Truax (University of Otago) (still ongoing) focusing on diatom
paleoecology and paleooceanographic reconstruction in the same region.

This will help to better understand the role played by subglacial and seafloor morphology in
influencing ice circulation and dynamics, and thus the interaction between ocean and ice

sheet during the transition from glaciers to interglacials.

6.4 Forward look

The geological perspective provided by the results obtained by this thesis are an important
framework for future sediment coring and investigation on climate models that seek to
predict dynamic of small glaciers system. Such unique expanded paleoclimate and
palaesoceanographic record, in combination with the Adelie Deep similar record, and in
comparison, with Talos Dome ice core can help to understand how the polar southern

hemisphere system reacts to rapid climatic impulses such as those occurring during
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meltwater pulses. This will also provide insight into how Victoria Land's glaciers are in
phase with other regions of the Antarctic ice sheet in response to regional and global climate
change.

This work has demonstrated that a good knowledge on regional ice and ocean dynamics will
allow to reconstruct the different response of the ice sheet perimeter to climate variability.
It is necessary to sample further sites in both regions and along longitudinal transects in
order to understand to what extent of confidence our paleoenvironmental interpretations can
be extrapolated on a spatial and longer time scale and what will be the impact of climate
teleconnection variability from low to high latitude. Such kind of data set are needed to
estimate polar amplification of global climate changes.

There is a need for new radiocarbon dating to overcome the problem of dating reversals and
to have a more accurate age depth model. The occurrence of tephra and cryptotephra have
been reported from both the Edisto and from the Robertson bay sediments (D1 Roberto and
Torricella personal communication). Future work on the volcanic component will then shed
further light into age model and provenance of the clastic material.

The geophysical and geomorphological study carried out on the Edisto Inlet fjord and
Robertson Bay provides a crucial baseline for interpreting the sediment core records,
consistently with the morphological setting and ocean circulation. Correct and detailed
quantitative analysis provided by such multidisciplinary studies are needed to constrain
modelling of paleo-ice streams and outlet glaciers dynamics. The systematic mapping of
submarine landforms in sparsely mapped areas such as the bays along the North Victoria
Land should be the focus of future studies in order to provide robust databases for analysing

and understanding the past history dynamics of marine-based ice sheets.
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