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ABSTRACT

Antarctica’s coastal margins are areas of complex oceanographic, atmospheric, and bio-
logical interactions. Characterising interactions and change in these regions is important for
several reasons. First, variations in sea-ice extent, primary productivity, ocean circulation,
and bottom water formation are important components of global heat distribution, the carbon
cycle, and climate system. Second, multi-decadal to sub-decadal climate oscillations are in-
ferred to affect sea ice and primary productivity in these areas, yet these influences are hard
to quantify due to spatially and temporally limited data sets. Lastly, ice sheet margins resting
on continental shelves with retrograded slopes, such as in the Ross Sea and along the Wilkes-
Adélie Land Margin, are highly sensitive to climate and oceanographic fluctuations and future
warming. Wind-driven changes in ocean currents that transfer heat on to Antarctica’s con-
tinental shelf, are inferred to be the primary driver of ice shelf thinning and grounding line
retreat following the Last Glacial Maximum, and are also leading to freshening of surface wa-
ters along Antarctica’s continental margins. As the Ross Sea and Wilkes-Adélie Land Margin
are thought to produce up to 25% of modern Antarctic Bottom Water and are major carbon
sinks, developing high resolution paleoclimate records in these areas critically supports future
climate projections.

Two new high-resolution paleoclimate records allow for the reconstruction of ice-ocean-
atmosphere interactions throughout the last ⇠11,400 years in the Ross Sea and Adélie Land
regions. The RICE ice core was drilled at Roosevelt Island at the northeastern edge of the
Ross Ice Shelf. The high accumulation rate (⇠20 cm water equivalent per year) at the site
provides an annually resolved record of ice-ocean-atmosphere interactions in the Ross Sea.
Downstream from, and thus influenced by the Ross Sea, lies the Adélie Basin where IODP
sediment core U1357B was drilled. Sedimentation rates at this location are higher than any
other published marine sediment record and average ⇠2 cm/year throughout the Holocene.
This creates a unique opportunity to develop a near-annually resolved record which captures
biologically influenced sedimentation from one of Antarctic’s largest coastal polynyas. The
focus of this PhD is to first develop and interpret the IODP U1357B Holocene record. The
second is to integrate this record with the RICE ice core in order to understand how each of
these regions evolved during the Holocene, and to identify any interactions between these
oceanographically linked sites.

Using X-ray Computed Tomography, and supported by X-ray fluorescence data, lipid biomark-
ers, and other physical properties, a record of near annual biogenic bloom events is developed
and linked to changing environmental conditions throughout the Holocene. Baseline shifts in
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laminae frequency correspond with changes in El Niño-Southern Oscillation (ENSO) frequency,
as noted in other Holocene paleoclimate records. The precise assessment of this relationship
is complicated by the fact that the Southern Annular Mode (SAM) and Indian Ocean Dipole
(IOD), which moderate the impact of ENSO on Adélie Land, are not yet well defined in the
paleoclimate record. In addition, the presence of coastal sea ice appears to play an important
role in modulating the oceanographic and biological response to ENSO forcing. This suggests
the sea ice state acts as a tipping point in the system to modulate low-to-high latitude telecon-
nections.

New analysis on previously measured grain size distributions of light and dark laminae, in
conjunction with examination of sediment advection rates, and laminae thickness data indicate
that these distributions provide a relative estimate of current speed throughout the Holocene.
These data indicate wind-driven currents are a primary control on laminae deposition and help
drive bloom events through upwelling of nutrients.

Measurement of major ions (Cl-, NO3
-, SO4

2-, MSA- , Na+, K+, Mg2+, Ca2+) in the RICE ice
core from the Early Holocene (⇠10.6 to 7.3 ka BP) are used to characterize aerosol delivery at
the RICE site, and provide context for the interpretations of the continuous flow analysis Ca2+

record, which has been measured for the entire Holocene. The RICE continuous flow analysis
Ca2+ and deuterium isotope record are then used in conjunction with data from the Taylor
Dome ice core, Talos Dome ice core, and the Adélie Basin sediment core to track changes
in atmospheric circulation and biological productivity as the Ross Ice Shelf retreated to its
modern-day position.

Two significant events are recorded in all records at ⇠8.9-8.5 ka BP and ⇠5-4.5 ka BP, and
are linked to the reorganization of atmospheric transport pathways and the presence of cooler
and fresher surface waters due to the formation of the Ross Ice Shelf cavity. Modification of
atmospheric and oceanic systems as the Ross Ice Shelf grounding line retreated increased the
sensitivity of Adélie Land to changes in the Ross Sea.

Together, this thesis provides a new Holocene reconstruction of current speed and biological
productivity in Adélie Land, East Antarctica. Comparison with the RICE ice core record and
other Ross Sea records highlight the sensitivity of these regions to one another, and suggest
future change in the Ross Sea will have large downstream impacts on primary productivity,
Antarctic Bottom Water Formation, and the global carbon cycle.
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Chapter 1

Introduction

1.1 Context and rationale

The marine based sectors of the Antarctic Ice Sheet (AIS) are cited as one of the largest uncer-
tainties for future sea level rise projections as the climate warms, on account of a lack of un-
derstanding regarding ice sheet dynamics and ice sheet-ocean interactions (Masson-Delmotte
et al., 2013). Marine-based ice sheets have numerous aspects that could make them vulnera-
ble to future warming. Extensive portions of the West Antarctic Ice Sheet (WAIS) margin are
characterised by large floating ice shelves which exert back-pressure onto the ice sheet and
act as buttresses, preventing the ice sheet from flowing rapidly into the ocean. In addition,
many regions of the AIS rest on reverse sloping continental shelves, including in West Antarc-
tica and the Wilkes Land margin, and are susceptible to Marine Ice Sheet Instability (MISI), a
runaway process of grounding line retreat (Weertman, 1974; Schoof, 2007). Models indicate
that the loss of the Ross Ice Shelf, combined with the reverse slope bathymetry, would lead to
runaway retreat of the WAIS and is largely the consequence of the Ross Ice Shelf’s sensitivity
to the ocean (Pollard and DeConto, 2009). Recent models also suggest that many of the EAIS
marine-based sectors are also vulnerable to significant ice loss under moderate scenarios of
future atmospheric and oceanic warming (Golledge et al., 2015; DeConto and Pollard, 2016;
Rignot et al., 2019). Today, iceberg calving and ocean-forced melting of floating ice shelves are
the primary ways the AIS loses mass (Jacobs et al., 1992, 1996; Depoorter et al., 2013; Rig-
not et al., 2014). Wind driven upwelling of Circumpolar Deep Water (CDW), and subsequent
formation of modified Circumpolar Deep Water (mCDW) which circulates under ice shelves,
is currently observed to be a leading cause of ice shelf thinning and ice sheet mass balance
loss in the West Antarctic (Wåhlin et al., 2010; Pritchard et al., 2012; Favier et al., 2014; Ja-
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cobs et al., 2011). While mCDW incursions are comparatively limited under the Ross Ice Shelf
(RIS) today, wind driven incursions of CDW onto Antarctic continental shelves are increasing
(Dinniman et al., 2012; Pritchard et al., 2012; Jacobs et al., 1992). Additionally, despite the
absence of large ice shelves in East Antarctica, thinning of outlet glaciers due to these oceanic
processes is also thought to be occurring along the Wilkes Land margin (Rignot et al., 2013;
Miles et al., 2016; Rignot et al., 2019). Long considered stable, recent evidence suggest this
part of East Antarctica is also susceptible to MISI due to the reverse bed slope of the Aurora
and Wilkes Subglacial Basins (Cook et al., 2014; Young et al., 2011).

As water mass exchange and ocean circulation on the continental shelf play an important
role in ice sheet mass balance, understanding the long term trends, as well as the drivers of
variability of this exchange is important for future predictions. However, ocean circulation
on Antarctica’s continental shelves are highly dynamic, and a result of the interplay between
complex atmospheric and oceanographic systems. These systems in turn have large implica-
tions for biological productivity which are a critical component to Earth’s climate system via
the carbon cycle. Strong katabatic winds flowing off the Antarctic continent drive sea ice away
from the coast and form latent heat polynyas, areas within the sea ice zone which have little
to no sea ice year-round (Smith et al., 1990; Barber and Massom, 2007). Due to the surface
cooling of katabatic winds, polynyas are areas of active sea ice production, contributing up to
10% of the total sea ice produced in all of the Southern Ocean (Tamura et al., 2008, 2016).
Brine rejection from these polynyas contributes to the formation of dense shelf waters and
other precursor water masses to Antarctic Bottom Water (Cavalieri and Martin, 1985; Bindoff
et al., 2000, 2001). Formation of these dense shelf waters on the reverse slope continental
shelf results in density-driven transport of heat towards the grounding line, acting to melt the
base of ice shelves (Jacobs et al., 1992; Jenkins, 1991). Polynyas and the marginal ice zone
are also areas of high primary productivity (Smith and Nelson, 1986; Arrigo and van Dijken,
2003; Arrigo and Van Dijken, 2004), and as such are important part of Antarctic ecosystems
and the Southern Ocean’s ability to act as a CO2 sink (Arrigo et al., 2008a).

The advection of sea ice and water masses from polynyas are also partially driven by kata-
batics, as these winds turn offshore and merge with the nearshore easterly winds (Parish and
Bromwich, 1987). These winds help drive the Antarctic Coastal Current and Antarctic Slope
Current, which are fundamental in regulating water mass exchange around the continental
margin, and between the Antarctic Continental Shelf and Southern Ocean (Whitworth, 1988;
Gill, 1973; Heywood et al., 1998; Thompson et al., 2018). Any changes in wind strength, and
subsequent current strength affect the delivery of heat, salt, and nutrients to the margins of
Antarctica’s marine based ice sheets, hence these currents are a first order control on ice sheet
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mass balance, bottom water formation, and primary productivity (Jacobs et al., 1992; Whit-
worth et al., 1998; Carter et al., 2008; Joughin and Alley, 2011; Moreau et al., 2019; Williams
et al., 2016). Recent changes in surface water properties related to these wind-driven cur-
rents, including upwelling processes and advection of glacial and seasonal sea ice meltwater
from the Amundsen and Ross Sea sectors, are already altering Antarctic Bottom Water forma-
tion processes in the Ross Sea and Adélie Land regions (Jacobs et al., 2002; Aoki et al., 2005;
Rintoul, 2007; Spence et al., 2014; Haumann et al., 2014; Thompson et al., 2018). Primary
productivity is also affected, as upwelling of mCDW and meltwater from sea ice and glaciers,
modulate primary productivity by providing nutrients and affecting stratification, but the re-
sponse is not the same in all regions (Moreau et al., 2019; Death et al., 2014; Gerringa et al.,
2012; Arrigo et al., 2015). Modelling studies suggest a reduction in AABW formation due
to increased meltwater will weaken global thermohaline circulation (Kusahara and Hasuma,
2013), but the impact of ice sheet change on primary production and Southern Ocean carbon
uptake are unclear (Gruber et al., 2019).

Collapse of the West Antarctic Ice Sheet due to ice shelf thinning and MISI, the shutdown
of Antarctic Bottom Water Formation, or alteration of the Southern Ocean’s role as a global
carbon sink are considered critical thresholds, or "Tipping Points" in the global climate system
(Lenton et al., 2008; IPCC, 2019; Hoegh-Guldberg et al., 2018). "Tipping points" in this state
refer to a critical threshold at which the response of a system changes abruptly to perturbations
or forcings, even if the changes precipitating the threshold occurred gradually, and have the
profound ability to completely alter the global climate system (Lenton et al., 2008; IPCC, 2019).
As atmospheric and oceanic dynamics along Antarctica’s coastal marine margins play a key role
in these tipping points, high-resolution paleoclimate records along these margins are necessary
to deconvolve natural variability from present change and to help identify what these tipping
points may be. Holocene reconstructions are particularly useful, as the dynamic retreat of the
Ross Ice Shelf during the Holocene may provide an analogue for recent and future change.

1.2 Research objectives

The focus of this thesis to develop two annually-resolved paleoclimate records in the Ross Sea
and Adélie Land margin to identify the drivers of variability in atmospheric circulation, sea ice
extent, primary productivity, and ocean circulation throughout the Holocene. The first record,
and primary focus of this thesis is IODP sediment core U1357B, a continuously laminated
Holocene record from Adélie Land, East Antarctica. The second record is from the Roosevelt
Island Climate Evolution project (RICE) ice core, from the eastern Ross Sea, which lies oceano-
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graphically upstream from Site U1357. Both of these records are influenced by large polynya
systems and are major sites of Antarctica Bottom Water formation. As such, both records pro-
vide a plethora of information on how oceanographic and biological systems interact during
times of deglaciation or change due to various climate modes of variability. Furthermore, these
records provide the first opportunity to integrate a marine and ice core record at near compa-
rable resolution and data precision. In this thesis, the following questions are addressed:

1. What are the environmental controls on the depositional processes in Adélie Land? Areas
near polynyas have high biologically influenced particle flux to the sea floor (Dunbar
et al., 1998; Cooper et al., 2002). Continuous light and dark laminations found in IODP
sediment core U1357B suggest persistent, biologically influenced sediment advection in
the Adélie Basin. However, to understand how biological activity has changed through
time (objective #2), it is essential to first understand how sediment is advected to the
site. In addition, understanding sediment advection can provide insights into the envi-
ronmental drivers of laminae thickness and frequency.

2. What are the drivers of biological productivity in Adélie Land and how has this changed
through the Holocene?

Most modern day studies on Antarctic primary productivity are limited to satellite based
or numerical model methods (e.g. Arrigo et al., 1997; Arrigo and van Dijken, 2003; Moore
and Abbott, 2000) or are temporally limited (e.g. Moreau et al., 2019; Smith et al.,
2000; Vaillancourt et al., 2003), and therefore provide incomplete records of Antarctic
primary productivity (Arrigo et al., 2008b). Primary productivity on Antarctica’s coastal
margins is a dominant force in the Southern Ocean’s role as a CO2 sink, but predictions
of how this will change due to future climate change is uncertain (Gruber et al., 2019).
Paleoclimate reconstructions of bloom events can provide longer term records of how
primary productivity responds to changing environmental conditions, and to long and
short term climate oscillations. This information is critical to understanding the response
of the carbon cycle to future climate change.

3. How does the observed environmental change at Roosevelt Island and Adélie Land corre-
spond to known Ross Ice Shelf grounding line dynamics? The timing and pattern of the
retreat of the Ross Ice Shelf (RIS) is a subject of much debate. Various suggestions have
been put forth, but lack of age constraints on these models inhibit further determination.
Given that IODP Site U1357 is oceanographically downstream from the Ross Sea, both
records in this project are likely to be profoundly affected by changes in the Ross Ice Shelf
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grounding line. Through comparison of the RICE, Taylor Dome, and TALDICE ice cores,
and the Adélie Basin sediment core, regional change of sea ice extent, atmospheric cir-
culation, and primary productivity are discussed in relation to Ross Ice Shelf grounding
line retreat.

1.3 Thesis outline

The collection, processing, and data set development of the RICE ice core and IODP U1357B
are the products of massive, international scientific collaboration, of which this thesis is a com-
ponent. Members of both the RICE community and IODP Expedition 318 scientists (which
collected U1357) have contributed datasets to this thesis which are essential to maximise the
datasets I have obtained and enhance the interpretations in this thesis. Contributions of other
authors are noted in the subsections below, but I have taken the lead in the integrated inter-
pretation of all datasets presented here.

This thesis is divided into seven chapters. The following format is used to develop the
Adélie sediment core and RICE ice core records, and address the objectives above.

1.3.1 Chapter 2

Chapter 2 provides a brief overview of the Holocene epoch (⇠11.7 ka BP to present), before
providing a more detailed review of Antarctica’s evolving ice sheet as it retreated from its
maximum extent during the Last Glacial Maximum (⇠26 to 19 ka BP) towards its present-day
configuration. A discussion of the main climatic and oceanic controls influencing Antarctica in
the modern day is also provided, highlighting the role of the Antarctic Ice Sheet and Southern
Ocean in the global climate system. Finally, the chapter concludes with site specific geologic,
oceanic, and climatic information for both Adélie Land and the Ross Sea region to provide
context for the paleoclimate records and interpretations discussed within this thesis.

1.3.2 Chapter 3

Chapter 3 outlines the methodology for analysing the U1357B and RICE ice core records.
The first section outlines the acquisition and processing of the X-ray Computed Tomogra-

phy (CT) data to obtain a high resolution record of laminae deposition at IODP Site U1357.
Integral to the interpretation of this dataset is the development of the age model which was
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developed by Rob Dunbar (Stanford University, United States) and Rob McKay (Victoria Uni-
versity of Wellington, New Zealand), but is currently unpublished, and therefore, detail on the
current state of this age model is provided here. However, this work on laminae frequency
is a fundamental addition to the age model, as it provides independent assessment of shifts
in sedimentation rates that helps to validate the age model by 14C dating. Supporting un-
published datasets to characterise the geochemical nature of the laminae in the core are also
discussed, but were analysed by other scientists working on IODP site U1357 in collaboration
with this work. The continuous line scan X-ray fluorescence (XRF) dataset provided by Francis
J. Jiménez-Espejo (University of Granada, Spain), allows for the assessment of the biogenic
versus terrigenous content changes between light and dark laminae, while lower resolution
lipid biomarker (Highly Branched Isoprenoids) datasets, were provided by Johan Etourneau
(University of Bordeaux, France) and provide insights into background shifts in sea ice state
that may influence laminae deposition.

The IODP methods provide key insights essential for all of the following chapters. Conse-
quently, numerous components of this chapter, in conjunction with data from Chapter 4 were
combined and submitted (mostly as supplementary material) for a short format manuscript
(centered on the results in Chapter 5) entitled, "El Niño-Southern Oscillation Influences on
East Antarctic Biological Productivity". In addition, aspects of this chapter will be incorporated
into collaborative papers on the age model for the U1357 cores, and geochemical papers lead
by the authors listed above.

The second section introduces the methodology used to measure major ions (MSA-, SO4
2-,

Cl-, NO3
-, Na+, Ca2+, Mg2+, K+) in the RICE ice core using ion chromatography (ICS). Addi-

tional unpublished datasets measured using continuous flow analysis (CFA) data include deu-
terium isotopes (�D) and calcium (Ca2+) and were provided by Nancy Bertler (Victoria Univer-
sity of Wellington, New Zealand) and Paul Vallelonga (University of Copenhagan, Denmark),
respectively. All of these datasets were used to develop the interpretations of the calcium ion
data which is used in Chapter 6.

The development of the RICE ice core record is a substantial collaborative effort involving
scientists from nine countries. As such, data sets are developed with agreed protocols that
govern the measurement and processing of data to ensure consistency across different teams
and laboratories. My contribution to this effort includes the laboratory work and associated
data processing of the Early Holocene ICS data. The laboratory work for samples containing
the Early Holocene was shared with fellow PhD student Lukas Eling. Processing of the data
was performed jointly and any issues arising from the processing was discussed with the ice
core team (Nancy Bertler, Rebecca Pyne, Lukas Eling, and Abhijith Ulayottil Venugopal). I
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performed the statistical analysis on the data and led the interpretations presented in Chapters
3.

The RICE data contributes to Chapter 6 which integrates the RICE ice core and IODP
U1357B records. While the Early Holocene data will be incorporated into several standalone
publications led by myself and Lukas Eling, the complete integration of the RICE and IODP
U1357B record is a focus over the next several years.

1.3.3 Chapter 4

Chapter 4 establishes the depositional environment relating to dark and light laminae occur-
rence in core U1357B. Analyses of mass accumulation rates (MARs) and grain size distribu-
tions have previously been performed as part of Albot (2017). In that prior work, there was
an attempt to link sedimentological data to laminae frequency derived from core linescan pho-
tographs. However, these core photograph data were unreliable due to differential oxidation
of the core face after core splitting, resulting in obscuration of subtle laminae features. Conse-
quently, Albot (2017) recommended CT-scanning of the cores to better characterise the laminae
in the context of her grain size results. In line with this recommendation, the new CT-scan data
derived in this work (Chapter 3) are used to examine how changes in physical sedimentology
and laminae thickness differ for light and dark laminae downcore. The XRF-data, and physical
core properties, help ground the CT-scan greyscale curve and laminae events as a proxy for
high productivity bloom events through the Holocene. New analysis on the grain size data is
also presented, including assessment of the sortable silt parameter which was not conducted
by Albot (2017). As primary productivity in many parts of the Antarctica’s coastal regions
is strongly linked to wind-driven upwelling processes, this chapter evaluates how changes in
grain size can be used to investigate changes in wind-driven currents, which may influence
dark and light laminae characteristics through the Holocene. Further, this investigation aims
to provide an understanding of seasonal differences in laminae deposition, as well as centen-
nial to multi-millennial changes in current strength through the Holocene. For this chapter, I
performed the analyses and interpretation of the CT-scan data, the evaluation of the sortable
silt parameter, and lead the synthesis of all datasets.

1.3.4 Chapter 5

Chapter 5 focuses on sub-decadal drivers of laminae frequency and synthesising all available
paleoenvironmental datasets for U1357B into a global context of low-to-high latitude telecon-
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nections of Holocene climate.
Chapter 5 has been prepared as a manuscript and is in review as:
Katelyn M. Johnson, Robert M. McKay, Nancy A.N. Bertler, Johan Etourneau, Francis J.

Jiménez-Espejo, Anya Albot, Christina R. Riesselman, Huw J. Horgan, Xavier Crosta, James
Bendle, Carlota Escutia, Robert B. Dunbar. El Niño-Southern Oscillation Influences on East
Antarctic Biological Productivity.

1.3.5 Chapter 6

Chapter 6 is the first attempt to correlate isotopic and ion data from the RICE, Taylor Dome,
and Talos Dome (TALDICE) ice cores, with the Adélie Drift sediment core to create a Holocene
reconstruction of the Adélie Land margin, and the eastern and western Ross Sea. In addition
to the datasets developed above, and the published Taylor Dome data, unpublished major ion
data from the TALDICE ice core were provided by Rita Traversi (University of Florence, Italy).
Large scale shifts in climate are identified in all records and the relative timing of these shifts
is compared. This integrated approach allows us to understand how winds, sea ice extent,
and biological productivity varied throughout the Holocene and identifies potential linkages
between these records as the Ross Ice Shelf retreated. For this chapter, I led the statistical
analysis and interpretations of the data sets.

1.3.6 Chapter 7

Chapter 7 summarizes the key results and contributions of this thesis to the wider scientific
community. Recommendations for future work are also provided.
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Chapter 2

Background

2.1 Climate states of the Holocene Epoch

The current interglacial, the Holocene, began ⇠11.7 ka BP (Rasmussen et al., 2006). Globally,
the Holocene can generally be characterised into three periods including: a period of gradual
warming in Early Holocene from ⇠11.7-7 ka BP; a generally stable, but warm Hypsithermal
(also referred to as ‘Holocene Thermal Maximum’, ‘Altithermal’, ‘Holocene Climate Optimum’)
between ⇠8-7 and ⇠5-4 ka BP; the cooler neoglacial from ⇠4-5 ka BP onward (Walker et al.,
2012; Wanner et al., 2011). A further division could be described from AD 1860, to mark
warming due the Industrial Era (Wanner et al., 2011; Ljungqvist, 2010). While these shifts
represent a global average, there is high regional variability in the relative timing and strength
of these trends (Marcott et al., 2013; Wanner et al., 2011)

Antarctic Holocene climate reconstruction derived largely from ice core records, indicate
an Early Holocene climate optimum between 11.5 ka and 9.0 ka BP, followed by another warm
optimum interval between 7-5 ka BP in the Ross Sea region (Masson et al., 2000). However,
East Antarctic ice core records suggest a temperature minimum at 8 ka BP, with the second
optimum not occurring until 6 to 3 ka BP. This was then followed by a decline in temperatures
(Masson et al., 2000)

Superimposed on these temperature trends are centennial- to millennial-scale fluctuations,
which are associated with atmospheric circulation changes leading to aridity changes in the
tropics and temperature shifts at the poles (Mayewski et al., 2004). These fluctuations have
been attributed to changes in Earth’s orbital configuration and solar insolation (Mayewski et al.,
2004; Wanner et al., 2015). Eight millennial scale warm events are also evident in the Antarctic
ice core records, with an apparent ⇠1,200 year periodicity. The climatic signature of these
millennial-scale variations is strongest at coastal sites, suggesting a coupling to sea ice and/or
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ice shelf processes (Masson et al., 2000).

2.2 Ice sheet retreat from the Last Glacial Maximum through

the Holocene

A statistical analysis suggests the timing of Last Glacial Maximum (LGM) was largely syn-
chronous between hemispheres, occurring at ⇠22.1 ± 4.3 ka BP in the Northern Hemisphere
and ⇠22.3 ± 3.6 ka BP in the Southern Hemisphere, when global temperatures were likely
⇠4.9�C cooler than during Hypsithermal (Shakun and Carlson, 2010). Peak interglacial con-
ditions were reached during the Early Holocene, around ⇠8.0 ± 3.2 ka BP in the Northern
Hemisphere and ⇠7.4 ± 3.7 ka BP in the Southern Hemisphere (Shakun and Carlson, 2010).
However, despite this apparent synchronous behaviour between hemispheres, there was large
global variability in the timing of the LGM and subsequent temperature and ice volume change
(Clark et al.; Shakun and Carlson, 2010).

During the LGM, the Antarctic Ice Sheet expanded toward the continental shelf edge, but
the timing of its maximum extent, as well as its retreat during the LGM to its present day
positions is also thought to have varied geographically (Figure 2.1). However, in most regions,
ice sheet grounding lines reached the inner shelf by 10 ka BP, with notable exception(s) of the
Ross Sea, and possibly the Weddell Sea, embayments (The RAISED Consortium et al., 2014).
In the following section, a review of the retreat history near Roosevelt Island and Adélie Land
is provided.
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Figure 2.1: Reconstruction of Antarctic ice extent at 20 ka BP. Grounding line position at 20
ka and changes in ice sheet thickness relative to present elevation in meters (or reconstructed
ice sheet elevation, Ross Sea) are plotted. Speculative grounding lines in East Antarctica and
Ross Sea sectors are from (Livingstone et al., 2012), but full discussions of uncertainty can
be found in Mackintosh et al. (2014) and Anderson et al. (2014). Weddell scenarios A and B
refer to different grounding line positions at 20 ka, with a less extensive position in A. Roo-
sevelt Island and the Adélie Basin are indicated by white stars. Modified from (The RAISED
Consortium et al., 2014)

2.2.1 East Antarctica LGM-Holocene ice sheet retreat

The timing and retreat pattern on the East Antarctic Ice Sheet (EAIS) from the LGM into the
Early Holocene is not well constrained due to sparse sampling of post-LGM records around the
margin, and dating limitations in marine records due to a lack of carbonate material needed to
obtain a reliable 14C chronology of the retreat (Mix et al., 2001; Anderson et al., 2002; Mack-
intosh et al., 2014). Using a range of terrestrial and marine records, Mackintosh et al. (2014)
suggested EAIS deglaciation was regionally asynchronous with ice sheet retreat occurring as
early as 18 ka BP in the Lambert Glacier/Amery Ice Shelf system, followed by the majority
of ice sheet retreat at ⇠12 ka BP due to ocean warming (Mackintosh et al., 2011). The ma-
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jority of the EAIS margin had reached its present day position by ⇠6 ka BP (Goodwin, 1993;
Mackintosh et al., 2007).

For the Adélie Land continental margin (136�E - 142�E), there are no onshore records
providing geological constraints on the timing and retreat in this region (Mackintosh et al.,
2014). Multiple bathymetric features (Section 2.5) along the coastline suggest that outlet
glaciers extended to the shelf edge at the LGM, and that the Adélie Basin site (Figure 2.10)
was primarily influenced by ice flow from the Zélée and Astrolabe Glaciers (Eittreim et al.,
1995; Beaman and Harris, 2003; McMullen et al., 2006; Leventer et al., 2006; Beaman et al.,
2011; Mackintosh et al., 2014). Offshore marine sediment records in the Mertz trough and
George V Basin are often thin and contain significant amounts of reworked pre-LGM carbon
that provide biased ages of the timing of sediment deposition using 14C dating of bulk sediment.
This reworking makes dating of retreat difficult in these locations. However, several cores in
the Adélie Basin contain expanded sections of diatom ooze that are tens of metres thick and
contain minimal input of reworked carbon, making them more reliable to date using 14C dating
of bulk sediment (Denis et al., 2009a; Crosta et al., 2007; Escutia et al., 2011; Mackintosh et al.,
2014). Diatom oozes obtained from MD03-2601, a 40 m long piston core, are interpreted to
reflect open water conditions after ice retreat sometime between ⇠11.1 and 10.6 ka BP (Costa
et al., 2007; Escutia et al., 2011). However, MD03-2601 did not sample glacial diamict at the
base of the datiom ooze, unlike IODP site U1357. The development of the age model of the
sediment older than 11,380 years in U1357B is ongoing, but ⇠11.5 ka BP provides a likely
minimum age estimate for the earliest retreat of grounded ice on the inner shelf to the Adélie
Basin (Mackintosh et al., 2014).

In its current configuration, the modern EAIS contains ⇠ 21.8⇥ 106 km3 of ice including
grounded ice sheets and fringing ice shelves and glacier tongues. It contains approximately
19.2 m of sea level equivalent of ice that is grounded below sea level (Lythe and Vaughan,
2001; Fretwell et al., 2013). While much of the EAIS is generally considered stable due to
most of its ice being grounded above sea level (Lythe and Vaughan, 2001; Fretwell et al.,
2013), recent research suggest the Wilkes Land Region is undergoing accelerated ice loss, and
may become further unstable in the future due to declines in sea ice concentration, and its
reverse bed slope (Mengel and Levermann, 2014; Miles et al., 2016; Shen et al., 2018; Rignot
et al., 2019).
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2.2.2 Ross Sea LGM-Holocene ice sheet retreat

Attempts to reconstruct the Ross Ice Shelf (RIS) grounding line retreat during the Holocene
are also ambiguous due to lack of reliable age constraints. The majority of age constraints
in the Ross Sea region are based on 14C radiocarbon dates from marine sediments, which,
as mentioned previously, can render compromised ages due to reworking of the sediments
incorporating younger and/or older carbon into the sample (Andrews et al., 1999; Anderson
et al., 2014; McKay et al., 2016).

Conway et al. (1999) proposed the ‘swinging gate’ model of glacial retreat, whereby the RIS
retreated at the end of the Last Glacial Maximum (LGM) southward along the western edge,
while becoming pinned around Roosevelt Island on the eastern side (Figure 2.2a). However,
recent age constraints from marine sediment cores, seafloor multibeam bathymetric data and
model experiments indicate that the RIS retreat commenced from the center (Figure 2.2b), with
ice margins along the coast lingering (McKay et al., 2016; Halberstadt et al., 2016; Lee et al.,
2017; Lowry et al., 2019). It is theorized that this marine-based ice retreat was initiated by an
increase in oceanic heat along the Pacific sector of the WAIS, and the delayed and asynchronous
pattern of retreat is caused by the complex bathymetry of the Ross Sea (Golledge et al., 2014;
McKay et al., 2016; Halberstadt et al., 2016). Consequently, retreat in this sector of Antarctica
continued through the Holocene due to the effects of the reversed slope continental shelf and
marine ice sheet instability (Thomas and Bentley, 1978; Schoof, 2007; McKay et al., 2016).
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Figure 2.2: (A) Data based reconstruction from Conway et al. (1999) termed the ‘Swinging
gate’, black circles indicate dates used to constrain retreat. Red arrows indicate direction of
ice flow during retreat. (B) Data/model based reconstruction of RIS retreat from the center.
Black dots and squares indicate dates used to constrain retreat (McKay et al., 2016). Orange
squares indicate sub-ice shelf dates from (Bart et al., 2018). White line is estimated grounding
line position at 11.5 ka, prior to rapid retreat towards Roosevelt Island (Bart et al., 2018).
Red arrows indicate expansion of local outlet glaciers during retreat. Modified from Lee et al.
(2017)

While Conway’s model suggests retreat solely in the Holocene, McKay et al. (2016) used
a numerical model and data-based comparison to propose earlier grounding line retreat in
the central Ross Sea Embayment, which may have initiated prior to the Holocene. Building
on this, Bart et al. (2018) obtained a series of carbonate derived 14C dates in the eastern
Ross Sea that imply a rapid retreat from the outer continental shelf towards Roosevelt Island
after 11.5 ka BP (Figure 2.2b). These recent results remain consistent with the central Ross
Sea Embayment model of McKay et al. (2016), but further age constraints from the central
embayment are required to fully test these hypotheses. The mismatch between chronologies
from coastal terrestrial samples and marine sediment cores lies in the fact that coastal ages may
in fact represent the final local retreat of EAIS glaciers, rather than the broader embayment
itself (Lee et al., 2017)(Figure 2.2).
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2.3 The Southern Ocean

The Southern Ocean encompasses the entire Antarctic continent and is connected to all the
major oceans through the Antarctic Circumpolar Current (ACC) and thus, influences global
climate and ocean circulation (Carter et al., 2008; Rintoul, 2018). The Southern Ocean also
plays an important role in the carbon cycle, and is responsible for the uptake of up to 40%
of anthropogenic CO2 (Devries, 2014) and 25% of all global CO2 (Takahashi et al., 2002). It
also influences global biogeochemical cycles by exerting control over nutrient transport to the
lower latitudes through sea ice and current interactions (Moore et al., 2018).

2.3.1 Physical oceanography

The main feature of the Southern Ocean is the easterly flowing Antarctic Circumpolar Cur-
rent (Figure 2.3), which is the world’s largest ocean current and connects all the major oceans
(Whitworth, 1988; Carter et al., 2008). The ACC’s zonal flow inhibits geostrophic meridional
flow, thereby isolating the Antarctic continent from the warmer waters to the north (Rintoul
et al., 2001; Rintoul, 2018). Zonal surface flow of the ACC is mostly driven by westerly winds,
and any meridional surface flow is due to Ekman transport, which drives surface waters pri-
marily northwards (Ekman, 1905; Orsi et al., 1995; Carter et al., 2008; Rintoul et al., 2001;
Rintoul, 2018). As surface waters move northwards, southward transport at depth ensues to
maintain mass balance in the water column, leading to upwelling of Circumpolar Deep Water
(CDW) along the continental slope (Wyrtki, 1961; Rintoul et al., 2001; Carter et al., 2008).
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Figure 2.3: Major oceanographic features of the Southern Ocean. Bathymetric features are also
noted. R. is an abbreviation for Ridge; K.Pl, Kerguelen Plateau; and F. Pl., Falkland Plateau.
Modified From Carter et al. (2008), base image modified from (Orsi and Whitworth, 2005).

CDW is the largest water mass in the Southern Ocean, and is composed of Lower Cir-
cumpolar Deep Water (LCDW) and Upper Circumpolar Deep Water (UCDW). Together, LCDW
and UCDW form two meridional cells driving the thermohaline overturning circulation in the
Southern Ocean (Carter et al., 2008; Rintoul et al., 2001) (Figure 2.4). LCDW and UCDW
are characterized through their oxygen, salinity, and nutrient contents, with LCDW being very
saline and UCDW being oxygen depleted and high in nutrients (Gordon, 1975; Orsi et al.,
1995).
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Figure 2.4: Schematic of the Southern Ocean overturning circulation, as well as the zonal flow.
Modified from Olbers and Visbeck (2005) and (Speer et al., 2000)

Bathymetric constraints combined with density driven thermohaline circulation governs
ACC pathways at depth (Figure 2.3). Cold, dense waters are produced along Antarctica’s
coastal margins due to brine rejection from sea ice formation and supercooling from inter-
actions with floating ice shelves (Figure 2.4). LCDW upwells along the continental slope of
Antarctica and mixes with cold, dense, shelf water, which enhances circulation of LCDW, and
also contributes to Antarctic Bottom Water (AABW) production (Carter et al., 2008). Deep
Western Boundary Currents (DWBC) branch off from the ACC at depth and carry these dense
waters (AABW and LCDW) northwards into the abyssal basins of the Atlantic, Pacific, and
Indian Oceans (see Figure 2.3) (Carter et al., 2008; Sloyan and Rintoul, 2001).

Remaining LCDW is transported northwards, and is subsequently depleted in oxygen due
to biological activity (Rintoul et al., 2001). Further mixing with fresher waters leads to a less
dense and lower oxygenated water mass that returns southward to make up UCDW (Rintoul
et al., 2001). UCDW is then converted to Antarctic Intermediate water (AAIW), through air-
sea buoyancy fluxes as it is upwelled along the ACC, and transported northwards as part of the
Ekman layer (Rintoul et al., 2001; Speer et al., 2000).

Closer to the coast lies the easterly flowing Antarctic Slope Current (ASC), also known as
the East Wind Drift (Deacon, 1937), and the Antarctic Coastal Current (ACoC) (Heywood et al.,
2004; Carter et al., 2008). The ACoC is a narrow, and at times rapid, current that flows along
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the coastal continental shelf and along ice shelves, where present (Jacobs, 1991; Carter et al.,
2008). The ACoC is most prevalent in areas where the continental shelf is wide, as it can be
difficult to differentiate the ACoC from the ASC in areas where the shelf is narrow (Heywood
et al., 1998; Carter et al., 2008).

The ASC is thought to form due to the prevailing easterly winds along Antarctica’s coast
which lead to Ekman transport of surface waters towards the coast, creating a gradient in sea
surface height and leading to a geostrophic westward flow at depth (Deacon, 1937; Whitworth
et al., 1998; Heywood et al., 2004). The along-slope flow of ASC on the continental rise
interacts with cold, dense water masses sinking downslope to the abyssal plain, and helps
drive upwelling of warmer CDW onto the shelf (Gill, 1973; Ainley and Jacobs, 1981; Jacobs,
1991; Whitworth, 1988; Carter et al., 2008). Consequently, the oceanographic regime in this
region is highly dynamic, driving exchanges of heat, salt, nutrients, and gases along this front,
resulting in an area of high primary productivity (Jacobs, 1991).

The ASC is instrumental in regulating the vigorous mixing of upwelled CDW with other
water masses on the continental shelf forming modified Circumpolar Deep Water (mCDW)
(Jacobs et al., 1970; Whitworth et al., 1998; Jacobs and Giulivi, 1999; Gordon et al., 2000; Orsi
and Wiederwohl, 2009; Dinniman et al., 2011). mCDW can supply heat to continental shelf
(Jacobs, 1991; Rintoul, 1998; Jacobs et al., 2011) and has been linked to polynya dynamics
(Jacobs and Comiso, 1989; Rintoul, 1998), and increases in primary productivity (Prezelin
et al., 2000). mCDW is also an important precursor water for AABW formation, as these saline
waters are modified by ice-ocean interactions on the continental shelf, through brine rejection
during sea ice formation and supercooling by floating ice shelves (Jacobs et al., 1970; Orsi
et al., 1995; Rintoul, 1998; Orsi et al., 2001; Orsi and Wiederwohl, 2009). This acts to create
an extremely dense water that eventually recirculates off the continental shelf and sinks into
the abyssal plain to form AABW.

Areas of high AABW formation occur in areas associated with increased brine rejection
(Orsi et al., 1995), such as polynyas where sea ice production rates are high (Cavalieri and
Martin, 1985; Zwally et al., 1985; Rintoul, 1998; Massom et al., 1998). The most significant
regions of AABW formation around Antarctica include the Ross Sea (Jacobs et al., 1970; Jacobs,
2004),the Wilkes/Adélie Land land margin (Gordon and Tchernia, 1972; Rintoul, 1998; Orsi
et al., 1999; Bindoff et al., 2000; Fukamachi et al., 2000; Rintoul, 2007; Williams et al., 2008),
and the Weddell Sea (Foster and Carmack, 1976; Gordon et al., 1993). The northward flow
of AABW represents the lower cell of the Atlantic Meridional Overturning Circulation, whose
counterpart in the north sends North Atlantic Deep Water southward to complete the global
thermohaline overturning circulation of the ocean (Buckley and Marshall, 2015).
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2.3.2 Ice shelf-ocean interactions

Ice shelf-ocean interactions have an important effect on the mass balance of the Antarctic
Ice Sheet. Recent modelling studies suggest that marine based ice sheets are vulnerable to
catastrophic retreat when their margins are exposed to changes in oceanic heat flux, regardless
of the presence of atmospheric warming (Bassis et al., 2017). Iceberg calving and ocean-forced
melting of floating ice shelves are the primary ways the Western Antarctic Ice Sheet (WAIS)
loses mass (Jacobs et al., 1992; Depoorter et al., 2013; Rignot et al., 2014).

Several mechanisms contribute to basal melting of ice shelves. Shallow water mixing due
to tides and other shallow water processes can transport heat from near-surface waters be-
neath the ice shelf (Jacobs et al., 1992; Joughin and Alley, 2011), while intrusions of warm
CDW under the ice shelf can cause accelerated melting (Jacobs et al., 1992; Joughin and Alley,
2011). On the Ross Sea continental shelf, CDW is vigorously mixed with surface waters creat-
ing fresher, less dense, mCDW (Jacobs and Giulivi, 1999). While circulation of mCDW under
the RIS is relatively limited today, wind driven incursions of CDW and subsequent formation
of mCDW on Antarctic continental shelves appears to be increasing in many regions (Pritchard
et al., 2012; Jacobs et al., 1992). In most circumstances, the primary driver of basal melting is
high-salinity shelf water (HSSW), produced through mixing of saline CDW and surface waters
that have undergone brine rejection and cooling through sea ice formation (Joughin and Alley,
2011). As the southern Ross Sea is the largest producer and exporter of sea ice for the Pacific
sector of the Southern Ocean, HSSW is present in abundance (Jacobs et al., 2002). HSSW is
extremely dense, and therefore flows towards the grounding lines of the ice shelves, where it
melts the ice as the freezing point decreases with depth, and subsequently mixes with meltwa-
ter from the base of the ice shelves to form Ice Shelf Water (Fujino et al., 1974; Jacobs et al.,
1992).

Once a retreat is initiated, the WAIS is thought to be particularly susceptible to process
known as Marine Ice Sheet Instability (MISI), as it rests on a bed sloping inland of its ice shelves
(Weertman, 1974; Thomas and Bentley, 1978; Schoof, 2007). In such a setting, as warm waters
(e.g. CDW, mCDW) penetrate onto the Antarctic continental shelf, they act to enhance basal
melt of the ice shelves. This eventually leads to a flotation threshold being met, allowing
warm water to further penetrate beneath the ice sheet. This leads to grounding line retreat
and as this passes into a progressively deeper basin, an ever thicker mass of ice is exposed at the
grounding line. Consequently, the flux of ice passing through this gate increases with thickness
of the ice exposed at the grounding line, leading to ever accelerating and runaway grounding
line retreat, even in the absence of sustained increases in heat forcing (Schoof, 2007).
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2.3.3 Sea ice

Antarctic sea ice extent is unbounded by land mass to the north and nearly 15⇥106 km2 of ice
forms and melts each year in an annual seasonal cycle (Eayrs et al., 2019). Extent is primarily
restricted by the Antarctic Circumpolar Current, which marks the boundary of the stable, cold
water masses necessary for sea ice formation (Martinson, 2012). On average, sea ice extent
reaches its maximum in September, and retreats to its minimum in February, with some coastal
areas sustaining ice year round (Parkinson, 2014; Eayrs et al., 2019).

Sea ice extent in Antarctica has been increasing over the last three decades, but is only sta-
tistically significant (95%) Antarctic-wide in Autumn (Maksym, 2019). Outside of the autumn
trend, increases in sea ice extent are only significant in the Ross Sea year round (Yuan et al.,
2017). Satellite-based observations indicate that since 2014, decreases in annual sea ice extent
have eliminated the increasing trend in only three years (Parkinson, 2019).

Winds directly influence sea ice variability in Antarctica, with offshore winds driving sea
ice northward and cooling of the sea surface producing more ice (Kwok et al., 2016; Holland
and Kwok, 2012; Maksym, 2019). Conversely, warmer onshore winds can act to compact
sea ice nearshore and warm the surface inhibiting sea ice growth further offshore (Maksym,
2019). The sensitivity of sea ice to the direction and magnitude of winds, and air temperature
in Antarctica also makes it responsive to major climate oscillations and circulation features.
These are discussed in section 2.4.

Sea ice also plays a key biological and physical role in the Southern Ocean’s carbon up-
take. Biologically, it acts as substrate for algal biomass and also affects nutrient delivery, water
stratification, and solar insolation which control mass phytoplankton bloom events that act
as a strong carbon sink (Barber and Massom, 2007; Arrigo et al., 2008b; Smith and Comiso,
2008; Takahashi et al., 2009). In the wintertime, extensive sea ice cover physically prevents the
outgassing of CO2 from the ocean, thus increasing CO2 concentrations under the ice as deep
waters mix at the surface (Tréguer and Pondaven, 2002; Takahashi et al., 2009). However,
these physical and biological sea ice processes, as well as the sinking and upwelling of various
water masses, leads to a nearly zero net flux of CO2 from the Southern Ocean to 35�S (Gruber
et al., 2019; Takahashi et al., 2002).

Recently, it has been suggested that a reduction in sea ice will lead to a reduction in bio-
logical productivity, thereby reducing CO2 uptake in the coastal southern ocean (Brown et al.,
2019). Additionally, paleo-studies have suggested that enhanced westerly winds increase out-
gassing of CO2 at the surface (Saunders et al., 2018). However, future projections of the
Southern Ocean’s behaviour as a carbon sink remains highly ambiguous, as exemplified by a
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large range of model variability (Gruber et al., 2019).

2.3.4 Primary productivity in the Southern Ocean

Despite high levels of macronutrients (e.g. nitrate, phosphate, silicate), the Southern Ocean
only has moderate rates of primary productivity (Arrigo et al., 1998; Smith and Gordon, 1997;
Moore and Abbott, 2000). Low levels of micronutrients, such as iron, have been identified as
the limiting factor controlling biological productivity (Takeda, 1998; Boyd, 2002). However,
intense phytoplankton bloom events can occur around the Southern Ocean, leading to sub-
stantial temporal and spatial variations in Southern Ocean productivity (Arrigo et al., 2008b;
Smith and Nelson, 1986). Areas of high productivity include the marginal ice zone (Smith and
Nelson, 1986), the continental shelf (Smith and Gordon, 1997; Arrigo and Van Dijken, 2004),
coastal polynyas (Arrigo and van Dijken, 2003; Arrigo and Van Dijken, 2004), as well as areas
within oceanic frontal zones where nutrient rich waters are brought to the surface (Comiso
et al., 1993; Moore and Abbott, 2000; Sokolov and Rintoul, 2007). The marginal ice zone is
the transitional area between sea ice and open ocean. Mass phytoplankton bloom events at
the marginal ice zone are suggested to be induced by a comparatively fresh surface layer from
seasonal sea ice melt that stabilizes the water column, which allows sunlight to more easily
illuminate this layer relative to water beneath sea ice, promoting bloom growth (Smith and
Nelson, 1986).

Polynyas are regions of persistently anomalous open water and/or reduced sea ice condi-
tions within the sea ice zone that vary in size from tens to tens of thousands of square kilome-
ters (Barber and Massom, 2007). There are two types of polynyas, the sensible heat polynya,
whereby upwelling of warmer waters prevents surface freezing, and the latent heat polynya,
where katabatic winds continually drive ice away from a particular area, allowing it to remain
open and ice free. Spring blooms in coastal polynyas are controlled by surface light conditions,
mixing due to katabatic winds, stratification of the water column, and ice cover (Vaillancourt
et al., 2003; Arrigo and van Dijken, 2003).

In the regions of interest studied in this thesis, three polynyas are relevant: the Mertz, Ross
Sea, and Dumont d’Urville. Coastal polynyas, such as the Ross Sea and Mertz are generally
driven by a combination of katabatic and synoptic scale winds, with only a marginal sensible
heat component and are therefore considered latent heat polynyas (Zwally et al., 1985; Jacobs
and Comiso, 1989; Bromwich et al., 1993; Jacobs and Giulivi, 1998; Massom et al., 2001;
Williams and Bindoff, 2003; Marsland et al., 2004; Barber and Massom, 2007). The Dumont
d’Urville polynya is primarily forced by strong katabatics winds off the coast (Adolphs and
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Wendler, 1995).
The majority of high productivity events around Antarctica are limited to November-January,

which corresponds to winter sea ice break up and retreat, and increased availability of light
(Wefer et al. 1988; Abelmann and Gersonde 1991). However, green frazil ice associated with
late summer algal blooms has recently been suggested as a major contributor to primary pro-
ductivity in the Southern Ocean (DeJong et al., 2018). Phytoplankton bloom events are often
exported to the sea floor, with measured data suggesting a two month lag between export and
peak production (Rigual-Hernández et al., 2015). These bloom events are preserved in the
Adélie Basin record (U1357B) and are discussed in detail in Chapters 3, 4, and 5.

2.4 Major climate modes, circulation features and impacts

This following subsections provide an overview of the major circulation features and climate
modes affecting the Antarctic Region.

A defining feature of Antarctica is the strong, cold katabatic winds that drain from high
elevations down to the coast. As these winds flow offshore, they turn and merge with nearshore
easterly winds. A second prominent circulation feature is the Antarctic Circumpolar Trough
(ACT), a zone of frequent low pressure systems between 50�S and 70 �S (King and Turner,
1997). The low pressure of the ACT relative to high pressures in lower latitudes drives the
intense westerly winds encircling the continent.

2.4.1 Southern Annular Mode

The Southern Annular Mode (SAM), also referred to as the high-latitude mode and the Antarc-
tic Oscillation, quantifies the differences in the zonal mean sea-level pressures of the Southern
Hemisphere mid- and high-latitudes, which drives zonal wind strength (Gong and Wang, 1999;
Limpasuvan and Hartmann, 1999; Rogers et al., 1982; Thompson and Wallace, 2000a). Mul-
tiple indices using various methods, data sets, and time periods are used to quantify SAM (Ho
et al., 2012, & references therein). The most common methods of defining SAM are:

1. The first principal component (leading empirical orthogonal function) of sea level pres-
sure and geopotential height variability from 20�N to the pole in the Southern Hemi-
sphere (Thompson and Wallace, 2000b).

2. The differences in the normalized zonal mean pressure from 65�S to 40�S (Gong and
Wang, 1999)
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SAM is in its positive phase when pressures in the mid-latitudes are higher than those
over Antarctica, thereby strengthening the circumpolar vortex and associated westerlies around
Antarctica (Marshall, 2003). Furthermore, poleward heat flux is reduced, the Antarctic Cir-
cumpolar Current is strengthened, and sea ice is advected away from the continent leading to
more sea ice coverage (Hall and Visbeck, 2002; Holland et al., 2017; Turner et al., 2017b).
During negative SAM, the opposite occurs, where poleward heat flux increases, the Antarctic
Circumpolar Current weakens and sea ice coverage is reduced. Impacts of SAM on Antarctic
surface air temperatures do not differ greatly among seasons, with positive SAM leading to
cooler temperatures across most of the Antarctic continent, and warm temperature anomalies
in the Antarctic Peninsula region (Kwok and Comiso, 2002b; Marshall and Thompson, 2016).
The spatial pattern of the SAM and the associated changes during the positive phase of the
SAM are shown in figure 2.5.
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Figure 2.5: Southern Annular Mode. Positive phase of the Southern Annular Mode. Higher
pressures in mid-latitudes strengthen the westerlies (black arrow), and lead to cold offshore
flows (white arrow) and increase in sea ice extent (SIE) . The peninsula experiences warm on-
shore flows (orange arrow) and reduced SIE. Base map shows the spatial SAM pattern derived
from the NCEP-R1 850 hPa anomaly (Lenton and Matear, 2007)

SAM variability and subsequent fluctuations in surface pressures can shift on both short
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(Baldwin, 2001) and long-term timescales (Kidson, 1999; Marshall, 2003). Variability is diffi-
cult to predict, but paleoclimate reconstructions show that SAM has been increasingly positive
since 1400 AD and is at its most positive phase in the last 1000 years (Abram et al., 2013). The
positive phasing in more recent decades has been attributed to depletion in the ozone hole and
increasing greenhouse gas emissions, however, as the ozone hole is recovering, the phasing of
the SAM in future decades is uncertain (Thompson et al., 2011).

The SAM can act to influence the El Niño-Southern Oscillation (ENSO) and make the tele-
connections to the poles stronger or weaker, with positive phases of SAM reinforcing La Niña
(and therefore positive SOI) conditions and negative SAM reinforcing El Niño (negative SOI)
conditions (Fogt and Bromwich 2006; Fogt, Bromwich, and Hines 2011; L’Heureux et al. 2006;
Stammerjohn et al. 2008).

2.4.2 El Niño-Southern Oscillation

The El Niño-Southern Oscillation describes a see-saw pattern in temperature and pressure
anomalies across the tropical Pacific, whereby the zonal Walker Circulation strength and lo-
cation is altered (Bjerknes, 1969; Walker, 1923, 1924). The Walker Circulation describes an
airflow model where dry air sinks over the cold waters off South America, and high pressure
at the surface drives air west towards low surface pressure in the Indo-Pacific region, creat-
ing the Trade Winds. As the air moves over progressively warmer waters, it too warms, and
leads to convection in the Indo-Pacific region. ENSO events are monitored using the Southern
Oscillation Index (SOI), which calculates the pressure anomalies over the western Pacific, and
the Niño sea surface temperature indices which calculate sea surface temperature anomalies
in the eastern Pacific. During an El Niño event, the Walker Circulation is weakened, as warmer
sea surface temperatures off the coast of Peru weaken sea surface temperature and pressure
gradients across the Pacific. El Niño typically reaches peak intensity during the Southern Hemi-
sphere summer in December-January-February (DJF) and lasts for 18-24 months (Rasmusson
and Carpenter, 1982; Trenberth et al., 1998).
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Normal Conditions Canonical El Niño Canonical La Niña

Figure 2.6: Schematic of normal conditions in the Pacific (A), followed by conditions present
during a canonical El Niño (B) and La Niña (C). The Walker circulation is indicated by the
green arrows, with surface wind directions indicated by the light blue arrow. Shaded contours
in the ocean indicate sea surface temperature anomalies. Also present is the change in ther-
mocline position, which demonstrates reduced upwelling along the eastern Pacific during El
Niño conditions, and enhanced upwelling during La Niña conditions. Modified from Ashok
and Yamagata (2009)

In recent decades, ENSO has been categorized into two different types. The first is the
canonical El Niño and La Niña event described above, where sea surface temperature anoma-
lies develop in the eastern Pacific along the Peruvian coast. The other type is called the El Niño
Modoki (Ashok et al., 2007), which has also been variably referred to as the Trans-Niño (Tren-
berth and Stepaniak, 2001), Warm Pool El Niño (Kug et al., 2009), and the Central Pacific El
Niño (Kao and Yu, 2009; Yeh et al., 2009). El Niño Modoki events are characterized by warm
sea surface temperature anomalies in the central Pacific, with cooler sea surface temperature
existing in the western and eastern Pacific, resulting in two different Walker cells and spurring
teleconnections from both cells (Ashok et al., 2007; Kug et al., 2009). El Niño Modoki events
are predicted to increase in frequency due to future climate change (Yeh et al., 2009).

El Niño reaches its peak in December-January-February (DJF), but tropical forcing of south-
ern high latitude teleconnections is typically strongest during the spring (September-October-
November; SON), with ENSO events triggering the Pacific South American patterns (PSA),
a series of alternating pressure/height anomalies, that work to influence Antarctica (Karoly,
1989; Mo and Paegle, 2001; Trenberth et al., 1998; Turner, 2004; Yuan, 2004; Jin and Kirtman,
2009). PSA 1 is typically associated with canonical ENSO (positive PSA1, El Niño; negative
PSA1, La Niña) (Mo and Paegle, 2001; Schneider et al., 2012), whereas PSA2 is linked to ENSO
Modoki events (Rodrigues et al., 2015). Understanding ENSO’s role in affecting Antarctica and
vice versa is difficult because triggers of ENSO events are not well understood. Moreover, as
ENSO events vary widely in development and location, so do the teleconnections (Ciasto et al.,
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El Niño Modoki La Niña Modoki

Figure 2.7: Same as 2.6, but showing conditions during El Niño Modoki (A) and La Niña
Modoki (B). Modified from Ashok and Yamagata (2009)

2015; Gergis et al., 2006; Kug et al., 2009; Ashok et al., 2007). The majority of Antarctic ENSO
studies have focused on the Antarctic Peninsula, Amundsen Sea, and Ross Sea regions where
teleconnections are strongest (e.g Bertler et al., 2004; Kwok and Comiso, 2002a; Turner, 2004;
Yuan, 2004; Yuan and Li, 2008).

Numerous studies indicate a link between canonical ENSO and Antarctic sea ice variability
(Chiu, 1983; White and Peterson, 1996; Yuan and Martinson, 2000; Kwok and Comiso, 2002a;
Yuan, 2004; Stammerjohn et al., 2008; Raphael and Hobbs, 2014). During an El Niño event,
warm temperature anomalies in the eastern Ross sea lead to reduced sea ice, whereas cold
temperature anomalies in the Bellingshausen and Weddell sea sector lead to more sea ice, as
shown in Figure 2.8 (Yuan, 2004). The opposite is true during a La Niña event. Regional sea
ice changes during ENSO events are largely driven by wind changes resulting from pressure
anomalies, but these pressure anomalies also occur during changes in the Southern Annular
Mode (SAM) (Stammerjohn et al., 2008).
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Figure 2.8: Schematic depicting El Niño (a) and La Niña (b) on zonal circulation and merid-
ional heat flux, and associated impact on sea ice. Shaded contours indicate sea surface tem-
perature anomaly composites during these events. From Yuan (2004).

El Niño Modoki impacts on Antarctica are increasingly being studied. Ding et al. (2011)
found that winter warming in the Antarctic Peninsula is linked to anomalous sea surface tem-
perature warming in the central Pacific. El Niño Modoki events are also associated with a
weakening of the polar jet and stratospheric warming during austral summer (Hurwitz et al.,
2011).

In the modern day, ENSO events occur at 2-7 year frequencies. However, the frequency
of ENSO likely changed throughout the Holocene (Rodbell et al., 1999; Koutavas et al., 2002;
Donders et al., 2005, 2008; Moy et al., 2002; McGlone et al., 1993; Pausata et al., 2017;
Sandweiss et al., 1996). Several records suggest that the onset of the modern day frequency
occurred around ⇠4.5 ka BP (Sandweiss et al., 1996; Donders et al., 2008; Carré et al., 2014).

2.4.3 Interdecadal Pacific Oscillation

The Interdecadal Pacific Oscillation (IPO) is the second empirical orthogonal function of low
frequency global sea surface temperature anomalies (Power et al., 1999), but has recently been
quantified by a tripole index of decadal sea surface temperature variability across the Pacific
(Henley et al., 2015). The IPO is closely related to the Pacific Decadal Oscillation (Mantua
et al., 1997) and oscillates on⇠15-35 year time frame (Magee et al., 2017). The positive phase
of the IPO is marked by warm sea surface temperature anomalies in the tropical Pacific, with
cold sea surface temperature anomalies flanking either side at higher latitudes (Power et al.,
1999). The IPO modulates ENSO’s regional influence on the Southern Hemisphere (Power
et al., 1999; Salinger et al., 2001; Henley et al., 2015). When IPO and ENSO occur in phase
together (positive IPO/El Niño and negative IPO/La Niña), typical ENSO teleconnections are
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amplified (Magee et al., 2017).
IPO causes negative sea surface temperature anomalies around Antarctica in its negative

phase, as well as leading to surface pressure and wind changes that lead to increased sea ice
extent (Meehl et al., 2016) (Section 2.6.3). Reanalysis data suggest the IPO has a profound
influence in the Antarctic Indian Ocean sector as well (Vance et al., 2016).

2.4.4 Amundsen Sea Low

The Amundsen Sea Low (ASL), (Baines and Fraedrich, 1989; Kreutz et al., 2000; Bertler et al.,
2004; Raphael et al., 2016; Turner et al., 2013) is a climatological center of low pressure
that greatly affects the atmospheric conditions around West Antarctica. The ASL’s center mi-
grates seasonally, existing at its most southerly position near the Ross Sea in winter, then mov-
ing northward towards the Bellingshausen Sea during the austral summer (Schneider et al.,
2012; Bromwich and Wang, 2008; Turner et al., 2013). The clockwise motion of the ASL af-
fects meridional flow, surface air temperature, and sea ice. Along the eastern side of the low,
anomalous northerly flow raises surface air temperatures and compacts sea ice along the coast,
thereby reducing sea ice extent (Hosking et al., 2013; Massom et al., 2008). Along the west-
ern edge, flow is offshore, thereby increasing sea ice extent and creating negative temperature
anomalies (Hosking et al., 2013; Massom et al., 2008).
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Figure 2.9: Amundsen Sea Low. (A) A schematic of seasonal mean sea level pressure (SLP)
around Antarctica. ASL position is marked in by white ‘+’. ASL indices are derived from SLP
anomalies within the black outline. ASL migrates towards the black ‘+’ in the austral sum-
mer (DJF). Red arrows indicate warm onshore flow, while blue arrow indicates cold offshore
flow. Modified from Hosking and National Center for Atmospheric Research Staff (2019). (B)
Schematic showing spatial changes of ASL during ENSO events. During a La Nina, the ASL
deepens (indicated by size of Las), and the warm onshore air masses (red arrows) are not as
warm as those during an El Niño. Cold air masses are represented by blue arrows. From Bertler
et al. (2004)

The ASL is affected by other tropical modes of climate variability such as the ENSO and
SAM (Raphael et al., 2016; Turner et al., 2013). ENSO affects the depth of the ASL, with a
deepening occurring during La Niña and a weakening occurring during El Niño (Bertler et al.,
2004; Raphael et al., 2016; Turner et al., 2013). This relationship is strongest during the spring
(Raphael et al., 2016). Additionally, the SAM affects the meridional position of the ASL with
the low positioned further northward during positive SAM conditions (Turner et al., 2013).

2.4.5 Indian Ocean Dipole

The Indian Ocean Dipole (IOD) is a coupled ocean-atmosphere phenomenon similar to ENSO
that exists in the Indian Ocean (Saji et al., 1999; Webster et al., 1999; Ashok et al., 2003;
Wang et al., 2016). During a negative IOD, sea surface temperatures are cooler than average
and conditions are dryer in the western Indian Ocean, with warmer than average sea surface
temperatures and increased rainfall occurring closer to Indonesia (Saji et al., 1999). In its
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positive phase, warm temperature and positive rainfall anomalies occur in the western Indian
Ocean, with cold temperature and negative rainfall anomalies existing in the eastern Indian
Ocean.

The complex relationship between the IOD and ENSO is an area of active research. IOD
events can exist independently of ENSO events (Saji et al., 1999; Ashok et al., 2003; Wang
et al., 2016), but ENSO events can influence the IOD and vice versa (Saji et al., 1999; Webster
et al., 1999; Lee Drbohlav et al., 2007; Stuecker et al., 2017; Wang et al., 2019; Izumo et al.,
2010; Jourdain et al., 2017). ENSO interactions with IOD events differ based on type of El
Niño occurring (Capotondi et al., 2015; Wieners et al., 2017). Additionally, analysis of sea
surface temperature anomalies during various IOD events have suggested the existence of an
IOD Modoki state, characteristic of the ENSO Modoki, with different teleconnection patterns
(Endo and Tozuka, 2016).

When IOD does interact with canonical ENSO events, positive IOD events are typically
associated with El Niño events, whereas negative IOD events are associated with La Niña events
(Stuecker et al., 2017). These interactions lead to a Rossby wave train that then affects the
high southern latitudes and the area around the Wilkes Land Margin (Section 2.5.3) (Saji and
Yamagata, 2003; Cai et al., 2011; Saji et al., 2005; Nuncio and Yuan, 2015).

2.5 IODP U1357B

This section gives an overview of the geologic, oceanographic, and climatic controls at Site
U1357 (66.4133�S, 140.42617 �E) (Figure 2.10). Site U1357 was drilled at a water depth
of ⇠1017 m on the Antarctic continental shelf, in the Adélie Basin, offshore East Antarctica
(Escutia et al., 2011). Three separate holes were cored (U1357A, U1357B, U1357C), but a
spliced composite core has not been developed due to low signal to noise ratio in the physical
properties logs, resulting from the highly ephemeral nature of the organic-matter and water-
rich diatom ooze recovered.
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Figure 2.10: (A) Map of Adélie Land bathymetry. The Mertz, Astrolabe, and Zélee glaciers
are labelled. Dumont d’Urville weather station is indicated by black dot. Black star indicates
U1357B location. The Adélie Bank, Mertz Bank, Adélie Basin (AB), and George V Basin (GVB)
are also highlighted. The approximate location of the Mertz Polyna (MP) and Dumont d’Urville
polynya (DP) are indicated by green ellipses (Arrigo and van Dijken, 2003). (B) 3D oblique
easterly view of the regional bathymetry. Direction and position of the ASC (white), Antarctic
Coastal Current (ACoC, light grey) high salinity shelf water (HSSW; pink), and modified cir-
cumpolar deep water (mCDW, dark blue) indicated. Katabatic and easterly winds are indicated
by straight dark grey and light grey arrows, respectively. Bathymetry data from Beaman et al.
(2011).
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2.5.1 Geological setting

The Adélie Basin lies offshore Adélie Land (136�E - 142�E), with the Wilkes Land Margin (100�E
- 136�E) to the west and George V Land (142�E - 153�E) to the east. The overdeepened con-
tinental shelf is characteristic of isostatic adjustment and glacial scouring due to ice loading
in previous glaciations (Anderson, 1991). Mega-scale glacial lineations and multiple ground-
ing zone wedges indicate several glacial advances and retreats, with the seafloor sediments
consisting mostly of diamicton, but overlain by drifts of diatomaceaous sediments in places
(McMullen et al., 2006; Beaman and Harris, 2003). The continental shelf is marked by the
large, shallow, and relatively flat Adélie and Mertz Banks (Beaman et al., 2011). These banks
range in depth from ⇠200-280 m and are incised by the deep (>1200m) George V Basin (also
known as the Adélie depression or Mertz-Ninnis trough) and Adélie Basin (also known as the
Dumont d’Urville Basin), which were formed by ice streams during the Last Glacial Maximum
(Beaman et al., 2011; Eittreim et al., 1995). Closer to Site U1357 lies the Astrolabe and Zélée
Glacier Tongues, which flow into smaller deeply-incised valleys along the inner-shelf (Beaman
et al., 2011). Narrow canyons link the Adélie and George V Basins to these smaller valleys
(Beaman et al., 2011) (Figure 2.10). Sediment is winnowed from the shallow banks to the
east and deposited into concentrated sediment drifts in these troughs (Dunbar et al., 1985).
The lack of large proglacial fan systems in local outlet glaciers feeding into the Adélie Basin
indicates that sediment advection from the east forms the primary sediment supply to U1357B,
rather than turbid meltwater discharge from local outlet glaciers (Dunbar et al., 1985).

2.5.2 Oceanographic setting

The physical characteristics of the coastal ocean of Adélie Land are highly variable due to the
diverse bathymetry, extensive sea ice cover, and highly productive polynyas. These features
lead to a complex interaction of water masses along the continental shelf, which bathe Site
U1357. Site U1357 is positioned near the marginal ice zone, but also lies nears the ACoC
and ASC (e.g. Massom et al., 2001; Snow et al., 2016). Modern-day sea ice is typically at its
maximum in July and September and then gradually retreats through the spring and summer,
reaching a minimum in February (Campagne et al., 2016).

Strong katabatic winds flowing off the coast of Adélie Land help form and exert control on
the size of the Mertz and Dumont d’Urville Polynyas (Adolphs and Wendler, 1995; Wendler
et al., 1997; Massom et al., 2001; Barber and Massom, 2007). These winds turn westward 20-
30 km off the coast, yet the Mertz Polynya extends much further offshore than the katabatic
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winds (Bindoff et al., 2000; Massom et al., 1998). The greater extent of the Mertz Polynya is
attributed to the Mertz Glacier Tongue (MGT) and regional icescape (i.e. ice shelves, icebergs,
sea ice) which can facilitate a build up of fast ice to the east and act as barrier, preventing ice
from the east advecting into the polynya (Massom et al., 2001; Barber and Massom, 2007).
Polynyas act as sea ice factories as the strong katabatic winds freeze the surface waters and
then export the sea ice away from the coast. Sea ice production in the Mertz Polynya is also
affected by regional fast ice distributions to the west, where fast ice buildup can inhibit the
northwestward flow of sea ice away from the coast (Massom et al., 2001). This occasionally
leads to ‘backfilling’ of the polynya, shrinking the open water area and preventing new sea ice
formation (Massom et al., 2001).

Surface cooling, as well as brine rejection from sea ice formation, increases the density of
the water column and forms High Salinity Shelf Water (HSSW) (Bindoff et al., 2000). HSSW
exists across the Wilkes-Adélie Land margin with maximum salinities found in the George V
Basin (Adélie depression) between 142.5�E and 145.5�E, near the Mertz Polynya (Rintoul,
1998). This area is also affected by intrusions of modified Circumpolar Deep Water (mCDW),
which further increases salinities in the regional shelf waters (Rintoul, 1998). Once a critical
density is reached, these salty plumes then flow down the continental slope into the abyss as
Adélie Land Bottom Water (ALBW) and then merge with other water masses, such as Ross
Sea Bottom Water (RSBW) to form AABW (Bindoff et al., 2000; Rintoul, 1998). Relative to
other precursor AABW water masses, ALBW is colder, less saline, and more oxygenated in
areas west of 143�E than it is on other areas of the continental shelf, which suggests a high
volume of ALBW is formed here, either masking RSBW contributions, or the RSBW flows off
the shelf prior to reaching this location (Rintoul, 1998). The combination of ALBW and RSBW
is thought to produce 25% of all modern AABW (Gordon and Tchernia, 1972; Rintoul, 1998;
Morales Maqueda et al., 2004; Williams et al., 2008; Yuan and Li, 2008)

Recently, the AABW in this region has been freshening and cooling. While cooling suggests
greater amounts of ALBW in the mix, the mechanism for the freshening cannot be clearly
defined as RSBW has also been freshening in recent years (Section 2.6.2) (Whitworth, 2002;
Jacobs, 2004; Aoki et al., 2005; Williams et al., 2008).

In 2010, iceberg B9B collided with the MGT, causing it to calve, shortening the length of
the tongue to half its original size (Young et al., 2010; Cougnon et al., 2017). This altered the
regional icescape around the Mertz Polynya reducing the ability of the MGT from acting as a
barrier to westward sea ice advection from the Antarctic Coastal Current (Tamura et al., 2012;
Barber and Massom, 2007; Massom et al., 2001). Subsequent satellite-based studies showed
the event reduced the size of the Mertz Polynya by ⇠70% relative to the 2003-2009 mean
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(Dragon et al., 2014) and reduced sea ice production by up to ⇠20% relative to the 2000-
2009 mean (Tamura et al., 2012) during the 2010-11 winter seasons. Observational studies
indicated a significant freshening of the water column and a reduction in HSSW density in the
two years following the event (Shadwick et al., 2013; Lacarra et al., 2014). Density of HSSW
was reduced to such an extent it was near the limit necessary for AABW formation (Shadwick
et al., 2013; Lacarra et al., 2014). Additionally, increased meltwater from the breakout of
multi-year ice that was previously held back by the MGT lead to large phytoplankton bloom
events greatly enhancing carbon uptake (Shadwick et al., 2013). Sediment core paleoclimate
studies suggest ⇠70 year periodicity to these large calving events over the previous 250 years,
which may be related to ice tongue dynamics (Campagne et al., 2015). However, several other
factors such as fast ice extent (Massom et al., 2010), ocean dynamics (Mayet et al., 2013),
and random impacts of large icebergs exert control on the stability of the MGT (Massom et al.,
2015) and these may also affect the periodicity of calving. Regardless of the MGT calving,
this region experiences large year-to-year variability in sea ice production and dense water
formation (Marsland et al., 2004; Kusahara et al., 2011).

Repeat hydrographic measurements before and after the MGT calving, coupled with an
inverse box model suggest distinct seasonal variability in ocean circulation near the George V
Basin along the Adélie Land continental shelf (Figure 2.10) (Snow et al., 2016). Summertime
circulation is dominated by the geostrophic ACoC, which balances the pressure gradient created
by coastward Ekman transport due to the katabatic winds in the region, and does not appear to
be affected by the calving of the MGT (Parish and Bromwich, 1987, 1997; Turner, 2015; Snow
et al., 2016). During the winter, surface cooling and brine rejection leads to surface buoyancy
losses which drives Dense Shelf Water off the shelf, and facilitates the flow of mCDW onto the
shelf (Snow et al., 2016). Snow et al. (2016) suggests the reduced polynya activity after the
MGT calving (e.g. Tamura et al., 2012; Dragon et al., 2014) likely weakened this cross shelf
exchange. In summary, summertime circulation is largely defined by the wind-driven ACoC,
while winter circulation features a cross-shelf exchange driven by buoyancy fluxes.

2.5.3 Climate setting

The Adélie Land region is known for strong, persistent katabatic winds, that reach some of the
highest sea level wind speeds on Earth, typically averaging 20 ms�1 (Ball, 1957; Parish and
Wendler, 1991; Wendler et al., 1997). These winds form as cold, dense air masses converge in
the interior of the continent and are funnelled down the continental slope towards the coast
due to the negative buoyancy (Parish and Bromwich, 1987; Parish and Wendler, 1991; Parish
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and Walker, 2006). Analyses of these winds from coastal weather stations show that these
winds are unidirectional, and are negatively correlated with temperature and pressure (Parish
and Walker, 2006; König-Langlo et al., 1998). The mean wind intensity is strongest during
the austral winter (June-July-August), with the mean wind intensity becoming 60% weaker
during the austral summer (December-January-February) (Parish and Walker, 2006). As these
strong winds flow offshore, the Coriolis force diverts them westward where they merge with the
nearshore easterlies (Parish and Bromwich, 1987, 1997; Turner, 2015) helping to propel the
ACoC (Snow et al., 2016). The Dumont d’Urville (DDU) (66.6628�S, 140.0014�E) is the closest
Automatic Weather Station (AWS) to Site U1357B (Grazioli et al., 2017). It is situated on an
island⇠41 m.a.s.l, about 1 km from the coast, and measured winter temperatures rarely exceed
-30�C and summertime maxima are rarely above 0�C (König-Langlo et al., 1998; Grazioli et al.,
2017).

Interactions between the Adélie Land climate and the major modes of climate variability
(Section 2.4) are not well understood. As mentioned previously, most modern day and paleo-
climate studies focus on climate mode interactions with the Ross Sea and Antarctic Peninsula.
However, tropical teleconnections in East Antarctica have been identified and are increasingly
being studied (Clem et al., 2018; Deb et al., 2014; Smith and Stearns, 1993; Vance et al., 2013;
Cai et al., 2011; Nuncio and Yuan, 2015).

An austral autumn study (March-April-May) using station and reanalysis data has suggested
that surface air temperatures at Dumont d’Urville are strongly influenced by sea ice rather than
wind in the fall season, and that sea ice is strongly influenced by SAM, with positive SAM be-
ing associated with positive sea ice anomalies (Clem et al., 2018). While this study found a
significant correlation with La Niña events in the western East Antarctic during the autumn
months, the correlation was less strong in eastern East Antarctica, near our region of interest
(Clem et al., 2018). Schneider et al. (2012) found that during the austral summer, a strong
positive correlation existed between positive temperature and rainfall anomalies in the eastern
Pacific (typical of a canonical El Niño event) and positive surface air temperatures anomalies
along coastal East Antarctic weather stations. This would suggest that austral summer tem-
peratures in Adélie Land are warmer than average during an El Niño event. Furthermore, the
positive PSA2 pattern associated with El Niño Modoki (Section 2.4.2), is robustly associated
with unusually high onshore winds and poleward heat fluxes (Marshall and Thompson, 2016).
Additionally, the composite difference (PSA2 positive - PSA2 negative) in SAT anomalies at Du-
mont d’Urville (DDU) is 3.5�C, suggesting a warming at DDU during the positive PSA2 pattern
(Marshall and Thompson, 2016).

Reversed temperature and pressure anomalies in the Wilkes Land Region in the year before,
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during and after an Southern Oscillation Index minima (an index used to monitor pressure
anomalies associated with ENSO) suggest an Antarctic influence on ENSO may also exist (Smith
and Stearns, 1993). Pressure patterns associated with such an event induce cold air outflows
near Dumont d’Urville, and the Ross Ice Shelf, reinforcing blocking patterns near New Zealand
that may further affect the Southern Oscillation (Mo et al., 1987; Parish and Bromwich, 1987;
Trenberth, 1980). However, summer sea salts in the Law Dome ice core record suggests the SOI
and sea surface temperature changes precede the broad scale weakening of zonal winds along
East Antarctica by 1-3 months, suggesting that ENSO influences Wilkes Land, and not the other
way around (Vance et al., 2013). Regardless, ENSO’s impact on Adélie Land is modulated by
the phase of SAM, with ENSO imprinting onto SAM when the oscillations are in phase with
one another (i.e. Positive SAM, La Niña; Negative SAM, El Niño) (L’Heureux and Thompson,
2006; Fogt et al., 2011; Schneider et al., 2012). If these oscillations are out of phase with one
another, the teleconnection to this area is weak to non-existent (Fogt et al., 2011).

Further obscuring the teleconnection impacts at Adélie Land is ENSO’s relationship with
the IOD. During a year with a positive IOD, a Rossby wave train is directed just east of Site
U1357, inducing cooler meridional air flows and greater sea ice concentration (Nuncio and
Yuan, 2015). However, when a positive IOD occurs during an El Niño year, this wave train
moves westward, directly over Adélie Land (2.11).

Figure 2.11: In-phase IOD-ENSO impact on Adélie Land. Blue area indicates increase in sea ice.
Dashed arrows indicate cold meridional flows, while solid arrows indicate warm meridional
flows. Orange star indicate approximate location of U1357B. Modified from Nuncio and Yuan
(2015)
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2.6 RICE

This section gives an overview of the geologic, oceanographic, and climatic controls at Roo-
sevelt Island. The main features discussed in sections 2.6.1, 2.6.2, 2.6.3, are presented in
Figure 2.12.
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Figure 2.12: Map of Ross Sea region with RICE ice site location noted (magenta circle). The
approximate location of the Ross Sea Polynya (RSP) and Terra Nova Bay Polynya (T) are in-
dicated by green ellipses (Arrigo and van Dijken, 2003). Approximate direction and locations
of the Antarctic Slope Current (white), High Salinity Shelf water (HSSW; pink), and modified
Circumpolar Deep Water (mCDW, orange), and Antarctic Bottom Water (AABW; black) indi-
cated (Smith Jr. et al., 2012). Ross Air Stream (RAS) indicated by blue arrows (Parish and
Walker, 2006; Nigro and Cassano, 2014). Approximate location of Amundsen Sea Low (ASL;
Las in figure) (Hosking and National Center for Atmospheric Research Staff, 2019).
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2.6.1 Glaciological setting

The 764 m RICE ice core (79.364�S, 161.706�W) was drilled near the summit of Roosevelt
Island at an elevation of 550m above sea level (Bertler et al., 2018). Roosevelt Island is
a grounded ice rise (214 mbsl) positioned in the northeastern edge of the floating Ross Ice
Shelf (RIS) (Bertler et al., 2018). Ice accumulates locally at this site, with the Bindschadler,
MacAyeal, and Echelmeyer ice streams flowing around the island as part of the RIS (Bertler
et al., 2018). Distinct "Raymond Arches" (Raymond, 1983) present in ice penetrating radar
surveys (Conway et al., 1999) indicate a stable ice divide for the past 3,000 years and perhaps
longer. Within the last few centuries, the ice divide has migrated slightly, but the extent is too
small to suggest a change in the accumulation gradient, buttressing pressure, or grounding
line position (Bertler et al., 2018).

2.6.2 Oceanographic setting

Roosevelt Island lies at the southeastern margin of the Ross Sea Embayment, the largest pro-
ducer and exporter of sea ice in the Pacific sector of the Southern Ocean (Jacobs et al., 2002).
Much of the sea ice produced in the Ross Sea region is due to presence of the Ross Sea Polynya.
While the greater Ross Sea region remains ice covered from March-November, areas directly
along the RIS remain ice free due to strong katabatic winds pushing ice away from the RIS,
helping the Ross Sea Polynya grow as large as 25,000 km2 in the winter (Smith Jr. et al.,
2012). The ACoC is also a critical influence as it brings fresher Antarctic Surface Water from
the Amundsen Sea sector into the Ross Sea, encouraging development of sea ice (Smith Jr.
et al., 2012; Jacobs et al., 2013). This in turn leads to the HSSW formation that sinks, in-
tensifies and deepens density-driven stratification of water masses along the continental shelf,
enabling the density driven inflow of CDW to the shelf (Ainley and Jacobs, 1981; Smith Jr.
et al., 2012). The inflow of CDW and subsequent formation of mCDW has important impli-
cations for nutrient cycling, carbon cycling, and the freshening of other deep water masses
which drive circulation (Killworth, 1983; Smith Jr. et al., 2012). The interaction of water
masses within the Ross Sea lead to the area exporting as much as 30% of the total combined
Shelf Water and Antarctic Surface Water to the deep ocean (Orsi et al., 2002). The Dense Shelf
Waters eventually sink and form the precursor water mass, Ross Sea Bottom Water (RSBW),
which is necessary for Antarctic Bottom Water (AABW) formation (Smith Jr. et al., 2012; Orsi
et al., 2002). A diagram of these water masses is shown in figure 2.13.
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Figure 2.13: Observed ocean circulation over the last five decades. The relative strength of
each flow is indicated by arrow width. Antarctic Surface Water (AASW) is shown in light blue,
Shelf Water (SW) in purple, mCDW in orange, CDW in red, new Antarctic Deep Water (ADW)
in green, New Antarctic Bottom Water (AABW) in dark blue. From Smith Jr. et al. (2012)

In recent decades, freshening of the shelf waters in the Ross Sea has been observed and is
thought to be the result of increased glacial meltwater input transported via the ACoC from
the Amundsen Sea sector (Jacobs and Giulivi, 1998; Jacobs et al., 2002; Jacobs and Giulivi,
2010; Budillon et al., 2011; Smith Jr. et al., 2012). Freshening of the RSBW has largely been
attributed to freshening of Shelf Waters in the Ross Sea, as Ross Sea Shelf Waters make up
over a third of RSBW (Jacobs et al., 1970; Orsi et al., 1999; Jacobs and Giulivi, 2010; Smith Jr.
et al., 2012).

The Ross Sea region is one of the most biologically diverse waters in Antarctica (Smith Jr.
et al., 2012). Phytoplankton vary seasonally, and sea ice dynamics are a governing factor of
productivity (Tremblay and Smith, 2007; Smith Jr. et al., 2012). The Ross Sea Polynya has the
highest annual rates of primary production in the Southern Ocean, and as such is an important
carbon sink in the Southern Ocean (Arrigo et al., 2008b,a; Smith and Gordon, 1997).

2.6.3 Climate setting

Climate in the Ross Sea area is influenced primarily by the topography of the Transantarctic
Mountains and East Antarctic Ice Sheet to the west, and active cyclogenesis in the Ross Sea
(Parish et al., 2006; King and Turner, 1997). A primary climatological feature of the RIS is the
Ross Air Stream, a persistent channelized flow of drainage winds from the ice sheets onto the
western and central RIS (Parish and Walker, 2006; Nigro and Cassano, 2014). Onshore winds
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on the RIS are warm and moist, while offshore winds (usually from WAIS) are cold and dry
(Bertler et al., 2004, 2018).

An Automatic Weather Station (AWS) was deployed at the RICE drill site from November
2010 to November 2013. The Margaret AWS is the closest AWS to the RICE AWS, located 96
km to the southwest (80.0�S, 165.0�W) and 67 m.a.s.l (Bertler et al., 2018; Costanza et al.,
2016). Measurements from these locations suggest Roosevelt Island experiences lower wind
speeds compared to other areas on the Ross Ice Shelf as it lies outside the main Ross Air Stream
channel flow (Costanza et al., 2016; Emanuelsson et al., 2018). Typically, winds come from the
southeast, but can come from any direction (Costanza et al., 2016). Due to these circulation
differences along the Eastern and Western RIS, climate at Roosevelt Island often differs from
conditions in the Western Ross Sea (Bertler et al., 2018).

Estimates of the average annual temperature at the RICE drill site range from -26.6�C to -
23.5�C (Bertler et al., 2018). From 2010-2013, the average annual snow accumulation at RICE
was 22 ± 4 cm w.e.y r�1 (water equivalent per year) (Bertler et al., 2018). High precipitation
events at RICE can obscure smaller events in the ice core accumulation record (Emanuelsson,
2016). These large precipitation events at Roosevelt Island are driven by high pressure blocking
events in the Amundsen Sea (Renwick, 2005) which reduce sea ice extent in the Eastern Ross
Sea, and induce warm onshore flow due to anticyclonic rotation (Emanuelsson et al., 2018).

The Ross Sea region’s sensitivity to SAM, ENSO, IPO, as well as the ASL (e.g Bertler et al.,
2004; Kwok and Comiso, 2002a; Turner, 2004; Yuan, 2004; Yuan and Li, 2008; Stammerjohn
et al., 2008; Raphael et al., 2019; Turner et al., 2017a) suggest that Roosevelt Island is sensitive
to these climate modes. The associated impacts of these modes on the Ross Sea are discussed
in the following paragraphs.

The phasing of the IPO affects the high pressure centers associated with the anomalously
high rainfall events discussed above (Emanuelsson et al., 2018) moving them 20 degrees of
latitude eastward to 100�W, affecting the location of onshore flow (Henley et al., 2015). The
positive phase of the IPO leads to warm sea surface temperature anomalies in the Ross Sea, as
well as the Amundsen and Bellingshausen Seas, with negative sea surface temperatures seen
in all three locations during negative IPO (Henley et al., 2015).

During positive SAM, there is typically more sea ice and anomalous heat flux towards the
tropics. However, Marshall and Thompson (2016) showed that the Western Ross Sea experi-
ences poleward heat fluxes across the western RIS. However, this signal is not seen in surface
air temperatures as cold temperature anomalies exist across the entire RIS during positive SAM
(Marshall and Thompson, 2016). Near RICE, colder temperatures and increased sea ice extent
are likely to exist during positive SAM.
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The eastern Ross Sea experiences increased onshore airflow (Marshall and Thompson,
2016), warmer sea surface temperatures, warmer surface air temperatures and less sea ice dur-
ing canonical El Niño events due to anomalous anticyclonic flow (Bertler et al., 2006; Yuan,
2004; Marshall and Thompson, 2016). However, the PSA2 pattern associated with El Niño
Modoki patterns, shifts the center of this anticylonic flow westward, enhancing katabatics on
the eastern RIS, and increasing onshore flow of marine air masses along the western RIS (Mar-
shall and Thompson, 2016).

The breadth and position of the ASL (Section 2.4.4) determines the associated sea ice and
temperature anomalies in the eastern Ross Sea (Raphael et al., 2016). Positive SAM and La
Niña events intensify the ASL, which in turns enhances the associated anomalies (Fogt et al.,
2011; Turner et al., 2013). Meehl et al. (2016) suggested the recent trend towards a negative
IPO, which deepened the ASL, has led to the observed increase in sea ice extent in the Ross Sea
across all seasons.

2.7 Connection between RICE and U1357

The RICE ice core lies upstream oceanographically from site U1357B in the Adélie Basin. As
noted above, relatively warm and salty RSBW flows eastward by means of the ASC and then
merges with the colder and fresher Adélie Land Bottom Water to form AABW for the entire
Australian-Antarctic Basin (80�E-150�E) (Jacobs et al., 1970; Gordon and Tchernia, 1972; Ain-
ley and Jacobs, 1981; Rintoul, 1998; Whitworth et al., 1998; Orsi et al., 1999; Fukamachi et al.,
2000; Whitworth, 2002; Rintoul, 2007).

Preliminary modelling studies using a Lagrangian tracer model indicates a direct connection
(<4 months) between Ross Sea surface waters and surface waters in the Adélie Land Region
due to the strong along-coast flow, whereas deeper water masses take about three years to
reach Adélie Land from the Ross Sea region (personal communication, Veronica Tamsitt and
Matt England). The majority of deep water flowing towards Adélie Land does not flow directly
over the drill site, instead hugging the continental shelf with the ASC, but surface waters in
the Adélie Land are likely to be influenced by surface water changes in the Ross Sea.
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Chapter 3

Developing the Adélie Basin sediment core
and RICE Early Holocene major ion record

3.1 Foreword

The aim of this thesis is to develop the annually resolved IODP U1357B Adélie Basin sediment
core record and the RICE ice core record, to create an integrated Holocene record that explores
atmospheric circulation, sea ice extent, primary productivity, and ocean circulation through-
out the Holocene. To achieve my aim, I analysed X-ray Computed Tomography (CT) scans of
IODP U1357B and 3,160 ion chromatography samples from the RICE ice core. The underlying
theories, methodologies, and additional datasets for the IODP U1357B record are presented
first. Next, the same is presented for the RICE ice core, as well as outlining how the interpre-
tation of the RICE continuous flow analysis calcium was made. Last, a brief section explaining
the statistics used to identify abrupt change at RICE, Taylor Dome, TALDICE, and U1357B for
Chapter 6 is provided.

3.2 IODP U1357B methods and data sets

3.2.1 Introduction

X-ray CT scans are increasingly being used as a non-destructive way to evaluate sediment cores
for paleoclimate reconstructions. CT scans produce sub-millimetre resolved, 3-dimensional ax-
ial and coronal plane images that can be used to determine core density (Orsi et al., 1999), char-
acterize stratigraphy (Boespflug et al., 1995), assess physical sediment properties (Orsi et al.,
1994), and create high-resolution paleoclimate reconstructions (St-Onge and Long, 2009).
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In this study, CT-scan images are used to quantify and characterise the continuously lami-
nated diatom ooze in IODP core U1357B. This core has the highest resolution and is the longest
Holocene marine core ever collected with sedimentation rates averaging ⇠1.5-2 cm/yr. How-
ever, several aspects of the core have proven difficult to analyse. Firstly, the high amounts of
organic matter resulted in rapid oxidation of the core surface which lead to highly ephemeral
surface colour changes, making comparison of laminae using core photographs impossible (Al-
bot, 2017). Secondly, laminae could not be characterised by physical property measurements
due to the low signal to noise ratio in line-scan magnetic susceptibility, density, and natural
gamma radiation (NGR) datasets, and this also made the development of a splice record dif-
ficult (see 3.2.2). Finally, high amounts of biogenic gas created large (several centimeters)
to small (millimeter) scale gaps throughout the record that formed during the core recovery
process and therefore resulted in expanded stratigraphy that has to be corrected for. While
the larger gas expansion intervals can be manually corrected for, CT image processing can
mask small-scale cracks, but more critically, can highlight more subtle laminae not visible on
the line-scan photographs, with a higher signal-to-noise ratio and spatial resolution (sub-mm)
than is possible with the other line-scan datasets (physical properties, XRF). As CT-scanning is
measuring density, it is not affected by the differential oxidation issue that compromised the
use of line-scan photographs to characterise the laminae (Albot, 2017).

A line profile taken from the long axis of the CT images can be converted to a greyscale curve
that quantifies changing X-ray attenuation values over light and dark laminae. The greyscale
curve is compared to the physical core properties and XRF data to verify that greyscale vari-
ance reliably captures changes in sedimentation and geochemical properties. In particular,
XRF productivity proxies (Silica/Titanium and Barium/Titanium) ground the greyscale and
laminae datasets as capturing changes in biosiliceous sediment associated with primary pro-
ductivity. These quantitative datasets are complemented by manual identification of laminae
(section 3.2.3.4) that allows for laminae thickness and frequency variations through time to
be determined. Statistical time series analysis on the laminae datasets provide context for the
age model and other paleoenvironmental proxies in the U1357B core.

3.2.2 Core acquisition and depth scale development

Three holes (U1357 A, B, and C) were drilled in the Adélie Basin as part of IODP Expedition
318 (Escutia et al., 2011). In the case of incomplete recovery, triple coring is a standard IODP
procedure to allow for continuous stratigraphy to be recovered by splicing sections from indi-
vidual holes to form a single stratigraphic section. This is usually achieved in IODP cores by
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using physical core properties to guide the placement of the least disturbed, highest recovery
intervals to be used in the spliced sections. However, cores from Site U1357 are problematic
in this context as the extremely high biogenic and gaseous content precluded many physical
property measurements, such as magnetic susceptibility and density, from being registered be-
yond typical noise levels. Further attempts to measure magnetic properties by U-channelling
the sediment were also unsuccessful (Lisa Tauxe, personal communication). Due to the high
biogenic content of these cores, the sediments rapidly degassed methane and hydrogen sulfide
once brought to the surface. This caused several types of post-recovery disturbances, including
mm- to cm-scale cracks, large gaps (up to 45 cm) in some core sections, and loss of sediment
from the base of core runs. As this disturbance alters the true stratigraphic depth of the cores,
it requires correction prior to any time series analysis.

Core recovery from each 9.5 m piston core run often exceeded 100% due to expansion
as cores decompressed during recovery. In U1357B, recovery was 101%, whereas core A had
99% recovery and core C had 107% recovery. Data derived from these initial curated core
lengths are termed the csf-a depth scale and are the depth scale for any physical property and
shipboard based data. The CT image data are inherently on the csf-a scale.

The standard IODP procedure to correct for the expansion (and subsequent recovery ex-
ceeding 100%) is to apply a linear compression algorithm to scale recovery back to 100% and
to create a new scale (csf-b), as it is assumed expansion is uniform in the core (similar to equa-
tion 3.2). However, at Site U1357, expansion due to biogenic gas was particularly high and
resulted in discrete sections of core being pushed apart creating voids (greater than 1 cm) in
the depth scale that did not represent real gaps in the stratigraphy. This meant the expansion
was not linear and csf-b corrections were not fit for purpose. To account for this, the voids were
mapped against the csf-a depth scale and subsequently numerically removed. The original csf-a
depth scale was then adjusted to account for these voids, and if recovery still exceeded 100%,
the standard IODP linear compression algorithm was applied. In this study, this is termed the
csf-d scale, noting it is not an official IODP depth scale term.

To develop the csf-d scale, the csf-a scale was used for each core top and the new depths
after void removal were scaled accordingly. This made the assumption that the majority of
sediment was lost from the base of each core run during recovery, which is consistent with
how sediment loss due to expansion occurs during the piston coring method. The recovery
rate of U1357B was subsequently reduced to 90% after scaling to the csf-d depth scale.

This study primarily uses the csf-d scale when discussing the core. It should be noted that
the csf-a depths from the CT data had to be compressed to a new csf-a depth due to minor core
movement (max ⇠2 cm) during storage (see Section 3.2.3.3). These depths and were then
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linearly interpolated to the csf-d scale.

3.2.3 X-ray Computed Tomography

X-ray Computed Tomography (CT) scanners work by quantifying the amount of X-ray energy
absorbed (attenuated) by a particular object and displaying the resulting attenuation coeffi-
cients in a greyscale image (St-Onge and Long, 2009). Pixel values within these images are ex-
pressed as relative greyscale values or Hounsfield units (HU) (also known as CT number) which
are calculated by comparing the sample attenuation coefficient to that of water (Hounsfield,
1973; St-Onge and Long, 2009), as shown in the equation below.

HU = µsample�µwater

µwater
⇥ 1000 (3.1)

X-ray attenuation, and therefore Hounsfield units are a function of density, porosity, chem-
ical composition, and grain size of the sample (Boespflug et al., 1995). Brighter areas in the
image represent higher attenuation, while darker areas represent lower attenuation. CT scans
were completed on core U1357B using a Toshiba Aquilion TXL CT scanner at the Department
of Petroleum Engineering at Texas A&M University in College Station, Texas. Axial scans were
completed at 135 kVp and 200mA, and coronal slices were created in open-source HOROS
software (HorosProject.org, 2017). The resolution averages 1.3 pixels per mm, and each core
was exported as its own DICOM image stack which contained 512 images. The best image
(e.g. accounting for cracks and other spaces in the core) from each stack was then selected
and exported to another CT processing software, FIJI (Schindelin et al., 2012), for greyscale
analysis and laminae counting.

3.2.3.1 Isolating cores and choosing DICOM slice

Due to time and computational constraints, most of the core sections were scanned in sets of
twelve. All core sections from core number 18 and core number 19 were scanned singularly.
Core sections 17H4, 17H5,17H6,17H7 were scanned in a set of four. For the sets of twelve, a
coin was placed on the back, bottom right corner, of CT table to distinguish core orientation
when looking at the DICOMs. Core placement when scanned in sets of multiples is shown in
Figure 3.1.
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11H5 11H4 11H3 11H2

12H2 12H1 11H7 11H6
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13H3 13H2 13H1 12H7
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14H4 14H3 14H2 14H1

15H1 14H7 14H6 14H5

15H5 15H4 15H3 15H2

16H2 16H1 15H7 15H6

16H6 16H5 16H4 16H3

17H3 17H2 17H1 16H7

17H4 17H5 17H6 17H7

Orientation

Figure 3.1: Core placement when scanned in X-Ray Computed Tomography Scanner. Each
box represents one scan. Orientation is provided on the right. If the box represents the CT
scanner, the orientation is out of the page towards the observer (as indicated by the circle with
the dot in the center) and the top of each core section is closest to the reader. As the sections
are scanned through the CT machine, the bottom of each core section comes out last, and is
marked by a bright spot from the coin (black star in diagram) in the back, bottom right hand
corner. L and R designate left and right, respectively.

All core catcher sections were also scanned. Core catchers were included in the same tube
as core section 7 ( 2H7, 3H7, 4H7, etc.), except for core 8, which was included in core section
8H5 as core 8 only had five sections.

Core 9H6 was scanned singularly, and as a set of twelve to compare the resolution differ-
ences. The results on the greyscale curve are discussed in section 3.2.3.3.

To acquire the greyscale profile along the z-plane of the sediment core, core sections needed
to be isolated from one another in the sets of twelve or four. The orientation of the core sections
is flipped when viewing the DICOM images produced by the CT scanner on the computer, as



48

shown in Figure 3.2.

L R

CT Scan Orientation

R L

Computer View

2H2 2H1 1H2 1H1

2H6 2H5 2H4 2H3

3H3 3H2 3H1 2H7

1H1 1H2 2H1 2H2

2H3 2H4 2H5 2H6

2H7 3H1 3H2 3H3

Figure 3.2: Core orientation in DICOM images when viewed on computer. Placement is flipped
horizontally.

A closed polygon Region of Interest (ROI) was used to isolate a core section or layer of core
sections (top, middle, or bottom rows shown in Figure 3.1) using Horos software (HorosPro-
ject.org, 2017). The ROI was propagated through the entire DICOM image sequence and all
areas outside the selected ROI were deleted. This created a new image sequence solely con-
taining the core section or sections of interest. From here, the image that provided the best
view of each core section was chosen to create a greyscale profile and conduct laminae count-
ing. As the core orientation was flipped, special care was taken to compare the final DICOM
image to line scan photographs to ensure the core sections were labelled correctly during this
process.

3.2.3.2 Image preparation

Several steps were taken to prepare single DICOM images for laminae counting and creat-
ing a greyscale profile. Single DICOM images were loaded into FIJI (Schindelin et al., 2012)
software. DICOM images were cropped close to the core liners to remove the background
color of the DICOM. The image type was then changed to a 32-bit image, as this allowed any
greyscale value outside of a chosen ‘threshold’ greyscale range to be set to NaN. In this study,
any greyscale value less than zero was converted to non-values (NaNs). Most CT studies on
sediment cores where the CT scanner has been scaled to HU units use a lower threshold of 0,
as a HU value of 0 is classified as water, and -1000 is classified as air (Hounsfield, 1973; Orsi
et al., 1994; Reilly et al., 2017). The thresholded image preserved the relative greyscale values
of the core, while eliminating noise from pervasive sub-mm to mm-scale cracks resulting from
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expansion due the presence of biogenic gas in the cores (see figure 4.1).
After the image was thresholded, a new color table (mpl-viridis) was applied to visually

enhance the light and dark laminae. The final image was saved as a TIFF and was used to
produce the greyscale curve (section 3.2.3.3) and to manually count the light laminae in the
core (section 3.2.3.4).

A few cores were scanned in two parts due to errors during the CT scanning. Cores scanned
in two parts included 17H4, 17H5, 17H6, 18H2, and 19H4. Images for each section of the
above cores were prepared using the methods described above.

3.2.3.3 Greyscale curve

A single greyscale curve was created for U1357B by taking a line profile of the greyscale image
for each core using FIJI (Schindelin et al., 2012). The line profile was 4 pixels wide, with the
value of each row being the average of these four pixels. The profile was chosen to minimize
core disruptions. Many CT studies choose to average all rows along the whole width of the
image, but this was not possible for this core due to the location of the U-Channel sample,
and minor coring disturbance resulting in curved laminae along the core liner edge due to the
piston coring methods (Escutia et al., 2011).

Additionally, several sections had missing intervals that were not CT-scanned. Whole round
samples were collected during coring for optically stimulated luminescence (OSL) dating (cores
17H5 and 19H4, with ⇠60 mm and ⇠50 mm missing, respectively). For 3H3 and 18H2, this
was a⇠40 mm and⇠80 mm void (respectively) at the bottom of the core that was not scanned
in the CT image. All of these ‘missing sections’ still form part of the csf-d depth scale, and NaNs
were put in to maintain the appropriate depth-pixel value relationship in the core.

Lastly, a curation error lead to the working half of section 19H1 being scanned instead of
the archived half of 19H1. While this section was not U-channeled, it contained randomly
distributed sampled locations across the core face which precluded a single line profile from
being measured. Therefore, the entire core width (in this case, 300 pixels wide) was used to
acquire the greyscale profile.

Some of the CT-scan profiles were longer or shorter than the curated length from the IODP
repository. Slight changes in length were expected as the cores had been stored for several
years and slight movements could have occurred in that period. A compression function was
applied to scale the CT-scan measured depths to the curated lengths. The following equations
were used:
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Recovered Sect ion=
Measured C T Leng th

Curated Sect ion Leng th
(3.2)

Core Compressed = T Dsect ion +
T DC Tsample � T Dsect ion

RecoveredSect ion
(3.3)

where TDsection is the curated top depth of a section and TDCTsample is the measured CT top
depth of a section. The maximum difference between the measured CT length and curated
length was ⇠22 mm, with the mean being ⇠6 mm.

The final compressed depths (equivalent to the original csf-a scale) were then interpolated
to the csf-d scale, as well as to the age model to attain csf-d depths and ages of the greyscale
curve and laminae derived from the CT-scan data.

To compare how scanning the cores in sets of twelve versus singularly affected the greyscale
data, the profile from core section 9H6 which was scanned both as a set of twelve and singularly,
was plotted and it demonstrated the same signal (Figure 3.3). The 9H6 profile from the core
scanned singularly is of higher resolution at 0.212 mm spacing, and the profile from the set of
12 at 0.769 mm spacing.
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Figure 3.3: Comparison of greyscale profile from core 9H6 scanned singularly and as a set of
12. Black curve is the profile of the core scanned singularly. Blue curve is the profile of the
core scanned as a set of 12. The entire right side (right of the U-Channel) of the core was used
to create the plot profile in this example, as it was difficult to ensure perfect alignment of the
ROI line profile from one image to another.
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3.2.3.4 Manual identification of laminae

The top and bottom depths of bright laminae were identified manually throughout the entire
core using the multi-point tool in FIJI (Schindelin et al., 2012). Hereafter, the manual identifi-
cation and subsequent quantification of laminae are referred to as ‘laminae counts’, with light
or dark preceding the term to reference the type of laminae being discussed. While manual
identification has a subjective element to it, it is preferred over automated counting methods
as some laminae had sharp divisions between bright and dark pixels, while others had a more
gradual transition, and some boundaries were associated with expansion gaps in the core. In
addition, some bright laminae were interspersed among a slightly lighter background, making
it sometimes difficult to distinguish between multiple laminae and single events. Such inter-
vals were counted as a single laminae, so as not to introduce extra laminae, but suggest these
could represent seasons when there were multiple blooms or prolonged bloom events (Figure
3.4). Given the unique nature of this core and the issues noted above, as well as the variable
gas expansion disturbance, automated methods would still require significant vetting of the
dataset, and extensive algorithm training. To validate the manual identification method, an
independent time series analysis is also conducted on the raw greyscale curve derived from the
CT-scan data (Section 4.3.2).

No distinct dark band
between two bright bands,
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laminae
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Figure 3.4: An example of laminae counts from 2H2 which shows the distinction between
intervals considered one laminae event versus multiple. Note that two dots represent one lam-
inae, as both the top and bottom of each laminae was marked in order to calculate laminae
thickness. Interval 1 shows some brighter laminae interspersed between a slightly lighter back-
ground, with no distinct darker band, and is therefore counted as one laminae. Interval one
could represent a season with multiple or prolonged blooms. Interval two shows two bright
laminae, with a slightly lighter background and a distinct dark band between the laminae, and
is therefore counted as two laminae. Greyscale profile shown on left.
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3.2.4 Laminae thickness

Laminae thickness was calculated by measuring the distance between the top and bottom of
single laminae (Figure 4.5).

3.2.5 Age model

The age model presented below for U1357B is preliminary and currently unpublished, and
was developed from 87 14C dates from bulk organic carbon obtained by Rob Dunbar (Stanford
University) to constrain the ages of the sediment between 11,400 cal. years BP and the modern
day (Dunbar et al., in prep) (Figure 3.5). The laminae frequency dataset presented in this thesis
is intended to help inform on the reliability of this age model.
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Figure 3.5: Age model for U1357B and other nearby records. Age model for U1357B (blue)
and MD03-2601 (red) show that sediment advection is a regional signal as sedimentation
rates covary. Compound specific ages from U1357A are shown in grey – see text for discussion.
U1357B is a longer core with 87 14C dates, leading to a much higher resolution age model.
U1357B also includes the last 1,000 years, which is lacking in MD03-2601. Note: MD03-2601
is discussed in more detail in Chapter 5

The age model in U1357B only resolves ages to 11.4 ka BP as ages older than this are
anomalously old and assumed to be due to input of reworked carbon of pre-Last Glacial Max-
imum age. Ages younger than 11.4 ka BP are not likely to be affected by reworked carbon at
the Adélie Drift site, as glacial influences were negligible, and the dominant carbon source is
from local diatom bloom events. The consistent stratigraphic order of the radiocarbon ages
and sedimentation rates through the Holocene support this interpretation. A reservoir correc-
tion age of 1,200±100 years (Gordon and Harkness, 1992; Berkman and Forman, 1996) was
applied to the depth to age conversion calculated by BACON, which uses a Bayesian iteration
scheme that invokes memory from dates above any given horizon and produces a weighted
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mean and median age-depth curve (Blaauw and Christen, 2011). This correction is consistent
with the uncalibrated age of the upper most sample of 1,310 years.

The age model is in good agreement with the majority of samples from a low resolution
compound specific 14C age model derived from C16 fatty acids from core U1357A. The exception
to this is two compound specific ages at 117 and 138 mbsf that are much younger than the bulk
ages (Yamane et al., 2014) (Figure 3.5, grey). These two outlier compound specific ages imply
a rapid shift in sedimentation rate of up to 6.64 cm/yr between to 6,335 and 7,220 yrs BP, and
then require a condensed section with sedimentation rates of 0.41 cm/yr to fit the deeper ages,
that are similar to those from the bulk organic carbon age. As there is a consistent stratigraphic
order to the bulk organic carbon ages which have a much higher sampling resolution, and these
samples do not invoke anomalously large shifts in sedimentation rates, the preferred age model
is that derived from the bulk organic carbon ages, and less weight is placed on these outlier
compound specific ages. There are no major shifts in biological opal content (included in Mass
Accumulation Rates, Si/Ti ratios, or grainsize (Chapter 4)) in this interval that imply a rapid
shift in sediment advection rates or productivity increases at this time. Changes in laminae
frequencies with depth (Figure 4.4) are used to assess the reliability of the bulk organic carbon
age model, as are comparisons to age models from nearby core MD03-2601 (Figure 3.2.5).
Regardless, the compound specific and bulk organic carbon age models are highly consistent
for intervals younger ⇠6,335 yrs BP.

The BACON methodology was also applied to the 14C dates from MD03-2601(Crosta et al.,
2007, 2008) to recalibrate the MD03-2601 age model. An earlier age model of this core (Crosta
et al., 2007) used an inferred meteorite impact at ⇠15 m to determine an age of 4 ka BP at
that depth. The old age model also removed two 14C dates at 4.4 and 5.6 ka BP due to the
assumption that these ages were anomalously old relative to the meteorite impact. However,
the meteorite age-depth correlation cannot provide absolute age control and the new age model
presented here implies that the impact occurred around 5.4 ka BP. Comparison between the
U1357B and new MD03-2601 age model show strong covariance in sedimentation rates and
suggest sediment rates are influenced by regional processes (Figure 3.5).

3.2.6 X-ray fluorescence

X-ray Fluorescence data were measured using an AVAATECH XRF core scanner at the JRSO
XRF facility, located at the Gulf Coast Repository at the Texas A&M University Research Park.
Measurements were undertaken at a 0.5 cm resolution (where possible) with a 5mm slit size
using generator settings of 10 kV and currents of 0.8 mA. The sampling time was set at 45
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seconds and scanning took place directly at the split core surface of the archive half. The split
core surface was covered with a 4-micron thin SPEXCerti Prep Ultralene1 foil to avoid contam-
ination of the XRF measurement unit and desiccation of the sediment. All measurements were
conducted by Francisco Jiménez-Espejo (University of Granada).

As light laminae are inferred to be caused by mass phytoplankton bloom events associated
with sea ice melt (Denis et al., 2006; Maddison et al., 2012; Alley et al., 2018), XRF pale-
oproductivity ratios are of particular interest for this thesis. The mean estimate of diatom
content from smear slides in U1357B is 91% (volume %)(Escutia et al., 2011). Biogenic silica
(%BSi) content ranges from 30 to 63% (weight %), with an average of 48% (weight %) for
the late Holocene. The difference between the volume % and weight % is attributed to the
lower density of opal relative to terrigenous material. %BSi concentrations in high latitude
marine sediments can be used to indicate diatom productivity (e.g Ragueneau et al., 2000;
Iwasaki et al., 2014), and Silicon (Si) based ratios can be used to infer %BSi concentration
in sediments (Brown, 2015). Often, the silicon is normalized to an inert, terrigenous element
such as titanium (Ti) or aluminum (Al) to constrain contributions of biogenic silica, as sili-
con can come from both terrigenous and biogenic sources. The Si/Ti and Si/Al ratios provide
relative records of silicious productivity (Agnihotri et al., 2008; Marsh et al., 2007; Rothwell
and Croudace, 2015; Dickson et al., 2010). Barium (Ba) can also be indicative of productivity
(Goldberg and G.O.S., 1958; Rothwell and Croudace, 2015) when normalized in similar ratios,
such as Ba/Ti (Presti et al., 2011). While these ratios should be similar, a multiproxy approach
to paleo-productivity studies is recommended (Rothwell and Croudace, 2015), and all three of
these ratios are shown in future sections to add to the robustness of interpretations in Chapter
4.

3.2.7 Grain size analysis

Grain size analyses were conducted as part of the Albot (2017) thesis. A brief overview of the
methods used are described below.

Grain size analysis was performed on 341 samples. Samples were treated twice with a 1M
sodium hydroxide (NaOH) solution in an 80�C water bath for 24 hours to remove biogenic
opal, and then treated with hydrogen peroxide (H2O2) to remove organic material. Smear
slides of randomly chosen samples were inspected to ensure dissolution of the diatoms and or-
ganic material was complete. As terrigenous material formed a minor component of the bulk
sediment, post treatment sample mass varied from ⇠0.035-0.8 g. Samples were measured
on a Beckman Coulter LS 13 320 Laser Diffraction Particle Size Analyser (LPSA). Eighty-four
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sub-samples were taken after chemical treatment with NaOH and H2O2 to assess for repro-
ducibility; while twelve samples were split in to two subsamples and chemical treatment was
performed on each subsample to test for biases relating to subsampling and chemical dissolu-
tion. Correlations calculated using a least squares regression between the original and repeat
measurements were r2=0.74 for the post chemical treatment replicates and r2=0.75 for the
pre-chemical treatment replicates.

3.2.8 Mass accumulation rates

Mass accumulation rates (MARs) were also calculated as part of the Albot (2017) thesis, but
derived from the unpublished age model presented in this chapter (section 3.2.5). A brief
overview of the methods used are described below.

Terrigenous and Biogenic MARs were calculated using the following formula:

MAR=%A⇥ (LSR⇥ BD) (3.4)

where,

MAR = mass accumulation rate (g/cm2/yr)
LSR = linear sedimentation rate (cm/yr)
A = the percent abundance of the component of interest (i.e. terrigenous or bio-
genic)
BD = bulk density (g/cm3)

Bulk density measurements for U1357B do not exist. Moisture and density (MAD) bulk
densities from core U1357A (taken at the same site location) are used instead, with a linear
fit taken though these data to derive a downhole estimate of changing bulk density relating to
potential changes in lithology and compaction (Escutia et al., 2011). The associated depths of
these discrete samples were converted to age using the U1357A age-depth model. This model
uses 36 bulk organic carbon dates and the same Bayesian approach used in the U1357B age
model. A linear fit between the age and density measurements of U1357A was interpolated to
the U1357B age scale to determine the downhole trend of dry bulk density for U1357B. Direct
splits of the grain size samples (⇠66 year resolution) were used to determine the biogenic
silica and terrigenous percentage of light and dark laminae. The MARs were then calculated
from these same couplets. Biogenic silica measurements (BSi%) were determined using alka-
line extraction spectrophotometric methods, and were conducted by Christina Riesselman at
University of Otago (Mortlock and Froelich, 1989).
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3.2.9 Highly Branched Isoprenoid (HBI) lipid biomarkers

IPSO25 (for Ice Proxy for the Southern Ocean with 25 carbon atoms) is another name for the
Highly Branched Isoprenoid (HBI) lipid biomarker (diene II) and is a proxy for coastal fast-ice
(Belt et al., 2007, 2016). The C25-highly branched isoprenoids (HBI) alkenes, in particular
the di-unsaturated C25-HBI with a double bond, also referred to as diene II, were extracted at
Laboratoire d’Océanographie et du Climat: Experimentations et Approches Numériques (LO-
CEAN) by Johan Etourneau.

Measurements for IPSO25 are used in this thesis to infer coastal sea ice conditions in the
Adélie Land Region, which are known to affect primary productivity.

3.2.10 Linear sedimentation rates

The linear sedimentation rates were calculated for every centimetre using the age-depth model
in section 3.2.5. These rates were then averaged into 10 cm bins.

3.2.11 Statistical methods

3.2.11.1 Binning laminae and relationship to age model

Laminae events were binned by meter to assess frequency with depth and any age artefacts
that may be introduced when trying to assess laminae frequency through time.

To understand laminae frequency through time, laminae were binned into 100-year inter-
vals and 10-year intervals. For bins that contained missing years, i.e. the base of a 9.5 m core
run where recovery was <100%, the binned laminae amounts were scaled to represent the
actual number of years per bin. For the scaled 100-year bins, two data points were removed
because the bins contained fewer than 20 years of data.

3.2.11.2 Evolutive harmonic analysis

Evolutive harmonic analysis (EHA) using the Thomson Multitaper method to determine the
power spectra was performed in Astrochron (Meyers, 2014). The specific settings for each data
set are described below, but resulting spectra was seen to be relatively insensitive to window
width and step size. In all data sets analysed, power was normalized so that maximum power
in each window is in unity.
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3.2.11.2.1 Greyscale data

Prior to analysis, outliers were removed from the greyscale series using the ‘Trim’ function in
Astrochron (Meyers, 2014). This function uses a boxplot algorithm with a coefficient of 1.5
to identify values greater than or less than 1.5 times the interquartile range from quartile 3
and quartile 1, respectively. After outlier removal, the data was interpolated to 0.1 year (from
an average spacing of 0.041 year) using a piecewise linear interpolation. For the Evolutive
Harmonic Analysis on the CT greyscale data, an MTM time-bandwidth product of 4, window
width 100 years, and step size of 20 years was used.

3.2.11.2.2 XRF data

For the Si/Al, Si/Ti, and Ba/Ti ratios, outliers were removed using the same ‘Trim’ function
described above. The XRF data were then interpolated to 0.4 years (from an average timestep
of 0.44 years). Due to lower resolution XRF data, an MTM time-bandwidth product of 3,
window width of 70 years, and step size of 10 years was used.

3.2.11.2.3 Laminae thickness

Laminae thickness data were linearly interpolated to a 2-year time step, approximating the
average frequency of laminae occurrence (Chapter 4) and transformed to a log scale. A step
size of 30 years, window width of 150 years and time-bandwith product of 3 was used for the
laminae thickness data.

3.3 RICE ice core data and methods

3.3.1 Introduction

The chemical composition of ice cores provides a plethora of climatic information. Atmospheric
concentrations of aerosols (i.e. organic compounds, salts, and particulates) precipitate either
via dry deposition or through snow formation and are well preserved in the ice chemistry
(Legrand and Mayewski, 1997). The chemical analysis of ice cores provides insight as to the
source of these aerosols, the transport strength, the source strength, and mechanism by which
contaminants were deposited (Legrand and Mayewski, 1997).

Here, I present the major ion record which includes high precision measurements of the
cations sodium (Na+), potassium (K+), magnesium ( Mg2+), calcium (Ca2+), and the anions
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methanesulfonic acid (MSA-), sulphate (SO4
2-), nitrate (NO3

-), and chloride (Cl-).
Determining the sea-salt (ss) and non-sea-salt (nss or excess) aerosol components in ice

core records is important for differentiating contributions of marine sea salt sources from ter-
rigenous, biogenic, and anthropogenic contaminants in the ice core record. Calculating these
components requires the assumption of a constant sea water composition (Rm or marine ratio)
of the reference or conservative species (Keene et al., 1986). Usually, Na+ or Cl- are used as the
conservative species (Legrand and Mayewski, 1997), which assumes that 100% of the species
is derived from sea salt sources. At coastal sites, a high percentage of the aerosols are marine
sourced. However, fractionation of the original marine ratio can occur over sea ice, during
transport, or through post-depositional processes in the ice (Wolff et al., 2006; Rankin et al.,
2000). The most prominent sea salt ratio is the Na+/Cl- ratio and either ion can be used to cal-
culate sea salt/non-sea salt contributions in other ions (Legrand and Mayewski, 1997). While
Cl- can fractionate during transport or from postdepositional processes, Na+ can be affected by
frost flower formation on sea ice or local dust sources (Legrand and Mayewski, 1997). Through
multiproxy analysis and a growing network of high resolution ice core records and atmospheric
measurements, Antarctic ice core studies successfully use sea salt components as sea ice proxies
(e.g. ssNa+) and non-sea-salt components to infer dust concentrations which can be indicative
of wind strength and direction (e.g. nssCa2+, nssMg2+) (e.g Mezgec et al., 2017; Pasteris et al.,
2014; Wolff et al., 2006; Baggenstos et al., 2018; Schüpbach et al., 2013). As there are no
proximal dust sources at Roosevelt Island, Na+ is used as the conservative species to calculate
the non-sea-salt and sea-salt components of the major ions in the RICE record and discuss the
potential sensitivity of the record to sea ice variability.

A total of 3,160 samples were measured using ion chromatography (IC) from late 2016-
2018, spanning the years ⇠7,285 to 10,625 cal yr BP (referenced as ‘Early Holocene’ in this
chapter) to determine the concentrations of major ions in the RICE ice core. The non-sea-salt
and sea-salt components are determined for SO4

2-, Ca2+, Mg2+, to better understand the drivers
of non-sea-salt and sea-salt variability at RICE.

In addition, continuous flow analysis (CFA) data of the water stable isotope deuterium (�D,
Nancy Bertler, Victoria University of Wellington) and calcium (Ca2+, Paul Vallelonga, University
of Copenhagen) records for the Holocene are also presented. The interpretations of these data
sets are brought into Chapter 6 to integrate the RICE record with the U1357B record and to
compare with other Antarctic Holocene records.
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3.3.2 RICE ice core

The RICE ice core was drilled over the 2011/12 and 2012/13 Antarctic field seasons as a part of
a 9-nation collaborative project called the Roosevelt Island Climate Evolution Project (RICE).
Roosevelt Island, an independent ice rise, is located on the north-eastern edge of the Ross Ice
Shelf, with shelf ice flowing around the rise. The ice core was drilled to bedrock at 764m,
some 250 m below sea level (Bertler et al., 2018). Core processing was conducted in 2013
and 2014 (Pyne et al., 2018). The average snow accumulation rate over the past 2,700 years
is 25 cm water equivalent per year (Winstrup et al., 2019), providing a high resolution record.
Annual layers of greater than 1 cm extend throughout the Holocene. For the past 2,700 years
annual layer counts using geochemical data, black carbon, dust, 8 volcanic ash layers, and ice
flow modelling supported a seasonally resolved record with exceptional age control (Winstrup
et al., 2019). High resolution measurements of methane concentrations and tephra layers were
matched to the well dated WAIS Divide (WAIS Divide Project Members) (Buizert et al., 2015;
Sigl et al., 2016) and the NGRIP (NGRIP Community Members et al., 2004; Baumgartner et al.,
2014) ice cores to develop the age model for the past 86,000 years (Lee et al., 2018).

3.3.3 Ice core processing

The RICE ice core was processed at the New Zealand Ice Core Research Facility at the National
Isotope Centre of GNS Science in Lower Hutt, NZ. A schematic of the core cutting plan and
national partners is shown in Figure 3.6. The inner section ‘A’ was transferred to the class 100
clean laboratory for continuous flow analysis (CFA).
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Figure 3.6: Core cutting plan.

Stable water isotopes (Emanuelsson et al., 2015), calcium (Kjær et al., 2016), black carbon,
pH, conductivity, and atmospheric gases were measured using the continuous flow analysis
system (Lee et al., in review). Over 20,000 samples of water for major ion analyses were
collected and stored in the freezer at ⇠35�C until samples could be analyzed.

3.3.4 Ion chromatography analysis

3.3.4.1 Machine set up

Major ion analyses were conducted on a Dionex Ion Chromatograph (ICS)-5000 Dual Pump
using a dionex AS-HV auto-sampler. The cation side was configured with a Thermo Scien-
tific Dionex IonPacTM CS12A 2*250 mm analytical column with a IonPacTM CG12A 2*50 mm
guard column using 20 mM methanesulfonic acid (MSA-) eluent. Cations measured were cal-
cium (Ca2+), sodium (Na+), ammonium (NH4

+), potassium (K+), lithium (Li+), and magne-
sium (Mg2+). The anion side was configured with an IonPacTM AS18 2*250mm analytical
column and an IonPacTM AG18 2*50 mm Guard column with a gradient elution of 20-40 mM
of potassium Hydroxide (KOH). Anions measured were fluoride (F-), methanesulfonic acid
(MSA-, CH3O3S-), chloride (Cl-), nitrite (NO2

-), sulfate (SO4
2-), nitrate(NO3

-), bromide (Br-),
and phosphate (PO4

3-). Instrument cleaning runs were conducted weekly. This involved run-
ning high eluent concentrations through the machine to clean off the columns and rinsing and
refilling water reservoirs. Ultra-pure 18.2 M⌦MilliQ water (henceforth referred to simply as
‘MilliQ water’) and blanks were then run through the system until background concentrations
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returned to the machine baseline. Cleaning runs ensured that any accumulating drill fluid was
removed from the columns before a new set of samples were run.

3.3.4.2 Calibration levels, quality controls, and standards preparations

Calibration levels, and cation and anion quality control (QC) samples were prepared through
a series of dilutions using clean room practices. First, high concentration calibration levels
referred to as “magnitude 1000” were created for anions and cations by pipetting a specific
amount of purchased external single standard ion solutions into a single flask. The amount
and concentration of each pipette is shown Table 3.1.

Cations Anions

ppb microliter ppb microliter

Lithium 100 12.5 Fluoride 100 12.5
Ammonium 100 12.5 Nitrite 100 12.5
Potassium 200 25 Bromide 100 12.5
Calcium 300 37.5 Phosphate 100 12.5

Magnesium 450 56.25 MSA 1000 62.5
Sodium 4000 500 Nitrate 600 75

Sulphate 2500 312.5
Chloride 6000 750

Table 3.1: Cation and anion concentrations and amounts in base calibration level.

The following steps were followed to make “magnitude 1000” (high concentration) solution
for both cations and anions:

1. An acid cleaned ‘rinse’ container was rinsed three times with Milli-Q water, then filled
with Milli-Q water.

2. A squeeze bottle with a needle point spray was rinsed three times with Milli-Q water,
then filled with Milli-Q water.

3. New pipette tips were rinsed on the outside using the needle point spray bottle with
Milli-Q water over a waste container to prevent backsplash from a sink.

4. Pipette tips were rinsed from inside using the Milli-Q water in the rinse container. The
pipette was set to the uptake volume of the standard and rinsed five times from the inside
with Milli-Q water. Care was taken to ensure that no water droplets remained inside the
pipette tip.
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5. An acid cleaned polypropylene flask was weighed five times.

6. The appropriate amount of single standard ion solution was then pipetted into the flask.
Single standard ion solutions were added in order of ascending volume. A new pipette
tip was used for each ion and rinsed in the same manner as described above.

7. The flask was weighed five times after each addition of an ion.

8. All weights were recorded into an excel spreadsheet which then calculated the concen-
trations of the final solution by average weight.

Calibration levels and QCs were created by diluting the above solutions with MilliQ water.
The same clean room practices used above were used for the dilutions. Four calibration levels
for both the anions and cations were selected to be used as QCs. These four levels covered the
spread of concentrations seen in measurements. One anion and one cation QC were run every
10 samples, and then a full set of QCs (four anions and four cations) and unaltered certified
international standards (e.g. AES) were run every 100 samples.

QCs were made in 40 mL batches and stored in a refrigerator. These would be used up
in about 2.5 weeks, at which point they were remade. QCs with smaller concentrations (1-5
ppb range) degraded the fastest. These solutions were remade every 1.5 weeks or sooner if
repeated measurements on the ICS showed degradation (measurements of increasingly smaller
concentrations). Every version of QC was assigned a number, and made following the same
protocol as above with all weights recorded. This provided a second a check to make sure the
QC was not contaminated, and also allowed us to identify degradation in the QCs or a problem
with the machine.

3.3.4.3 Machine calibration and regression settings

The ICS was calibrated prior to starting any new sample runs and after any machine shutdowns
to ensure continued high data quality. Degradation of the machine columns and eluent, as
well as changing flow speed can affect ion measurements in the ICS. Machine calibrations help
prevent these issues from affecting measurements in samples, as well as helping to identify
sample contamination.

Initially, a 34-point calibration was used for Early Holocene samples with 34 anion levels
and 34 cation levels. This was adopted from Brightley (2017) where seasonally-resolved RICE
data had large ranges of ionic concentrations (ppb to ppm) and required more calibration levels
for accurate measurements.
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Data from the ICS were processed using Chromeleon by ThermoFisher Scientific. When
measuring calibration levels or samples, the ICS output is a chromatogram, a graph showing
distinct peaks created by each ion concentration. To quantify chromatograph outputs, the area
under the peak is calculated and transgressed into a concentration using samples (standards)
of known concentration.

Typically, the ionic concentration and peak area have a linear relationship. However, this
linearity breaks down at ultra low concentrations (Brinkmann et al., 2002). The linearity or
non-linearity of these relationships are tested during the calibration when comparing the ICS
measurements versus the weight-determined calibration levels. Peak integration methods and
regression types for each ion were determined during the first 34-point calibration. Initially all
ions are assumed to have a linear relationship with the peak area, but the polynomial degree is
increased in a step-wise fashion until the R2 between the peak area and expected concentration
is greater than 0.999. Cubic regressions were chosen for K+, Mg2+, and Ca2+. Quadratic linear
regression settings were used for MSA- and NO3

-. Linear regression settings were used for ions
with concentrations ranges greater than 50 ppb, such as Na+, Cl- and SO4

2-.
After the first run of ⇠1830 samples, the calibration was refined to eliminate calibration

points that measured values outside of the data range of our annually resolved Early Holocene
samples. This reduced the number of calibration levels to 20. The preparation of calibration
levels, their measurement, and regression settings remained the same.

3.3.4.4 Analytical precision and uncertainty estimation

To estimate the analytical precision and uncertainty associated with each ion, the QC mea-
surements are used. During the measurement campaign QC measurements were consistently
monitored to ensure there were no issues with the machine.

Standard deviations and measurement uncertainty of the cations and anions in the QCs are
low, suggesting precise measurements. A subset of QCs standard deviations and measurement
uncertainties are provided as an example in Table 3.2. If measurement error is less than one
ppb, but more than zero, the error is recorded as one ppb. Only ions that are interpreted in
this thesis are presented.

Average measurement uncertainty is very small, on the order of 1-2 ppb. The largest error
occurs for the M18 Na+, but this is only a 1% error in measurement.
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Cations (ppb) Anions (ppb)

QC No. Meas. Na+ Mg2+ Ca2+ Cl- SO4
2- MSA-

M5 25 0.65(1) 0.26(1) 0.45(1) 0.54( 1) 0.60(1) 0.19(1)
M9 24 1.1(1) 0.25(1) 0.38(1) 0.44(2) 0.67(2) 0.22(1)
M13 22 1.89(2) 0.59(1) 0.57(1) 0.56(2) 0.80(2) 0.29(1)
M18 21 4.21(4) 0.92(1) 0.82(2) 1.36(2) 1.23(2) 0.46(1)

Table 3.2: Standard deviation and measurement uncertainty of a subset of QCs. Standard
deviation in plain font, while measurement uncertainty is in parentheses in boldface. These
QCs were run while measuring samples 23350-22901. M5-M18 refer to the QC level with ion
concentrations increasing from M5 to M18.

3.3.5 Data processing

3.3.5.1 Manual peak integration

Automatic processing parameters and peak detection settings in Chromeleon performs well at
capturing and integrating ionic peaks to determine ionic concentration in samples. However,
some ions such as MSA-, Mg2+, and Ca2+ are more difficult to detect with automatic detection
settings. Ions such as SO4

2- can be affected by drill fluid contamination. Therefore, after
samples were run every ion peak in each chromatogram was manually checked to ensure that
the peak area was integrated properly and the ionic concentration was calculated correctly.

For samples with poorly integrated peaks, a manual integration was applied whereby the
peak detection settings were changed for that particular ion in order to capture the actual
peak instead of any artifacts. Errors in SO4

2- peak integration were primarily noticed in the
older Holocene samples. Therefore, after the first 1800 samples were run, several tests were
performed to determine the effects of drill fluid contamination on the peaks of the IC chro-
matograms. Drill fluid used during the RICE campaign consisted of a mixture of ESTISOL and
COASOL (Bertler et al., 2018). Peaks associated with the drill fluid interfere with the peak inte-
gration of select ions, such as sulphate. Various microliter amounts of drill fluid were pipetted
into six mL vials of Milli-Q water and QCs, and subsequently run on the ICS. Results showed
that drill fluid produces a small peak just prior to the sulphate peak. The processing method
was adjusted so that the drill fluid peak was not included in the sulphate peak integration going
forward (Figure 3.7).
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Figure 3.7: Example of drill fluid contamination affecting SO4
2- and subsequent manual

peak integration. (Left) before manual integration (Right) after manual integration. The
small peak prior to the main sulphate peak is due to drill fluid contamination.

Overall, less than 3% samples had to be manually integrated, and have minimal impact on
the overall results.

3.3.5.2 Outlier removal

Frequent quality control checks, a robust 20-point calibration and manual checks of every peak
integration afford strong confidence in the data quality. Therefore, removal of outliers in the
data set were fairly minimal and done manually, rather than using a blanket outlier removal
algorithm.

For calcium, five measurements stood out as being erroneous, as the ppb measurements
were above 300 ppb, nearly six times the next lowest maximum calcium value. These five
measurements were removed and filled using a pchip interpolation.

3.3.6 Non-sea-salt versus sea-salt ion contributions

Several of the ions measured in this campaign can have both marine and terrestrial sources
(Legrand and Mayewski, 1997). To quantify the marine and terrestrial contribution and cor-
rectly interpret ion data, it is necessary to separate these ions into non-sea-salt (nss) and sea-
salt (ss) components. This is accomplished using a series of equations using a conservative ion
(assumed to be of 100% sea salt origin) and the known marine and terrestrial aerosol ratios of
an ion on interest to the conservative ion. Typically, sea-salt sodium (ssNa+) is used as the con-
servative ion as it is a main component of the dominant sea salt (NaCl) aerosol in Antarctica.
Chloride (Cl-) is also used frequently but has been shown to be more volatile during air mass
transport and affected by post-depositional processes (e.g Röthlisberger et al., 2002; Severi
et al., 2017; Pasteris et al., 2014; Vega et al., 2018).

The following series of equations are used to calculate the nss and ss components of Na+
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and Ca2+:

ssNa+ = Natotal � nssCa2+

Rterrest r ial

nssCa2+ = Ca2+ � Rmarine ⇥ ssNa+
(3.5)

where Rterrestrial and Rmarine are the mean mass ratios of Ca2+ to Na+ in the Earth’s crust and
bulk seawater, and equal to 1.78 and 0.038, respectively (Bowen, 1979).

Then the remaining equations can be applied to identify the non-sea-salt and sea-salt com-
ponents of other ions.

nssX = Xtotal � (Rmarine ⇥ ssNa+)
ssX = Rmarine ⇥ ssNa+

(3.6)

where,

Rmarine =
Xmarine

Na+marine

which is the mean ratio of the ion X to Na+ in bulk sea water. In this thesis, we use the
mean mass ratios as our ICS results are given in parts per billion (ppb).

As such, the following Rmarine ratios shown in Table 3.3 are used.

Rmarine to Na+

Mg2+ 0.12
SO4

2- 0.252
Cl- 1.79

Table 3.3: Bulk sea water ratios of various ions to Na+

While several studies separate Na+ into non-sea-salt and sea-salt components (e.g Röthlis-
berger et al., 2002; Severi et al., 2017; Vega et al., 2018), dust leachable Na+ is extremely low
in Antarctic coastal marine cores in the Holocene (Röthlisberger et al., 2002).

3.3.7 Other data sets

3.3.7.1 Continuous flow analysis calcium

In this thesis, calcium data are presented from CFA analysis provided by the University of
Copenhagen (Paul Vallelonga, Helle Kjaer, and Mai Winstrup) and ICS analysis. The CFA cal-
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cium data were measured in Wellington, New Zealand using a system modelled after the CFA
system employed in Copenhagen (Kjær et al., 2016).

3.3.7.2 Deuterium

The deuterium (�D) data presented here are derived using a continuous-flow laser spectroscopy
system with a Los Gatos off-axis integrated cavity output spectroscopy analyser (Emanuelsson
et al., 2015) (Figure 3.8). The water samples were taken from the inner portion of the con-
tinuous flow analysis (CFA) melt head (Keller et al., 2018). Uncertainty of the �D data is
±0.85h.
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Figure 3.8: Early Holocene �D binned into 1-year intervals, with the mean of each bin plotted.
Black line indicates a 25-point moving mean.

3.3.8 Age model

The RICE17 age model used in this thesis consists of two portions and is reported in calendar
years before 1950 C.E. (yr BP). The last 2,649 yr BP (343.7 m depth) are determined using
annual layer counts and are in good agreement with the WAIS Divide ice core (Winstrup et al.,
2019).

The lower portion (ages older than 2,649 yr BP) was calculated using ice-age/gas-age mod-
elling and gas synchronization with the WAIS Divide core (Lee et al., 2018). A firn densification
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model was used to calculate the ice age-gas age offset which was then added to the gas age
scale to determine the ice age (Lee et al., 2018). The lowest portion (746-752.95 m, 64.6-83
ka) contains ages older than those at WAIS Divide and was therefore visually compared to the
NGRIP core (Lee et al., 2018).

For the last 12,000 years, the maximum ice age error was⇠183 years, the median was⇠81
years, the mean was ⇠85 years, and the minimum was 50 years (Lee et al., 2018).

3.3.9 Determining the source of calcium variability in the Holocene

The continuous CFA calcium data provide an opportunity to interrogate the relationship be-
tween the RICE and IODP core to develop the Adélie Land-Ross Sea Holocene reconstruction
in Chapter 6. To determine the source and drivers of calcium variability, whose interpretations
are used in Chapter 6, the CFA calcium record was compared with the Early Holocene ICS data.
The methodology for the calcium interpretation is presented here.

3.3.9.1 Major ions in the Early Holocene

Results of the Major anions (MSA-, SO4
2-, Cl-) and cations (Na+, Ca2+, and Mg2+) measured

for the Early Holocene reveal that several ions follow similar trends (Figure 3.9).
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Figure 3.9: Major Ions measured from ICS (a) chloride , (b) sodium, (c) MSA, (d) calcium,
(e) magnesium, (f) sulphate. Black lines are a 25-point moving mean of the data. All mea-
surements are in ppb.
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3.3.9.2 ICS calcium versus CFA calcium

The ICS data currently only exist for the Early Holocene (⇠7,285 to 10,625 cal yr BP). The
CFA measurements extend through the Holocene, but have a few gaps in the data set. Over
the period covered by the ICS data set, the largest break in the CFA data set is ⇠80 years. The
mean resolution of the ICS data set during this period is 1.05 years, where as the CFA data is
0.8 years.

A comparison of the two records over a 200-year period interpolated to a common age scale
(ICS age) is shown in figure 3.10

Figure 3.10: CFA versus ICS Calcium data. CFA calcium is shown in orange, while ICS calcium
data is shown in blue.

CFA calcium data are closely correlated with the ICS measurements, with a Pearson corre-
lation coefficient of 0.62. Gaps in the CFA data set and the differing resolution of the two data
sets likely has some impact on the correlation coefficient.

3.3.9.3 Sea-salt versus non-sea-salt contributions of ions

The CFA calcium data do not have the equivalent sodium measurement needed for the nss/ss
calculations. Given the high correlation between the ICS and CFA calcium, the ICS measure-
ments are used to calculate the nss/ss calcium components in the Early Holocene (Figure 3.11).
These findings are used to infer the relative nss/ss calcium components in the CFA data.
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Figure 3.11: RICE Early Holocene Calcium (a) Total calcium (b) Sea-salt calcium (c) Non-
sea-salt calcium for the RICE ICS Early Holocene record

Noticeable differences in the distribution of nssCa2+ and ssCa2+ concentrations exist (3.12).
While there are some large spikes in nssCa2+ content, the majority of nssCa2+ is less than 4
pbb, with a mean value of 3.5 ppb. While some of these nssCa2+ values are low and could
be related to analytical uncertainty (see section 3.3.4.4), this does not explain some of the
extremely high concentrations. Sea-salt calcium concentrations are consistently less than 10
ppb. The mean values for ssCa2+ is 6.6 ppb. On average, nssCa2+ accounts for ⇠30% of the
Early Holocene RICE calcium record.
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Figure 3.12: Histogram for Non-sea-salt and sea-salt ions. (a) Sea-salt Ca2+ (b) Non-sea-
salt Ca2+. Values are binned in steps of 2 for Ca2+ (c) Sea-salt SO4

2- (d) Non-sea-salt SO4
2-.

Values are binned in steps of 10 for SO4
2- . (e) Sea-salt Mg2+ (f) Non-sea-salt Mg2+. Values are

binned in steps of 2 for Mg2+.

The non-sea-salt and sea salt contributions are also calculated for Mg2+ and SO4
2- to com-

pare with the calcium record (Figure 3.12 c-f). Around 50% of SO4
2- comes from sea-salt

contributions, and the non-sea-salt component remains positive. The normal distribution of
the nssSO4

2- appears similar to nssMg2+, but the nssMg2+ has frequent negative contributions.
If the non-sea-salt equation (section 3.3.6) is rearranged, we find that negative non-sea-salt
contributions represent a depletion in Mg2+ to Na+ relative to the standard marine ratio (Ta-
ble 3.3). To better illustrate the Mg2+ depletion, the Mg2+/Na+ ratio is plotted against the
marine ratio. Values below the marine ratio indicate aerosols depleted in Mg2+ and negative
non-sea-salt contributions (Figure 3.13). Approximately one-third of samples are depleted in
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Mg2+.
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Figure 3.13: Mg2+/Na+ ratio for the Early Holocene. All samples relative to the standard
marine ratio of 0.12 (orange line). Samples below the orange line are depleted in Mg2+

3.3.9.4 Evaluating sea-salt and non-sea-salt proxies in the RICE Early Holocene record

All of the major ions appear to follow similar trends in the Early Holocene (Figure 3.9), but
likely have varying sea-salt and non-sea-salt components.

Sea salt aerosols are typically formed through bubble bursting and sea spray (de Leeuw
et al., 2011) with deposition of these aerosols rapidly decreasing as an air mass moves inland
(Guelle et al., 2001). Consequently, sea salt aerosols can be used to infer distance from open
water (which increases with increased sea ice extent) and the transport strength over that
distance (Abram et al., 2013). While bubble bursting and sea spray are major contributors to
the sea salt concentrations, contributions from frost flowers on new ice (Rankin et al., 2000;
Wolff et al., 2003) and blowing snow over sea ice (Yang et al., 2008; Levine et al., 2014) also
exist. These sources are increasingly thought to be important drivers of sea-salt variability,
as coastal locations around Antarctica show peaking sea-salt contributions during the winter
(Wagenbach et al., 1998; Abram et al., 2013). Seasonal Na+ records at RICE also showed this
pattern, with values peaking during winter (Eling, 2019).

Depleted values of SO4
2- relative to Na+ (also seen as negative non-sea-salt concentrations)

are typically indicative of frost flowers and blowing snow contributions over sea ice (Rankin
et al., 2000; Levine et al., 2014). The nssSO4

2- record for the Early Holocene does not show
these depleted values. However, Eling (2019) analysed seasonal records and found that sul-
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phate depletion primarily occurred during austral winter and suggested that at least 30-40 %
of the sea salt aerosols at RICE came from frost flowers or blowing snow on sea ice. The lack
of sulphate depletion in the annually-resolved Early Holocene portion suggests open ocean
contributions during the austral summer can overprint the winter sea ice signal on an annual
basis (Eling, 2019). However, it is noted that at sites with high biogenic SO4

2- contributions,
as would be expected at RICE due to the proximity of the Ross Sea Polynya, the SO4

2- to Na+

ratio is difficult to interpret (Hara et al., 2012).
The non-sea-salt and sea-salt contributions of magnesium are curious given their frequent

negative non-sea-salt values. Typically, non-sea-salt components are attributed to terrestrial
sources, but negative values can indicate other processes are involved. As stated above, nega-
tive values of nssSO4

2- have been attributed to precipitation of sea salts and formation of frost
flowers over sea ice surfaces (Rankin et al., 2000; Wagenbach et al., 1998; Levine et al., 2014).
Magnesium based salts have also been observed in frost flowers, but do not precipitate onto
the ice surface until temperatures are much colder at -34�C (Rankin et al., 2000; Hara et al.,
2017). While the average annual temperature near RICE (section 2.6.3) does not reach this
temperature, the nearby Margaret AWS has recorded temperatures far below -34�C in the win-
ter (Bertler et al., 2018). However, measurements of frost flowers in Greenland showed Mg2+

enrichment relative to Na+, but there was significant magnesium depletion in older snow on
sea ice (Hara et al., 2017). The presence of these samples depleted in magnesium may indicate
a blowing snow source for these ions rather than frost flowers, but do not explain why the sul-
phate signal is overprinted by summer precipitation and magnesium is not. Furthermore, these
complexities prohibit the usage nssMg2+ as a dust proxy. Future work is needed to explain the
frequent depletion of magnesium in the ion record.

The CFA calcium data has been interpreted to largely reflect marine sourced calcium, as
it is closely correlated with conductivity measurements indicating the calcium is from soluble
sea salts (Kjær et al., 2016). However, the non-sea-salt/sea-salt ion contribution calculation on
the ICS data where sodium data is available suggests ⇠30% of calcium is non-sea-salt sourced.
This percentage holds true for samples measured in the last 2000 years, indicating that the
⇠30% nss percentage is perhaps consistent throughout the entire Holocene and may not be a
reflection of deglacial environment of the Early Holocene.

The non-sea-salt component appears to have relatively low contributions on the background
of periodic, low frequency peaks. Even if some of those large peaks are eliminated as outliers,
or the very low concentrations are assumed to be erroneous, the pattern and distribution of
the nssCa2+ peaks remains similar. The Evolutive Harmonic Analysis of the nssCa2+, ssCa2+,
and Ca2+ indicate that the ssCa2+ is more sensitive to sub-decadal drivers than the nssCa2+
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component (Figure 3.14). For the Evolutive Harmonic Analysis on the IC calcium data, the
data was interpolated to 1 year, then, an MTM time-bandwidth product of 2, window width
100 years, and step size of 10 years was used (Meyers, 2014).
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Figure 3.14: Evolutive harmonic analysis RICE Early Holocene Ca2+. (a) ssCa2+ (b) nssCa2+

(c) Ca2+. Power is normalized so that maximum power in each window (100 years) is in unity.

The nssCa2+ record has a strong frequency band ⇠30 years, with occasional increases to-
wards 10 years. Dust contributions at RICE are likely sourced from New Zealand and Australia,
and delivered via onshore flow at the site (Neff, 2014). Thus, the multidecadal frequency could
be related to the IPO, which affects the strength of the ASL (Meehl et al., 2016) and position of
high precipitation events affecting RICE (Emanuelsson et al., 2015). Shallow ice core studies
in west central Antarctica have linked increased nssCa2+ to the deepening of the ASL (Dixon
et al., 2012). Dixon et al. (2012) also suggested that nssCa2+ is primarily delivered to this
area via storms with concentrations reflecting the strength of atmospheric circulation and not
changing source emissions. Therefore, nssCa2+ is interpreted to reflect changes in atmospheric
circulation strength, with large excursions being related to IPO and ASL influences.

The ssCa2+ is inherently highly correlated with the Na+ record. The Na+ record is diffi-
cult to interpret due to the seasonal signal indicating a sea ice source and the annual signal
potentially reflecting an open ocean signal (Eling, 2019). Deposition at RICE is characterised
by frequent, large austral winter precipitation events (Emanuelsson et al., 2015) when antarc-
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tic sea ice extent is at its maximum. While this suggests that Na+ and ssCa2+ signal could
be more sensitive to sea ice extent and winter precipitation, it may also reflect open ocean
conditions (Eling, 2019). Regardless, Na+ and ssCa2+ reflect transport over the marine sector.
The stronger decadal to sub-decal frequencies in ssCa2+ at this time are a bit more difficult to
interpret as changes in the Ross Ice Shelf likely overprinted any external influences on sea ice
extent or open ocean conditions.

The combined Ca2+ EHA shows the distinct nssCa2+ multidecadal band, but also shows
dampened variability compared to the ssCa2+. Given the lack of Na+ data for the entire
Holocene and the inability to discern sea-salt versus non-sea-salt contributions, the CFA Ca2+

must be interpreted as a combined signal. Other west Antarctic ice core records have used Na+

to infer the atmospheric transport strength from marine sources as increased concentrations
are associated with a deepening of the ASL (Kreutz et al., 2000; Raphael et al., 2016; Mayewski
et al., 2017). Additionally, the nssCa2+ signal is directly related to atmospheric transport. While
the combined Ca2+ record is not a wholly marine signal, the CFA Ca2+ record is interpreted to
represent transport strength to RICE rather than a distinct sea-ice signal.

3.4 Identifying synchronous and asynchronous change in the

RICE and U1357B records

Tipping points in the climate system refer to periods of rapid change associated with a thresh-
old being met after forcings (gradual or rapid) fundamentally change the system. These are
increasingly being studied, particularly in the context of ice shelf retreat and ocean circulation
changes (IPCC, 2019). In order to identify potential tipping points or periods of abrupt change
in this thesis, changepoints are used. Changepoints identify the period at which there is an
abrupt change in a statistical attribute in a signal or time series and are increasingly being
used on climate data series (e.g. Trauth et al., 2009; Ruggieri et al., 2009; Yu and Ruggieri,
2019).

Here, changepoints are primarily identified by a shift in the mean value of the signal (e.g.
isotopes, laminae counts, ions). The changepoint is identified by dividing the time series into
sections, and calculating the mean and standard deviations of all points from that mean. The
changepoint is identified when the total residual error on either side of the location reaches a
minimum (Lavielle, 2005; Killick et al., 2012).

To identify phasing between records, linear changepoints (hereafter referred to as ‘slope
changepoints’), which identify shifts in the slope of the record are also considered, as changing
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slopes are indicative of changing trends that lead to changes in the overall mean. As rates
of change are different for each location, comparing the timing of slope changepoints versus
mean changepoints can help infer the relative rate of change at each location.

Care must be taken when identifying changepoints as overestimating the number of change-
points in a series leads to over-fitting of the data. Identifying change points using mean shifts
in series with long term trends can also introduce artificial changepoints (Gallagher et al.,
2013). The maximum number of changepoints was initially varied for each series, and any
changepoints identified were considered in conjunction with other proxy records to guide in-
terpretations. Ultimately, a parameter of 2 maximum changepoints was considered most rep-
resentative for identifying large regime shifts in the data. Changepoints were identified using
both 100-year binned data and finer scale resampling (annual to decadal) to ensure change-
points identified were not due to interpolation.

While changepoint analysis provides distinct years for climatic shifts, one should be cautious
in terms of interpreting the years as fixed (i.e. change happened exactly at that year) as these
are reliant on the resolution of the data set and any age model errors. While changepoints
are calculated using various resolutions, they are reported using the years provided by the
100-year binned analysis. This means years reported are to the nearest century relative to the
changepoints identified in the more high resolution data sets.

3.5 Summary

This chapter presented the methodologies used to develop the U1357B sediment core record
and RICE ice core record, as well as how asynchronous and synchronous change was identified
between these records.

Through the use of X-ray Computed Tomography, a CT-scan greyscale profile and record of
light laminae through manual selection was developed for U1357B. The age model, XRF, phys-
ical core properties, Highly Branched Isoprenoid (HBI) lipid biomarkers, linear sedimentation
rates, mass accumulation rates, and grain size data were also introduced. Last, the statistical
methods used on these datasets were also described.

For RICE, the major ion data from ⇠7,285 to 10,625 cal yr BP were measured using ion
chromatography. The age model, deuterium data, and continuous flow analysis calcium data
were also presented. Next the trends of all the ions and calculations of the non-sea-salt and
sea-salt components of SO4

2-, Ca2+, and Mg2+ were used to identify the drivers behind ion
variability. Particular focus was given to Ca2+, which is inferred to represent transport strength



79

of marine air masses.
To compare these records in the Holocene, changepoint analysis provides a statistical mea-

sure of shifts in the mean or slope of the ice core and sediment core datasets.
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Chapter 4

Environmental controls on laminae
frequency and biological productivity in
Adélie Land

4.1 Introduction

Laminated sediment cores are an important paleoclimate tool capable of capturing seasonal to
inter-annual/decadal variability in marine and lacustrine sediments throughout the Holocene.
Laminations are formed when chemical and biological variations alter sediment composition
and there is a suitable environment for preservation, but determining the environmental drivers
for laminae deposition can prove challenging (Kemp, 1996). Alternating light and dark lam-
inations are often representative of biogenic and lithic sedimentation, respectively (Sancetta,
1996). Laminations in pelagic marine sediment can also provide a record of seasonal shifts
in primary productivity in areas where wind stress enables coastal upwelling, creating large
diatom mats that rapidly sink to the seafloor (Kemp, 1996; Sancetta, 1996). Around Antarc-
tica’s coastal margins, diatom analysis suggests light laminae are associated with these intense
biogenic bloom events that rapidly sink and occur as sea-ice retreats in the spring, whereas
dark laminae have increased terrigenous content and are associated with open water condi-
tions when nutrient conditions are low (Leventer et al., 2002; Denis et al., 2006; Maddison
et al., 2012). Since biological bloom events are usually associated with physical drivers, large
scale climate oscillations have been shown to influence bloom events, and therefore are likely
to influence laminae frequency in pelagic-dominated marine sediments (Bull and Kemp, 1996;
Hagadorn, 1996). Consequently, analysing laminations in such sediments not only provides
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a record of the biological productivity in a region, it can also be used to infer changes in the
physical drivers and climate oscillations that influence bloom events.

Expanded sections of continuously laminated sediment records around Antarctica are rare,
and only one other such published record on Antarctica’s coastal margin has been published
(core NBP0101 JPC41), but this record only extends back ⇠2 ka BP (Alley et al., 2018).
Uniquely, IODP site U1357 cored a continuously laminated record that extends almost through
the entire Holocene (11.4-0 ka BP). Here, the results of X-ray Computed Tomography (CT), XRF
data, grain size analysis, and physical properties are used to quantify the occurrence of these
laminae and identify changes in sedimentary depositional processes throughout the Holocene.
This site was cored in a drift deposit, that acts to focus locally-derived pelagic material and
other suspended sediment advected by wind-driven currents towards the site from the east
(Escutia et al., 2011).

Physical sedimentology of drift deposits can provide a powerful tool to assess relative
changes in current strength through time. The application of the ‘sortable silt’ (10 � 63µm)
measure, and similar variations in grain size, have long been used as a qualitative proxy for
flow speed (e.g. Ledbetter, 1986a,b; McCave et al., 1995; McCave and Hall, 2006; Mao et al.,
2018; Lamy et al., 2015). However, such proxies can be significantly influenced by changes in
source of sediment supply through time, and should be interpreted in the context of the local
sediment depositional setting. In glaciated regions, sediment supply could be influenced by
the proximal position of glaciers, which in theory can lead to enhanced deposition of ice rafted
debris and poorly sorted sediment from periodic discharge of meltwater plumes (McKay et al.,
2009; Powell and Domack, 2002). This potentially makes assessing paleocurrent conditions
problematic on Antarctica’s continental shelf, as unsorted sorted glacial silt transported via ice
rafting or meltwater plumes, and not by current, distorts the record (McCave and Andrews,
2019; Jonkers et al., 2015; Prins et al., 2002; McCave and Hall, 2006).

CT-scanning of the Adélie drift core reveals very little iceberg rafted debris (IRD) (Figure
4.10), with the only clear evidence of significant proximal glaciomarine input and IRD in the
lowermost 0.7 m of the core, before rapidly transitioning to laminated sediment with mini-
mal IRD (Figure 4.10). Grain size distributions along the adjacent bathymetric highs of the
Mertz and Adélie banks (Figure 2.10) are poorly sorted diamicts consistent with subglacial or
glaciomarine deposition, but are dominated by particles exceeding >125 µm, and are indica-
tive of partial winnowing of fine sands and mud (i.e. <125µm fraction) by bottom currents
(Dunbar et al., 1985). In the bathymetric trough, several sediment drifts are present that act to
capture and deposit this winnowed sediment from the banks. The morphology of one of these
drifts in the Mertz Trough (the Mertz Drift), to the east of the U1357 site, can be assessed by
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seismic profiles, and are indicative of a current controlled depositional process due to mounded
and drape-and-fill architecture, alongside the notable absence of Holocene sediments on the
Mertz Bank (Beaman and Harris, 2003; Harris and Beaman, 2003). The Adélie drift profile
shows a similar structure, with an elongated east-west orientation on the northern flank of the
Adélie Basin, thus suggesting U1357B deposition may be dominated by bottom currents focus-
ing sediment into the basin (Escutia et al., 2011). Areas surrounding site U1357B also lack
proglacial fan systems, providing further evidence that the majority of sediment is advected
to the site comes from the east, rather than sourced from local glacial plumes (Dunbar et al.,
1985).

Consequently, IODP Site U1357 is ideally suited to assess past shifts in Antarctic Coastal
Current strength, while its variable sea ice conditions, and coastal polynya influences also
allows for a range of proxies of past oceanographic and environmental conditions to be devel-
oped. Given the close proximity of U1357 to the Antarctic Slope Current and Antarctic Coastal
Current, discerning the paleocurrent history may provide valuable insights into how changes
in the current regime along the Wilkes Land Margin has influenced water mass variability and
associated biological productivity in this globally important region of AABW formation (Chap-
ter 2). The U1357 core provides a potential archive of sub-decadal variability of wind driven
current variability over the Holocene, allowing for assessment of the natural baseline of vari-
ability in westward current strength at the margin of the largest marine-based glacial drainage
basin of the East Antarctic Ice Sheet.

In this chapter, CT-scan imaging is used to characterise the biologically influenced laminae
in U1357B. These results are then compared to physical core properties and XRF data to es-
tablish CT-greyscale variance as capturing changes in sedimentation. Changes in inferred XRF
productivity proxies (Si/Ti and Ba/Ti) are examined to assess if the CT-scan derived laminae
data sets accurately capture biosiliceous sediment related to primary productivity. These data
sets are also used to independently assess the age model and sediment model at this location.
Next, comparisons of grain size analysis, mass accumulation rates, and laminae thickness data
derived from CT-scans are used to assess changes in the current flow velocity throughout the
Holocene and assess how this may have influenced biological productivity related to the de-
position of light and dark laminae. Finally, potential multi-decadal to centennial-scale drivers
of bloom events and variation in laminae thickness are discussed. The methodology to obtain
each dataset is discussed in Chapter 3.
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4.2 Results

4.2.1 Manual laminae counts in comparison to CT-scan greyscale profile,

linescan XRF, and physical properties data

Visual comparisons of line-scanned photographs of the split core face, CT images, a CT-scan
greyscale curve, and the manual light laminae counts from the CT-scan were undertaken through-
out the length of the core (e.g. Figure 4.1).
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Figure 4.1: Image Analysis Example. From left to right: Line-scan core photo, CT image, raw
CT-scan greyscale curve with light laminae counts in orange, and XRF titanium data. The CT
image visually enhances the laminations, and provides a sub-mm resolved CT-scan greyscale
curve that better captures the higher frequency shifts in sedimentation.

The CT-scan greyscale profile is used as a continuous dataset to quantify the rapid shifts in
pixel values shown in the CT image. Manual counts of the light laminae occur at the appropri-
ate peaks in the CT-scan greyscale curve. While the XRF titanium data also capture the general
signal, the greyscale data is of much higher resolution and resolve rapid changes not seen in
the XRF data (Figure 4.1). These relationships visually appear to be consistent through the
entire length of the core.
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To quantitatively assess how well the CT-scan greyscale profile reflected changes in sedimen-
tation over the entire record, the CT-scan greyscale profile was also compared via regression
analysis to the gamma-ray attenuation (GRA) bulk density profile, natural gamma radiation
profile (NGR), and XRF silica (Si), titanium (Ti), and Si/Ti measurements (Figure 4.2).

The greyscale data have an average resolution of 0.7 mm. These data were smoothed
using a 10-point moving mean and then linearly interpolated to the depth scales of the various
proxies below. GRA bulk density measurements were measured at 2.5 cm intervals with a
10 second integration time using WRMSL (Escutia et al., 2011). These data are noisy due
to the high gas content of the core and values less than 0.6 g/cm3 were removed. Natural
gamma radiation (NGR) measurements were undertaken at 10 cm intervals and are a more
attenuated signal, and thus represent a very smoothed dataset that is unlikely to pick up cm-
scale variations observed in the other datasets. Low levels of potassium, thorium, and uranium
isotopes exist in this core because of the frequent, pure, diatom oozes which also result in a low
signal-to-noise ratio (Escutia et al., 2011). To overcome this, a site specific background NGR
measurement, as well as a long integration time of NGR measurements ensure lower error on
these measurements, even though the measurements themselves remain low (Escutia et al.,
2011).
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Figure 4.2: Greyscale data in relation sedimentological changes at the site. Greyscale data
compared to various sedimentology proxies of the core. (a) GRA Bulk Density (b) Natural
Gamma Radiation (NGR) (c) XRF peak area of Silicon (d) XRF peak area of Titanium (e) XRF
peak area of Silicon/Titanium ratio used to indicate long-term changes in biological produc-
tivity (log scale) (f) CT-scan greyscale curve from the CT images.
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The differences in resolution and signal-to-noise ratios of the various measurements above
could be expected to compromise regression analysis, but despite this the correlation coeffi-
cients all display statistical significance between the greyscale data and the XRF data, NGR
measurements, and GRA bulk density measurements (Table 4.1).

Greyscale Versus XRF Silica XRF Titanium NGR GRA Bulk Density

Correlation Coefficient (r) 0.43 0.59 0.58 0.33

Table 4.1: Comparison of greyscale data to XRF, NGR, and bulk density measurements

Given the strong similarity in trends and patterns seen in the titanium XRF and CT-scan
greyscale record (Figure 4.1, 4.2), it was anticipated that these these records would have even
higher correlation coefficient values than 0.59. Visual examination of the core images with
XRF scan and the greyscale demonstrate these values are regularly offset by a few mm to cm
in places, but a clear relationship between all three datasets can still be identified (Figure 4.2).
This offset has occurred due to subtle mm- to cm-scale movements of the cores in the archive
core half between physical property measurements, XRF scanning, and CT-scanning, which all
occurred several years apart. This minor offset may have occurred as they were U-channelled
and re-archived between measurements. While most of these offsets are mm- to cm-scale it
would be enough to impact these statistical analyses.

4.2.2 Laminae frequency in the Holocene

Light laminae counts, which identify biogenic bloom events, are binned into 10-year and 100-
year intervals and show centennial to millennial scale variations throughout the Holocene (Fig-
ure 4.3). Both curves show similar trends, but the 10-year binned record captures higher fre-
quency variations, while the 100 year binned record emphasizes the multi-centennial scale
variations more clearly. The laminae number per 100 years also correlates well with the linear
sedimentation rate (Figure 4.4) as determined solely using the 14C age model. To verify that
these trends in number of laminae per 100 years are not an artefact of the age model, the
laminae frequency per meter of core depth was also compared to the LSR curve (Figure 4.4).
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Figure 4.3: Binned laminae frequency plots (a) Light laminae counts binned into 100-year
intervals, unsmoothed (b) Light laminae counts binned into 10-year intervals, smoothed with a
5-year moving mean. Bold line on both plots is a Robust Locally Weighted Scatter plot Smooth
(rlowess) of the raw data (10% for 100-year, 5% for 10-year).
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Figure 4.4: Laminae frequency compared to the linear sedimentation rate (LSR).(a) LSR
versus number of laminae per 100 years (b) LSR versus number of laminae per meter (de-
trended).

To assess for potential biases introduced by the 14C radiocarbon-based age model, laminae
counts are binned into 1-meter intervals. Lower sedimentation rates determined by 14C age
model are associated with increased number of laminae per meter of core, as a shorter interval
of core represents a longer period of deposition. This provides an independent validation of
the age model and sedimentation rates, as it indicates an increase in depositional rate (i.e.
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less time per meter) corresponds with a decrease in the frequency of laminae deposition in the
depth domain (i.e. fewer laminae per meter). Theoretically, changes in the temporal frequency
of bloom events relating to light laminae deposition could potentially offset this relationship,
but this is unlikely to occur in a purely linear manner. If there was no periodic component to
the laminae deposition, the frequency of their occurrence against the depth scale (laminae per
meter) should bear no relationship to the linear sedimentation rate determined. Sedimentation
rates vary at the millennial scale between 0.01 and 0.025 m yr-1. After accounting for the over-
all downhole trend of increasing number of laminae per meter, that is attributed to downhole
compaction due to sediment loading, the detrended laminae per meter demonstrate a strong
anti-phasing with the linear sedimentation rate (Figure 4.4b). Thus, comparison of laminae
frequency per meter (which varies between 20 and 80 laminae per meter, - 20 to 40 laminae
per meter detrended) with the linear sedimentation rate curve provides an independent as-
sessment that the laminae counts have a periodic component to their origin, and conversely
that subtle changes in sedimentation rate determined by the radiocarbon chronology are real.

4.2.3 Laminae thickness

If the CT-scan greyscale and laminae data reflect changes in sedimentation and biological pro-
ductivity, changes in light laminae thickness could potentially be indicative of more productive
blooms or changes in sediment delivery rates.

A binned scatter plot which quantifies the frequencies of dark and light laminae thicknesses
through time is shown in Figure 4.5. Laminae thicknesses are binned into 10 intervals (⇠0.012
m wide, from 0 to 0.12 m thick) and 113 time intervals ( ⇠100 years wide).
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Figure 4.5: Binned scatterplot of laminae thickness through time. Laminae thickness are
binned into ⇠0.02 m intervals, and ⇠100 year intervals. Counts of laminae in a particular
thickness bin and time bin are indicated by color, with scale shown to the right of the plot. (a)
Light laminae thickness (b) Light laminae linearly detrended (c) Dark laminae thickness (d)
Dark laminae thickness linearly detrended.

Increased frequency of thin laminae (both dark and light) occurs towards the base of the
core, regardless if the data is detrended. Laminae thickness increases towards the top of the
core (⇠4.5 ka BP to present day), yet this is more noticeable in the light laminae, as there are
periods of thicker dark laminae in parts of the core older than ⇠4.5 ka BP.

4.2.4 Mass accumulation rates

The pattern of biogenic and terrigenous MARs derived from light and dark laminae couplets
(section 3.2.8) appear to track each other throughout the record, with relatively equal input
until around⇠8 ka BP (Figure 4.6). After this, biogenic MAR is elevated over terrigenous MAR
between ⇠8-4.5 ka BP, but after ⇠4.5 ka BP, terrigenous MAR is more elevated than biogenic
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MAR.

Figure 4.6: Biogenic (teal) and terrigenous (brown) mass accumulation rates

4.2.5 Grain size analysis

The grain size frequency distributions from Albot (2017) are shown in Figure 4.7. Grain size
distributions were divided into three intervals which roughly correspond to the intervals dis-
cussed in section 4.3. Interval 1 corresponds to the Neoglacial (⇠4.5 ka BP to present), Interval
2 corresponds to the Hypsithermal (⇠8.2-4.5 ka BP), and Interval 3 corresponds to the Early
Holocene (⇠11.4-8.2 ka BP).
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Figure 4.7: Grain size distributions of dark (left) and light (right) laminae for three time inter-
vals. Interval 1 corresponds to ⇠4.5 ka BP to present, Interval 2 corresponds to ⇠8.2-4.5 ka
BP, Interval 3 corresponds to ⇠11.4-8.2 ka BP. From Albot (2017).

Intervals 1 and 2 show similar frequency distributions and do not contain grains with diam-
eters greater than 250 µm. Some samples in interval 3 contain samples of fine sands (125-250
µm) to medium sands (250-500 µm), with one sample containing grains larger than 500 µm.

A multimodal distribution exists in the Early Holocene (Interval 3), which is characterised
as a muddy diatom ooze. Dominant modes for dark laminae are 18 µm (medium silt) and 80
µm (very fine sand). Light laminae have a dominant mode in medium silt range (16 µm), with
another mode at 36 µm (coarse silt) and some grains in the very fine-medium sand range. A
massive laminae located at 170 m(csf-d) is indicated in blue (dark laminae, interval 3) and
shows grains up to the coarse sand range. This laminae is located at the very bottom of the
core and its distribution is abnormal compared to the remaining ⇠5,750 laminae. Therefore,
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it is disregarded in further analysis.
The grain size distribution in the Hypsithermal (Interval 2) shows a slight decrease in mean

grain size relative to the Early Holocene. Similar modes are seen in both laminae as in Interval
1, with distinct modes at 16 µm and 36 µm for both laminae. However, the 16 µm is more
dominant in the light laminae, while the 16 µm and 36 µm modes are equally weighted for
the dark laminae. On the shoulder of the 36 µm, is an additional mode in the very fine sand
fraction for light laminae (73 µm) and dark laminae (76 µm), but this is a minor feature in
only a few samples. Sample to sample variability in either laminae type is reduced compared
to other time intervals.

The Neoglacial (Interval 1) is described as a muddy diatom ooze, and clay to coarse silt
comprising most of the distribution. Both types of laminae show a polymodal distribution
encompassing clay (2.8 µm), very fine silt (5.8 µm (dark), 7 µm (light) ), medium silt (16
µm), and coarse silt (36 µm). The dominant mode seen in the dark laminae is 36 µm, while
the light laminae peaks at 16 µm.

4.2.6 Assessing suitability of grain size metrics in U1357B as a paleocur-

rent proxy

To assess how well sorted a sediment is and whether it can be used for flow history, McCave
and Andrews (2019) suggest using the correlation between sortable silt mean size (SS) and
percentage sortable silt (SS%) in the fine fraction. High degrees of correlation (>0.5) suggest
the sediment can be used for flow speed history (McCave and Andrews, 2019). However, grain
size analysis from Albot (2017) indicates a bimodal distribution in the sortable silt (10-63 µm)
range (Figure 4.7) indicating multiple influences on grain size distributions in this size range.
Therefore, application of a standard sortable silt measure may not be applicable in this setting.

To investigate whether changes in maximum current speed are affecting sediment advec-
tion and nutrient delivery to stimulate biological productivity in the highly seasonal record of
U1357B, several approaches are tested in this chapter. First the traditional SS and SS% in
the fine fraction is compared to see how the bimodal distribution affects this proxy. Then, to
isolate the two populations in the bimodal distribution, the larger mode (36-63 µm) in the
sortable silt range (10-63 µm) is examined. Lastly, the the grain size range is extended to 125
µm, and the mean size of 36-125 µm versus the percent of 36-125 µm is analyzed in order to
investigate the nature of the distribution around the largest mode (36 µm). Values lower than
36 µm were excluded, as the smaller mode at 16 µm affects the shape of the distribution of
the lower 50th percentile of grains associated with the deposition of the larger mode. While
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these ranges differ from the traditional sortable silt proxies for reasons discussed in section
4.3.3, many of the guiding principles for using this method in glacial settings are still applied
(McCave and Andrews, 2019).
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A linear relationship (R > 0.5) between the mean sortable silt size and percentage sortable
silt are indicative of a well-sorted sediment sample (McCave and Hall, 2006; McCave and
Andrews, 2019).

In U1357B, the SS - SS% relationship appears to be affected by the bimodal distribution
in the sortable silt range, creating a larger spread in the data, with populations existing above
and below the line of best fit. This is most apparent in the light laminae plot (Figure 4.8c).
While the dark laminae do show a linear relationship (R = 0.59), this plot also appears to be
affected by two populations, with the smaller mode (16 µm) creating a larger spread below
the line of best fit. As these well-defined modes may indicate separate depositional processes
within the sortable silt range, it warrants investigation of whether the larger mode (36 µm)
is deposited within a consistent sedimentary process, similar to that of the traditional sortable
silt proxy in the deep sea. The new range (36-63 µm) is then used for the same comparisons
(Figure 4.8 d-f).

The comparison in the 36 to 63 µm range (Figure 4.8 d-f) shows that all laminae have an
R value of 0.74. The light laminae and dark laminae appear in two clusters. When separated,
the dark laminae have an R value of 0.74, whereas the light laminae have an R value of 0.69.

When the range is extended up to 125 µm (Figure 4.8 g-i), to account for the full distribu-
tion in the upper 50th percentile of this well-sorted mode, the R values increase in all samples.
For all laminae, the R value reaches 0.80 (Figure 4.8g). For dark laminae, it is 0.78 (Figure
4.8h). The greatest increase is seen in light laminae, with an R of 0.79 (Figure 4.8i).

The well-sorted sediment in the coarse silt to fine sand fraction indicates a current influence
even in areas of ice influence, as larger grain sizes are unlikely to be transported from the area
where they are released, and the fine fraction will not be sorted in a sluggish current (McCave
and Andrews, 2019). The increase in R when the mode is extend up to 125 µm indicates that
fine sand is transported and selectively deposited along with the 36-63 µm fraction (McCave
and Andrews, 2019; Mao et al., 2018). The SS in a well-sorted sediment can reliably infer the
current speed at a location (McCave et al., 2017). However, in this case the mean size of 36-
125 µm in all laminae, dark laminae and light laminae is used to determine the paleocurrent
at U1357 (Figure 4.9 b,d,f).

For downcore studies, McCave and Andrews (2019) recommended performing a running
correlation of the mean grain size and percentage grain size (in this case 36-125 µm), as the
correlation can change and invalidate the paleocurrent proxy in certain periods (McCave and
Andrews, 2019). A 9-point running correlation between the mean grain size and percentage
grain size using all laminae, dark laminae, and light laminae reveals high correlations (R>0.5)
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for most of the Holocene (McCave and Andrews, 2019) (Figure 4.9 a, c, f). The current proxy is
considered suspect where the correlation falls below 0.5 (McCave and Andrews, 2019) (Figure
4.9, turquoise bars).
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Figure 4.9: Reliability of the paleocurrent proxy. (a,c,e) 9-point running correlation of 36-
125 µm mean size versus percentage of 36-125 µm (Mean grain size versus percentage com-
parisons). (b,d,f) is the mean grain size of 36-125 µm which is used as a paleocurrent proxy.
(a,b) All Laminae, purple. (c,d) Dark laminae, blue. (e,f) Light Laminae, orange. The red line
(a,c,e) indicates the 0.5 threshold for a well-sorted sample. Turquoise bars indicate when the
running correlation does not meet the 0.5 correlation threshold, where the usage as a current
proxy is not considered valid (McCave and Andrews, 2019). Chartreuse bars indicate where
the running correlation is greater than 0.45.
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The downcore correlations reveal intermittent periods when the paleocurrent proxy is con-
sidered unreliable. If the laminae types are not separated, the paleocurrent proxy is less certain
between ⇠0.245 - 0.340 ka BP, ⇠0.390-0.543 ka BP, and ⇠1.407-1.549 ka BP. The remaining
suspect periods are single points at 0.133, 4.963, 6.2, and 8.151 ka BP. The paleocurrent proxy
using ‘all laminae’ appears to be reliable for all but a few disruptions in the last ⇠1.5 ka BP.

Assessing the paleocurrent proxy by laminae type may reveal seasonal current variations.
For dark laminae, suspect periods occur between ⇠0.133-0.543 ka BP, ⇠1.124-1.703 ka BP,
⇠6.053-6.097 ka BP, and a single point at ⇠4.612 ka BP. For light laminae, the current flow
proxy is considered suspect from ⇠3.408-3.534 ka BP, ⇠7.030-7.141 ka BP, ⇠8.213-8.288 ka
BP, ⇠9.128-9.187 ka BP, and a single point at ⇠8.373 ka BP.

Many of the single point suspect periods have correlations greater than 0.45. While less
than the 0.5 threshold, these periods are not outrightly dismissed, as they are only one data
point amongst other higher correlations, and are quite close to meeting the ‘reliable’ thresh-
old. Instead these sections are approached with slightly reduced confidence and interpreted
alongside other paleoenvironmental indicators.

4.3 Discussion

4.3.1 Linking the CT-scan greyscale profile and laminae counts to changes

in sedimentary environment through the Holocene

The similarity between the CT-scan greyscale data and XRF titanium data show that changes in
the CT-scan greyscale data, and therefore light laminae counts, reflect changes in sedimentation
at the site (Figure 4.1). Additionally, distinct co-varying trends are evident (Figure 4.2) and
three baseline shifts in sedimentary depositional environment are recorded and outlined below.

The lowermost ⇠0.7 m of this core is characterised as poorly sorted mud-rich diatom ooze,
as indicated by high NGR and grain size data (Section 4.2.5), with high concentrations of IRD
observed in CT-scan images (Figure 4.10). This core interval is interpreted as representing an
environment strongly influenced by local outlet glaciers during the deglaciation, which were
grounded over the U1357 site at the Last Glacial Maximum (Mackintosh et al., 2014). Ice
retreat in this region is interpreted as first occurring in the deep bathymetric trough, with
residual ice caps persisting on the bathymetric highs, resulting in an ice-walled fjord – termed
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a calving bay (Leventer et al., 2006; Escutia et al., 2011). This is consistent with patterns of
post-LGM deglaciation elsewhere along the East Antarctic margin (Mackintosh et al., 2014).
The 14C dates in this core interval are assumed to be affected by reworked carbon of pre-Last
Glacial Maximum age as they produce anomalously older ages. Consequently, this interval of
core is not considered in the analysis presented in this thesis and only sections dated younger
than 11.4 ka BP are investigated (Figure 3.5).
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Figure 4.10: Iceberg rafted debris in U1357B Section 19H5 (right) is the only section with
notable IRD. Section 19H4 (left) shows the sharp transition to mud-rich diatom ooze. Depths
are in csf-a. The top of section 19H5 is dated to ⇠11.37 ka BP.
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The lowermost⇠25m (⇠11.4-9 ka BP) of U1357B core is described as mud-bearing to mud-
rich diatom oozes with common clasts, which grades up into diatom ooze by 145 m (Escutia
et al., 2011). The section reflects the glaciomarine sediment supply following deglaciation
superimposed on the dominant pelagic sediment source of the diatom ooze (Escutia et al.,
2011).

From 145 meters below sea floor (mbsf) to the top (⇠9 ka BP to ⇠100 years BP), the
core is a diatom ooze with a visual decrease in terrigenous sediment content. The second
shift occurs from 145-60 mbsf (⇠9–4.5 ka BP) and is characterized by low NGR, lower XRF
titanium, and fairly stable, to slightly decreasing GRA bulk density, XRF silica, and greyscale
density values (Figure 4.2). XRF Si/Ti ratios, a proxy for biological productivity, gradually
increase, but then remain steady (Figure 4.2e). This indicates the onset of a relatively stable
depositional environment in the core with a decrease in glaciomarine sedimentation and an
elevated, but steady supply in biogenic material relative to the lowest most ⇠25 m.

At around 60 meters (⇠4.5 ka BP), an abrupt increase in all five logs indicate another
baseline shift in deposition, with an increase in the NGR values and density values from the
CT-scan and GRA datasets (figure 4.2). This suggests a relative increase in terrigenous sedi-
ment over biogenic supply as supported by decreasing Si/Ti values. A concomitant increase in
relative abundances of the sea-ice related diatom Fragilariopsis curta from nearby core MD03-
2601 (Denis et al., 2010) and in the fast sea-ice Highly Branched Isoprenoid (HBI) biomarkers
(Chapter 5) indicates this shift is directly associated with an increase in sea-ice duration off
Adélie Land.

The concomitant changes in all of the proxies indicate that changes in the CT-scan greyscale
data are highly coupled to the sedimentary environment and reflect changes in sediment supply,
productivity, and sea ice cover. As high frequency variability of the CT-scan greyscale data are
indicative of laminae events (Figure 4.1), it reasons that laminae frequency is also driven by
these changes.

4.3.2 Quantifying bloom events through frequency analysis

To quantify how well the laminae counts, and subsequent binning of the laminae reflected
actual frequency variations in the sedimentology and CT-scan greyscale profile, the manually
picked laminae frequency curves (Figure 4.3) are compared to the evolutionary spectra of the
CT-scan greyscale curve, Ba/Ti and Si/Ti values from XRF linescan data (Figure 4.11). All four
records show covarying shifts in frequencies and further ground the greyscale and laminae
data sets as proxies for biological productivity throughout the Holocene.
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The manual laminae counts binned into 100-year intervals and evolutive harmonic analysis
results show consistent centennial-scale shifts in the power of the 2-7 year frequency bands.
The 2-7 year frequency band is suggestive of an El Niño-Southern Oscillation influence, which
is discussed thoroughly in Chapter 5.

There is a potentially subjective element to the manual picking of laminae counts, but this
can be independently assessed by comparison of the evolutive harmonic analysis from the raw
CT-scan greyscale curve and the laminae counts. The EHA results show the same sub-decadal
frequency shifts throughout the Holocene as the manual laminae counts, and provides a clear
independent verification of the frequencies determined by the manual counting (Figure 4.11a).

4.3.3 Sediment delivery to U1357B

To interpret changes in laminae frequency or thickness, sediment delivery to U1357B must
be qualitatively and quantitatively assessed. Regional studies on the Adélie Land continental
shelf indicate that winnowing by bottom currents of the sediments <125 µm is occurring on
the bathymetric high due to bottom current speeds in the range of 20 cm/s (Dunbar et al.,
1985). This winnowed sediment is subsequently being focused and deposited into sediment
drifts forming in adjacent bathymetric basins, including the Adélie Basin. Consequently, despite
the presence of strong currents, the deep bathymetric depression of the Adélie Basin acts as
a sediment trap for this winnowed sediment. As a result, selective deposition (as opposed to
winnowing) is assumed to be the primary control of deposition of the drift. This assumption
of selective deposition is supported by:

1. The observation that surface glaciomarine sediments on bathymetric highs have grain
size distributions that indicate some winnowing of particles <125 µm (Dunbar et al.,
1985), while the terrigenous particles in the Adélie Basin (Site U1357B) are predomi-
nately <125 µm (Figure 4.7).

2. The morphology of the drift which is elongated and aligned with the flow direction of
the Antarctic Coastal Current, and is located on the lee side of the Adélie Basin.

3. Biogenic and terrigenous sediment MARs covary (Figure 4.6) indicating these pelagic
and winnowed seafloor sediments are being advected, focused, and deposited by the
same current.

Selective deposition regulates transport and settling of the sortable silt range (10-63 µm)
at current speeds of 10-15 cm/s (McCave and Hall, 2006). In many deep sea settings, these
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grain sizes are winnowed at higher speeds (McCave and Hall, 2006). This is consistent with
grain size observations on the Mertz and Adélie Banks, where current speeds are inferred to be
20 cm/s and thus, actively winnowing sediments from the adjacent bathymetric highs (Dunbar
et al., 1985). However, in the Adélie Basin itself, a large sediment drift has formed where the
along slope current speed decreases as the bathymetry rapidly deepens, leading to selective
deposition of these winnowed sediments and other sediment suspended in the water column
(Figure 4.12). As these westward currents are mainly wind driven (Whitworth et al., 1998;
Snow et al., 2016), the strength of this transport will vary with wind strength and sea ice
concentration, which reduces the impact of winds on the sea surface (Figure 4.12).
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sequent weaker current.
Biogenic and winnowed
terrigenous material are
selectively deposited into
drift as water slows over
basin. Light and dark lam-
inae indicated by brown
and green line. Pink line
indicates approximate loca-
tion of U1357. Blue arrow
indicative of winds, yellow
arrows indicative of coastal
current, and white arrows
indicative of selective de-
position. Relative strength
of winds and currents in-
dicated by size of arrows.
Characteristics of this mode
are seen as decreased grain
size, decreased MAR, de-
creased laminae thickness,
and increased laminae per
meter. X,Y marks seismic
profile direction as seen
in (a). (c) same as (b),
but for stronger winds
(katabatic/zonal), less sea
ice, and stronger current.
Seismic profile seen in
both (b,c) is ODEC 2000
single-channel seismic line
from Escutia et al. (2011).
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McCave and Andrews (2019) argued that the transport of the fine fraction (< 63 µm) in
glacially influenced settings can still be used as a paleocurrent indicator regardless if it was
released from ice rafting or sea ice, or sourced from melt-water plumes, as long as it is well
sorted. This lies in the idea that slow currents rarely sort both fine and coarse fractions, while
higher currents never reach speeds where the coarse fraction can be moved and deposited
simultaneously with the fine fraction (McCave and Andrews, 2019). Therefore, a well-sorted
fine fraction is only deposited downstream from a region of higher flow and can be used to
assess paleocurrent, as long as the IRD content is less than ⇠50% (McCave and Andrews,
2019). The CT images (see figure 4.10) and lack of grain sizes greater than 250 µm in nearly
all samples suggest that IRD (500 µm) input to the record is minimal. The few dropstones in
the core that are present are clearly out sized compared to other grain sizes and are striated
suggesting they are of IRD origin (Escutia et al., 2011). The visual core descriptions, CT images,
and seismic profiles do not suggest the existence of turbidites or the influence of other gravity
flows affecting this location.

While McCave and Andrews (2019) recommend using the SS - SS% correlation and down-
core moving correlation of these parameters to determine how well-sorted a sediment is, they
also note that the sortable silt (10-63 µm) fraction is a somewhat arbitrary classification and
not suitable in all depositional settings. As discussed above, the highly variably bathymetry
of the Adélie Land continental shelf is likely to result in winnowing on topographic banks of
sediment < 125 µm, and the majority of this material is likely trapped in sediment drifts in
deep bathymetric troughs.

The SS - SS% correlation in the Adélie Basin deposit are relatively low (R = 0.49, all
laminae; R=0.59, dark laminae; R=0.31, light laminae) and grain size distributions in the
sortable silt range suggest two modes (Figures 4.8, 4.7). The modes within this 10�63 µm
size range form distinct, well-sorted peaks that are indicative of selective deposition by currents
(McCave and Hall, 2006). A working hypothesis in this chapter is that these modes represent
highly seasonal variations in current strength, and the typical sortable-silt proxy may not be
valid in this location. Compared to deep deposits, such seasonality could be preserved in this
deposit due to:

1. The laminated nature of the deposit.

2. The ultra-high sedimentation rates (⇠1.5-2 cm/yr).

3. The extreme seasonality present in this current-influenced continental shelf setting due
to changing seasonal sea ice cover and wind stress on the ocean surface.
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This is an important difference from many deep sea settings where the sortable silt proxy is
usually applied. In those settings, sedimentation rates are usually several orders of magnitude
lower, and are often highly mixed by bioturbation or sediment overturning, and have much
lower seasonal variations in current speed (McCave and Hall, 2006). Therefore, sortable silt
in those deep sea sediments are measuring a smoothed, integrated measure of current speed
over hundreds or thousands of years, and are primarily measuring change in maximum current
speeds over those time periods.

Consequently, rather than directly applying the sortable silt to these data, examination of
the large dominant silt to fine sand mode is proposed to provide more insights into maximum
current speed variation at this site. Previous work on the sortable silt proxy do note that under
strong current regimes, sorting can continue into the fine sand range (up to 125 µm) (Lamy
et al., 2015; Mao et al., 2018; McCave and Andrews, 2019). Indeed, a visual examination of
the frequency distribution curves indicate that a normal distribution approximates the selective
deposition of the 36 µm mode and this can most efficiently be characterised by the 36-125 µm
size (Figure 4.7). Furthermore, while the laminae types are well sorted when simply excluding
the 16 µm mode (36-63 µm, Figure 4.8 d-f), the correlation coefficients of mean versus percent
values continue to increase when the range is extended up to 125 µm (Figure 4.8 g-i). This
suggests the sorting effect in this core extends up into larger grain sizes, but the strong bi-modal
peaks in the silt size range indicate multiple current regimes may be influencing the site. The
increasing correlation as larger grain sizes are included imply that very fine sand is moved
with sortable silt in bottom currents along Adélie Land (Mao et al., 2018). The strong, positive
correlations and downcore correlations between mean 36-125 µm grain size and 36-125 µm
percentage show that the laminae contain well-sorted sediment and the mean grain size of the
36-125 µm range can be used to infer paleocurrent speed (Figure 4.9b,d,f).

4.3.4 Deposition of dark and light laminae

The smaller mean size of the 36-125 µm range for light laminae suggest maximum current
speeds for light laminae deposition are smaller than the maximum current speed for dark
laminae deposition (Figure 4.9 d, f).

Dark laminae are interpreted to be deposited during open ocean conditions when mass
biogenic bloom events are not occurring, as is observed in nearby core MD03-2601 (Denis et al.,
2006)(Figure 5.1). The increased mean size of the 36-125 µm range of dark laminae implies
stronger currents, which is in agreement with the interpretation of deposition during sea-ice
free conditions, as wind stress on the ocean surface would be uninhibited by sea ice and able
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to influence current strength. However, regrowth of sea ice in late summer and early autumn
could also contribute to increased current strength as brine rejection, HSSW production and
subsequent export lead to enhanced bottom current strength (Williams et al., 2008, 2010).

The smaller mean size of the 36-125 µm range for light laminae may suggest a shorter
deposition time or weaker currents in general, relative to the larger mean size for dark laminae.
Light laminae are interpreted to reflect relatively short-lived biogenic bloom events that are
rapidly deposited (relative to the dark laminae) and occur after the break-up of sea ice (see
4.3.2) (Denis et al., 2006). Particle flux data suggests a short two month lag between bloom
events at the surface and export of that material to the sea floor (Rigual-Hernández et al.,
2015). The short time frame for particles to sink and be sorted through the water column
could explain why light laminae grain size distributions appear to have lower maximum current
speeds than dark laminae. This is because the darker laminae are deposited more slowly, over a
longer time period and are therefore likely to capture more storm events and higher maximum
current speeds. However, current strength is also an integral component to laminae bloom
events, as relatively weaker currents, and therefore relatively weaker winds could support
stratification of the water column initiating bloom events (Vaillancourt et al., 2003).

Increased productivity within the Mertz polynya has been linked to sea ice meltwater and
inflow of mCDW that brings iron to the surface (Moreau et al., 2019). Snow et al. (2016) sug-
gested onshelf flow of mCDW was strongest in the winter in part due to sea ice formation and
subsequent buoyancy fluxes. While Snow et al. (2016) found reduced influence of wind-driven
transport of mCDW onto the Adélie Land continental shelf, numerical modelling suggests the
nearshore easterly winds exert control on this cross-shelf exchange (Stewart and Thompson,
2012; Spence et al., 2014; Stewart and Thompson, 2015). Regardless of the seasonal timing,
increased mCDW appears to seed the water column for bloom events. Increased productivity
has been observed in areas around Antarctica where wind-driven upwelling of CDW occurs
(Prezelin et al., 2000). Strong katabatic and synoptic winds are essential for the breakup of
coastal sea ice and the opening of polynyas along the Adélie Coast(Adolphs and Wendler, 1995;
Massom et al., 2001). It follows that in years with stronger winds, increased sea-ice break up
and seeding of the water column with nutrients may occur. If stronger winds lead to increased
productivity, times of stronger current should reflect this increased productivity as well. This
is in agreement with this study, as an increase in laminae frequency (Figure 4.3) occurs during
periods of overall increased current speed for both laminae types (Figure 4.9 d,f). Higher wind
speeds during dark laminae deposition are inferred to mix the water column and upwell nutri-
ents, thereby seeding the water column for phytoplankton blooms. An overall strengthening of
winds would lead to increased mixing of the water column and upwelling of nutrients relative
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to a more quiescent wind regime. Blooms events during these periods of higher winds would
be more frequent and more productive due to the increase in nutrients in the water column.

4.3.5 Climate modulation of sediment transport and laminae thickness

Since current strength modulates sediment transport and may influence productivity, laminae
thickness is likely also controlled by current strength. Increased current strength could lead to
thicker laminae as more material is winnowed from the banks, and more pelagic material is
advected to the site and deposited. Therefore, variations in current strength during laminae
deposition in the Holocene may account for the variation seen in laminae thickness in the
Holocene.

There is a higher frequency of thin laminae towards the bottom of the core. While some
of this may be partially due to compaction, a similar pattern exists even if the data is linearly
detrended (Figure 4.5 b and d). The trend is particularly noticeable around ⇠8.2 ka and 11.4
ka BP which correspond to large frequency peaks also seen in laminae counts (Figure 4.3) and
EHA (Figure 4.11). From ⇠4.5 ka BP towards the present day, there appears to be a slight
increase in thicker light and dark laminae (Figure 4.5), particularly in the last ⇠1000 years,
suggesting that while there is an overall decrease in bloom events, events that do occur may be
more productive. However, this could be a compaction effect not accounted for in the linear
detrending process.

Thickness variations of light (Figure 4.13a) and dark laminae (Figure 4.14a) do covary with
their respective current strength proxies, suggesting laminae thickness changes are not a func-
tion of compaction. Mass accumulation rates infer sediment advection to the site, with high
MARs indicating increased advection of both terrigenous and pelagic sediment (Figure 4.12).
Strong covariance of the 36-125 µm mean grain size between laminae types and the MAR
curves, suggest MAR is predominately affected by current strength, with stronger currents lead-
ing to increased sediment advection and laminae thickness. Alignment between these various
proxies appears strongest after ⇠8.2 ka BP. The slight disconnect between laminae thickness,
MARs, and current speeds in the records prior to ⇠8.2 ka BP, may be due to local deglacial in-
fluences affecting the local productivity cycle and the restriction of sediment transport from the
east due to grounded ice cover on the bathymetric highs. After ⇠8.2 ka BP, increased laminae
thickness covaries directly with increased MAR and increased current speed in both laminae
types, suggesting that current speed affects laminae thickness.

Evolutive harmonic analysis of laminae thicknesses suggests multi-decadal to sub-decadal
climate variability may influence laminae thickness, which may be due to variability in current



112

strength (Figures 4.14, 4.13). Areas with higher frequency of thickness changes are associated
with increased and more variable laminae mean grain size (and therefore stronger, more vari-
able currents), as well as increased MARs. This further indicates that sediment transport plays
a key role in laminae thickness variations, and it is not solely a function of productivity.
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Figure 4.13: (a) Binned 100-year mean of light laminae thickness detrended. (b) Mass Accu-
mulation Rates (Terrigenous, brown; Biogenic, green). (c) Light laminae mean size (36-125
µm) paleocurrent speed proxy. Turquoise bars indicate where paleocurrent proxy is suspect.
Chartreuse bars should be interpreted with caution.(d) EHA of light laminae thickness. Power
is normalized in (d) so that each window is in unity. The black bars indicate core gaps and
areas around core gaps where EHA analysis cannot be performed.
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Figure 4.14: (a) Binned 100-year mean of dark laminae thickness detrended. (b) Mass Accu-
mulation Rates (Terrigenous, brown; Biogenic, green). (c) Dark laminae mean size (36-125
µm) paleocurrent speed proxy. Turquoise bars indicate where paleocurrent speed proxy is sus-
pect. Chartreuse bars should be interpreted with caution.(d) EHA of dark laminae thickness.
Power is normalized in (d) so that each window is in unity. The black bars indicate core gaps
and areas around core gaps where EHA analysis cannot be performed.
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Variations in light and dark laminae thickness have a strong 4-7 year frequency from around
9-4.5 ka. While there are likely deglacial influences from 9-8 ka, the variations from 8-4.5 ka
could be related to ENSO. However, this is difficult to determine as the lower resolution (2
years) of the laminae thickness data precludes the measurement of frequencies less than 4
years (0.25 yr-1) and strong ENSO bands typically occur in the 2-7 year range. As mentioned
previously, the ENSO-Adélie relationship is explored in great detail in Chapter 5, and therefore
is not discussed here further.

A second area of strong frequencies in light and dark laminae occur in the decadal to multi-
decadal band. This could be related to IPO, which has⇠15-35 year frequency and affects ENSO
teleconnections in the Southern Hemisphere (Power et al., 1999; Henley et al., 2015; Magee
et al., 2017). It is also suggested to affect sea ice extent and cause surface wind anomalies
around Antarctica (Meehl et al., 2016). Indeed, sea salt and sea ice proxies from nearby Law
Dome (66.769 �S, 128.807 �E, elevation 1370 m) show decadal to multi-decadal frequencies
which are attributed to the IPO affecting surface transport (Vance et al., 2013; Vallelonga et al.,
2017).

As the IPO affects wind strength, and is also shown to affect sea ice extent in the mod-
ern record, it is likely that the variations in laminae thickness are related to these changes
through wind-moderated shifts in sediment advection, as well as affecting the frequency of
bloom events. However, the sub-decadal to multidecadal band remains even when sea ice
increases massively from ⇠4.5 ka onwards (Figure 5.2f). This suggests that wind variations
could be the primary driver of changes in current speed and sediment advection that cause
these frequency variations in laminae thickness.

Unfortunately, only one IPO reconstruction exists at this time, and only goes back a mil-
lennia (Vance et al., 2015). Additionally, other tropical influences in the Adélie Land region
(ENSO, IOD, SAM), which are also known to affect wind strength around Antarctica are poorly
understood. Future studies are needed to better understand tropical teleconnections and the
affect on wind and current strength in the region.

4.4 Conclusion

IODP U1357B is a high-resolution continuously laminated sediment core from offshore Adélie
Land, East Antarctica. The CT-scan greyscale profile and manual laminae counts extracted from
CT images of sediment core U1357B covary with physical core properties and XRF productivity
data showing that changes in the CT-scan greyscale profile and laminations reflect changes in
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biological sedimentation. Binned laminae frequencies match up with frequencies derived from
XRF productivity ratios, indicating that the interpretation of light laminae as a record of high
productivity bloom events is robust. The binned laminae frequencies per meter independently
verify that the 14C age model is robust, due to the distinct antiphasing of the binned record with
the 14C derived linear sedimentation rates. This comparison also upholds the manual approach
to laminae picking in this record. The accuracy of laminae counts are further supported by the
independent evolutive harmonic analysis of the greyscale and XRF data.

Clear millennial scale shifts in sedimentary patterns are noted throughout the Holocene,
and the physical drivers for these local depositional shifts are investigated by reassessing pre-
viously measured grain size distributions, but with a new assessment of paleocurrent proxy
application. Grain size distributions of light and dark laminae in U1357B are not influenced
by IRD and contain well sorted modes in the silt and fine sand fractions, making them useful
for paleocurrent reconstructions.

Light and dark laminae are deposited under different regimes, therefore, assessing pale-
ocurrent from both light and dark laminae may highlight seasonal differences throughout the
Holocene. MARs and grain size covary with laminae thickness indicating sediment advection
is primarily a depositional process driven by current strength. However, an overall increase in
current strength, and therefore inferred wind strength, is associated with increased laminae
thicknesses and shifts in laminae frequency. This suggests that productivity may be modulated
by wind driven upwelling of nutrients, which precondition the water column for large bloom
events. Both light and dark laminae records indicate that laminae thickness varies on decadal to
multi-decadal timescales, which is provisionally attributed to surface wind anomalies caused
by IPO affecting current strength and therefore sediment transport to the site. A significant
implication of this work is that bloom events are not an annual occurrence and appear to be
regulated by these decadal to sub-decadal climate modes which affect the zonal winds.
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Chapter 5

El Niño-Southern Oscillation influences on
East Antarctic biological productivity

This chapter is constructed as a standalone short format manuscript and is currently in review.
Components of chapters 3 and 4 were combined and submitted with this manuscript as sup-
plementary material.

Authors: Katelyn M. Johnson 1,2, Robert M. McKay1, Nancy A.N. Bertler1,2, Johan Etourneau3,4,5,
Francisco J. Jiménez-Espejo3, Anya Albot1, Christina R. Riesselman6, Huw J. Horgan1, Xavier
Crosta5, James Bendle7, Carlota Escutia3, Robert B. Dunbar8

Abstract
Antarctic sea-ice extent, primary productivity, ocean circulation, and bottom water

formation are important components of the global carbon cycle and climate system. Eval-
uating sub-decadal to centennial scale variability of these systems in Antarctica’s coastal
oceans is challenging as observational data are too limited to resolve the timescales of
interest and future projections remain ambiguous due to existing model uncertainties.
Integrated Ocean Drilling Program (IODP) sediment core U1357B, collected offshore of
Adélie Land in East Antarctica, is a unique archive of near annually-resolved biologi-
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cally influenced sedimentation in a key Antarctic Bottom Water (AABW) formation site.
Centimetre-scale laminations exist throughout the entire record, resulting from deposi-
tion of mass phytoplankton bloom events. Here, we use X-ray Computed Tomography,
IPSO25, diatom analysis, and physical/geochemical core properties to identify large pro-
ductivity shifts associated with changing climatic conditions over the past 11,400 years.
The ultra-high resolution of this record identifies that bloom events occur at 2-7-year
intervals throughout the Holocene, suggesting a strong coupling to the El Niño-Southern
Oscillation (ENSO), and other sub-decadal climate modes. However, rapid baseline shifts
in climate and sea-ice state appear to control bloom frequency, indicating the existence
of sea ice tipping points that act to modulate low- to high-latitude teleconnections. These
results suggest projected intensification of tropical climate modes of variability will have
a significant impact on primary productivity in Antarctica, altering food webs and carbon-
cycling processes. However, the magnitude of this response will be primarily modulated
by changes in sea-ice state.

5.1 Introduction

Antarctica’s marine margin is a complex biological and oceanographic system in which sea-ice
growth, Antarctic Bottom Water (AABW) formation, and high primary productivity act as a
global CO2 sink and ventilate the Southern Ocean (Arrigo et al., 2008a; Rintoul, 1998). Areas
of high productivity occur where nutrients are brought to the surface, including oceanographic
fronts (Moore and Abbott, 2000), polynyas (Arrigo and van Dijken, 2003), upwelling near the
continental shelf break (Smith and Gordon, 1997), and the marginal ice zone (MIZ) (Smith and
Nelson, 1986), all of which are influenced by Antarctic wind fields. However, high productivity
and export events around Antarctica are also associated with changing insolation and stratifi-
cation associated with sea-ice break up (Rigual-Hernández et al., 2015). Large-scale climate
oscillations, including ENSO and the Southern Annular Mode (SAM), are known to affect both
sea ice (Yuan, 2004; Nuncio and Yuan, 2015) and zonal circulation (L’Heureux and Thomp-
son, 2006) around Antarctica and thus influence primary productivity (Arrigo and Van Dijken,
2004). In the austral summer of 2016, a strong El Niño resulted in a melt event across the
Ross Ice Shelf and into the interior of the West Antarctic Ice Sheet (Nicolas et al., 2017), and
was preceded by an anomalous springtime breakup of sea ice around Antarctica during a very
negative SAM index (Turner et al., 2017a). Extreme ENSO events are expected to occur more
frequently in coming decades (Cai et al., 2015), and clarifying how these climate oscillations
have affected Antarctic coastal systems in the past is required if we are to determine how these
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sub-decadal oscillations will affect the Antarctic marine margin in the future (Mayewski et al.,
2004).

Here, we investigate a 180 m (IODP Site U1357B) thick sediment core recovered from the
Wilkes Land Margin continental shelf in the Adélie Basin (Escutia et al., 2011) (Figure 5.1).

Figure 5.1: Study area. (A) Map of the Adélie Land and site locations of U1357B, MD03-2601,
and Dumont d’Urville (DDU) station. Primary bathymetric features (Beaman et al., 2011),
wind directions, and current locations indicated.(B,C) Satellite images capture the green tinge
of a large phytoplankton bloom event occurring for several days over the site location (NASA
Worldview).

The Adélie Basin is a region of intense biological productivity as it is positioned near the
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MIZ, but also lies beneath a large polynya system, and the westward-flowing Antarctic Coastal
Current. This core targeted an expanded sediment drift (Adélie Drift) and provides an ultra-
high resolution Holocene record of climate and oceanographic variability adjacent to the Mertz
Polynya system, one of the largest exporters of sea ice and AABW along the East Antarctic mar-
gin (Rintoul, 1998). Sedimentation is dominated by pelagic (biogenic) sedimentation with
accumulation rates averaging ⇠1.5-2 cm/year, and it is the most expanded marine Holocene
archive collected globally. Previous Antarctic cores have orders of magnitude lower sedimenta-
tion rates, and commonly alternate between massive (bioturbated) and laminated diatom ooze
(Pike et al., 2013), which obscures the ability to resolve high-frequency change at sub-decadal
scales. However, U1357B is continuously laminated, and combined with high sedimentation
rates, affords an unprecedented opportunity to assess sub-decadal climate and biological re-
sponses at the Antarctic oceanic margin.

5.2 An ultra-high-resolution record of marine biogenic blooms

The elongated east-west orientation of the Adélie Drift lies parallel to the wind-driven Antarctic
Coastal Current. Consequently, the Mass Accumulation Rate (MAR)(Section 4.2.4) in this drift
may be a function of the current strength, and only partially reflects changes in biological pro-
ductivity. Nearby core MD03-2601 shows covariance of the sedimentation rates with U1357B
throughout the Holocene, indicating the sediment advection process is a regional signal (Fig-
ure 3.5). Comparison of the co-varying siliciclastic (detrital) and biogenic MAR (Figure 5.2c),
suggests detrital and biogenic sediments are advected to the site together under the influence
of wind-driven currents and focussed into the Adélie Basin.

Iceberg rafted debris (IRD) are negligible (Figure 4.10), aside from the very bottom of the
core (>168 mbsf) suggesting direct glacial sediment supply is limited. Bathymetric highs in this
region are characterised by poorly sorted diamicts and muddy sands, and grain size frequency
distributions in those settings indicate the partial winnowing of the <125 µm component by
bottom currents (Dunbar et al., 1985). However, detrital siliciclastic material in the bathymet-
ric troughs, including the Adélie Drift deposit, are consistently <125 µm with a well-defined
silt-fine sand mode (Figures 4.10 and 4.7). This is interpreted to represent the suspension set-
tling of winnowed muds derived from diamicts on the adjacent highs, suggesting the primary
control on sedimentation is current strength and sediment advection. Hence, we infer sand
percentage in U1357B is related to the suspension settling velocity and can be used as a proxy
for variation in Antarctic Coastal Current strength (Dunbar et al., 1985). This is supported by
the covariance of sand percent with the MAR curves calculated by the radiocarbon age model
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(Figure5.2 c,e).
The site traps biogenic material produced in the Dumont d’Urville polynya above the site

(Arrigo and van Dijken, 2003), as well as biogenic material advected to the site from the Mertz
Polynya to the east. While we do not have measurements to determine the biogenic con-
tribution from each source, it is assumed local biogenic material dominates (Escutia et al.,
2011). Large phytoplankton bloom events along Antarctica’s coastal margins are suggested to
be induced by a fresh meltwater layer originating from seasonal sea-ice melt, typically from
December-March (Arrigo and van Dijken, 2003; Smith and Nelson, 1986). Diatom analysis of
laminae from nearby cores interprets light laminae as biogenic bloom events, occurring during
spring sea-ice retreat, which are rapidly exported to the seafloor (Denis et al., 2006; Maddi-
son et al., 2012). Seasonal sea-ice break up in the region is strongly affected by changes in
katabatic and zonal wind intensity (Massom et al., 2013).

The top and bottom of each light laminae bloom event were manually determined using
X-ray Computed Tomography (CT) images and compared to statistical analysis on a greyscale
curve extracted from the raw CT data (Figure 4.1). Comparisons to GRA bulk density, Natu-
ral Gamma Ray (NGR), XRF silica, XRF titanium, and the greyscale curve (Figure 4.2) show
changes in the CT profile are primarily associated with changes in the composition of the lami-
nae. This is further tested by independent time series analysis conducted on the greyscale and
productivity indicators in the XRF data (Figure 5.3). To assess for potential biases introduced
by the 14C radiocarbon-based age model, laminae counts are binned into 1-meter intervals, as
well as into 100-year intervals using the age model (Figure 4.4). IPSO25 (Belt et al., 2016)
data from U1357B, as well as diatom analysis from nearby core MD03-2601 are used to as-
sess the influence of sea-ice conditions on sedimentology and bloom frequency. IPSO25 is a
proxy for fast ice (Belt et al., 2016), whereas increases in Fragilariopsis curta indicate cooler
temperatures and later spring sea-ice melting (Crosta et al., 2007).

5.3 ENSO teleconnections with East Antarctic margin biolog-

ical bloom events

The manual laminae counts do not indicate the presence of a persistent annual signal, but
instead occur at 2-7-year intervals throughout the record, with distinct baseline shifts at the
centennial- to millennial-scale (Figure 5.2 d). These subdecadal frequencies, as well as the
baseline shifts, are independently upheld by evolutionary spectral analysis of the both the CT-
scan greyscale data and the XRF productivity ratio Si/Ti (Figure 5.3). Comparison of these
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data with the MAR curve, IPSO25, and diatom assemblage data indicate three distinct climate
states in the Holocene which are also noted in other Antarctic records (Figure 5.2, 5.3, Figure
4.2) (Crosta et al., 2007; Verleyen et al., 2011).
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Figure 5.2: Holocene proxy records illustrating potential climate forcing mechanisms in
Adélie Land. (a) Laguna Pallcacocha laminae record of El Niño frequency (b) El Junco lake
Botryococcus braunii record of El Niño frequency (c) Mass Accumulation Rates from U1357B.
Green is biogenic MAR, brown is terrigenous (d) Laminae frequency per 100 years at U1357B
with an rlowess smoothing using 10% span of the data points (e) Sand percentage of the light
laminae, which is representative of current speed (f) IPSO25 concentration from U1357B, a
proxy for fast-ice conditions (g) Percentage of Fragilariopsis Curta from MD03-2601, a diatom
species indicative of coastal sea ice. Grey shaded band indicates the Early Holocene, while the
blue band indicates the Neoglacial.
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From 4.5 ka onwards, a baseline shift occurs making blooms less frequent relative to the
overall record, but still occur at intervals consistent with modern day ENSO frequencies (Figure
5.2, 5.3). As ENSO impacts the physical drivers of bloom events (e.g. sea ice (Yuan, 2004) and
zonal winds (L’Heureux and Thompson, 2006)), it is likely ENSO also impacts bloom frequency.

To assess how bloom events in the Adélie Land region are influenced by ENSO processes in
the Holocene, we compared our results to the El Junco lake Botryococcus braunii record from
the Galapagos Islands (Zhang et al., 2014) and the laminated sediment record from Laguna
Pallcacocha in Ecuador (Moy et al., 2002) (Figure 5.2 a,b). Botryococcus braunii bloom af-
ter extreme rain events typical during an El Niño event and thus provide a proxy for El Niño
frequency (Zhang et al., 2014), while Laguna Pallcacocha identifies El Niño events as anoma-
lously high rainfall events that increase sediment load into the basin, creating light laminae
(Moy et al., 2002). To compare these records, the datasets are binned into 100-year intervals
(Figure 5.2 a,d), although we note higher resolution signals can be identified at site U1357B
(Figure 5.3). Although these are El Niño proxies, due to uncertainties in how El Niño telecon-
nections manifest themselves in Adélie Land, we use them to broadly infer increases in ENSO
frequency through the Holocene.
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Figure 5.3: Evolutive harmonic analysis (EHA) of the (a)greyscale data and (b) XRF Si/Ti
productivity proxies. Both plot are overlain with laminae frequency per 10 years (white and
black) curves. Normalized power is similar across both proxies, showing a distinct shift to fewer
bloom events and reduced productivity at 4.5 ka. Manual laminae counts binned at 10-year
intervals are consistent with the EHA and display higher frequency shifts in bloom events than
shown in the 100-year binned record. The white curve is the 10-year binned record smoothed
in a 5 point moving mean, while the black curve is an robust lowess smoothing, using a 5%
span of the unsmoothed 10-year binned record. The black boxes indicate core gaps.

5.3.1 Early Holocene (11.4 ka - 8 ka) – local deglaciation influences on

bloom events

Bloom events reach a near annual frequency at 11.4 ka before passing into an interval of bi-
ennial bloom events (⇠50 laminae per 100 years) between 10.8-9 ka. Bloom event frequency
was highest at ⇠8.2 ka, with one or more events occurring every year. The base of this sec-
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tion is poorly sorted with IRD visible in the CT images (Figure 4.10), but IRD is largely ab-
sent in the CT images and grainsize frequency distributions after ⇠11.3 ka (Figure 4.7). We
attribute the high-frequency occurrences of the laminae peaks in this interval to freshwater
pulses from the final phases of local EAIS retreat, with deglacial reconstructions indicating a
calving bay re-entrant pattern, whereby ice retreats first in the bathymetric troughs, and later
from the adjacent bathymetric highs (Mackintosh et al., 2014; Leventer et al., 2006). This is
supported by the gradual declines in NGR and mean grain size, and gradual increased sorting
of the detrital fraction upcore inferred to represent a declining glaciomarine sediment influ-
ence (Figure 4.2b, 4.10). The low MAR during this period may indicate less lateral advection of
sediments as bathymetric highs were still ice-covered, restricting sediment advection from the
east. However, the MAR reaches a peak at 8.2 ka indicating an increase of advected material
as the local bathymetric highs fully deglaciated (Figure 5.2c). The high proportion of Chaeto-
ceros Hyalochaete resting spores in diatom assemblages from nearby MD03-2601 indicate a
more stratified and stabilized water column than in later parts of the Holocene, supporting
the interpretation of enhanced glacial meltwater at this time (Crosta et al., 2008; Denis et al.,
2009a). Highly stratified and nutrient-rich glacial meltwater (Gerringa et al., 2012) likely cre-
ated favourable conditions for bloom events. Due to the dominance of a local, deglacial signal
on sedimentation, we suggest that the relationship between ENSO and Adélie Land bloom
events were overprinted by regional processes during this period.

5.3.2 Hypsithermal (8 – 4.5 ka) – increased coupling to far-field ENSO

records

By⇠8 ka, U1357B sedimentation rates, grain size values and physical properties (e.g. NGR and
CT density values) stabilise (Figure 5.2, Figure 4.2), consistent with regional interpretations
that glacial retreat is largely complete in the region (Mackintosh et al., 2014). As proximal
glaciomarine influences diminish, the potential for remote influences to modulate seasonal
sea-ice melt processes and trigger short-duration periods of stratification is greater. During the
Hypsithermal, bloom events occur every ⇠1-2 years. Sea-ice reconstruction from F. curta in
nearby MD03-2601 along with IPSO25 data from U1357B indicate low sea-ice duration and
reduced fast ice cover during this period. A reduction in coastal sea ice reduces stratification,
altering the nutrient delivery processes currently observed to trigger modern diatom blooms
in the Mertz polynya (Shadwick et al., 2013). If the primary control on bloom events was the
breakup and melting of fast ice, conditions were favourable for nearly biennial blooms. This
is feasible in the relatively warmer climate state of the Hypsithermal (Crosta et al., 2008), as
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coastal fast ice is reduced, and seasonal melt events are likely to be more frequent. Additionally,
strong currents and high terrigenous sediment advection (Figure 5.2 c,e) occurred during this
reduced sea-ice state, suggesting stronger wind speeds, which could further enhance nutrient
delivery via wind-driven upwelling (Prezelin et al., 2000). Increased laminae frequency (Figure
5.2d) also corresponds to relatively low frequency and/or shifts in location of El Niño events
(Zhang et al., 2014; Moy et al., 2002; Carré et al., 2014) (Figure 5.2a). Changes in mid-
Holocene ENSO variance are difficult to reconcile amongst paleoclimate records, and may
reflect spatial variations of ENSO (e.g. Central Pacific (CP) ENSO versus Eastern Pacific (EP)
ENSO) whereby eastern Pacific records fail to capture CP ENSO events (Carré et al., 2014;
Karamperidou et al., 2017). If ENSO affected bloom events during this period, these records
suggest it potentially did so from the central Pacific, and on the background of a lower sea-ice
state, whereby the threshold for breaking up sea ice and inducing a bloom event was lower.

5.3.3 Neoglacial (⇠4.5 ka to present) – sea ice intensification and onset

of modern ENSO variability

Around 4.5 ka a sharp shift occurs in all records, where the monsoon starts weakening, ENSO
intensity and frequency increase, and bloom events occur at modern day ENSO frequencies
of 2-7 years (Figure 5.2, Figure 5.3). The shift in MAR and laminae frequency coincides with
a widespread shift in global climate at ⇠5 ka (Marcott et al., 2013). It has previously been
suggested that the onset of the modern ENSO system occurred close to or shortly after 4.5
ka (Carré et al., 2014). Laminae frequency tracks closely with the Laguna Pallcacocha record
(Figure 2a) and the El Junco Botryococcus braunii record (Figure 5.2b). This relationship, as
well as the 2-7-year frequency of biogenic bloom events during this period indicates ENSO
became a strong control of coastal bloom events.

In Adélie Land, this shift is immediately preceded by an increase in sea-ice diatom occur-
rence and in IPSO25 content (Belt et al., 2016; Crosta et al., 2008; Denis et al., 2010) (Figure
5.2f, g). An associated drop in biological productivity is expected with increased sea-ice cover,
due to reduced light availability and shorter growing season (Denis et al., 2009b). Increased
duration of sea ice and greater fast ice extent would also reduce the occurrence of bloom events,
as sea ice breakup would occur less frequently, thereby reducing water stratification and nutri-
ent delivery. Reduced MAR (Figure 5.2c) and sand percent (Figure 5.2e) suggest the influence
of along slope currents on sediment advection are reduced as well. This is a presumed con-
sequence of enhanced sea-ice coverage reducing the wind stress on the ocean surface and the
vigour of the coastal current. A slowdown in sedimentation rate is also observed at nearby
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core MD03-2601 (Figure 3.5).

5.4 Modern teleconnections and implications for future Antarc-

tic coastal productivity under shifting sea ice state and

subdecadal scale climate variability.

Studies on observational timescales have identified a link between ENSO and Antarctic sea-
ice variability (Yuan, 2004). Regional sea-ice changes during ENSO events are largely driven
by wind changes resulting from pressure anomalies, but these pressure anomalies also occur
during changes in the SAM (Stammerjohn et al., 2008). Furthermore, ENSO impacts in East
Antarctica are observed to be modulated by the phase of SAM, and when these modes are in
phase with one another (negative SAM, El Niño), the greatest impact is in the austral summer
(L’Heureux and Thompson, 2006; Fogt et al., 2011; Schneider et al., 2012). Impacts on the
Adélie land region are less clear as ENSO studies focusing on this specific region (136 -142�E)
are rare. Positive surface air temperature anomalies along coastal East Antarctic weather sta-
tions during the austral summer have a strong positive correlation with positive temperature
and rainfall anomalies in the eastern Pacific, and negative SST and rainfall anomalies in the
western Pacific (Schneider et al., 2012). Moreover, Rossby wave trains (Mo and Paegle, 2001)
associated with CP El Niño events (Rodrigues et al., 2015), induce anomalously high pole-
ward heat fluxes and onshore winds (Marshall and Thompson, 2016) near Adélie Land. Con-
sequently, during an El Niño year, temperatures appear to be warmer in Adélie Land (DDU
station in Figure 5.1) in the austral summer. Additionally, autumnal coastal sea-ice concentra-
tions appear to be influenced by the phase of SAM, with warmer temperatures and negative
sea-ice anomalies occurring during negative SAM (Clem et al., 2018). In a year with a neg-
ative SAM and an El Niño event amplifying one another, it is probable that less sea ice and
warmer conditions prevail, creating favourable conditions to allow seasonal sea-ice melt and
mass bloom events. However, when El Niño events are coupled with the Indian Ocean Dipole
(IOD), a Rossby wave train directed at Adélie Land leads to increased sea-ice and colder merid-
ional flows (Nuncio and Yuan, 2015). To unravel the ENSO mechanism and phasing affecting
bloom events, focused studies on this region are needed.

Regardless of the uncertainties associated with teleconnection mechanisms discussed above,
our record shows mass biogenic bloom events in the coastal polynyas of Adélie Land, East
Antarctica are strongly modulated by ENSO throughout the Holocene. Importantly, shifting
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biological responses to large background shifts in climate and sea-ice state indicate tipping
points exist in the system that influence the magnitude of these teleconnections. Changing
seasonality of coastal sea ice and shifts in zonal winds are observed to be modulated by ENSO
under modern conditions, and it is likely a combination of these interlinked factors causing
ENSO-induced biogenic blooms. However, with uncertainties in future trends of sea-ice con-
centrations (Parkinson, 2019) and SAM phasing (Thompson et al., 2011) over coming decades,
alongside projections of increasing ENSO frequencies (Cai et al., 2014a) and enhanced IOD ac-
tivity (Cai et al., 2014b) we are entering a non-analogue state compared to other climate shifts
noted in the Holocene. Adélie Land climate anomalies associated with tropical climate modes
differ among reanalysis studies (Nuncio and Yuan, 2015; Schneider et al., 2012; Marshall and
Thompson, 2016; Ciasto et al., 2015) while climate models also struggle to capture recent
sea ice trends, due to the complexities of ocean and atmospheric feedbacks in the Antarctic
(IPCC, 2019). Consequently, critical processes appear to be underrepresented in models used
to project the future response of Antarctic coastal systems to increased tropical variability. Our
data highlights the importance of sea ice tipping points in regulating ENSO’s impact on bio-
logical productivity along Adélie Land’s coastal marine margin. If sea ice continues to decline
(Parkinson, 2019), our results suggest a greatly enhanced response to ENSO forcing and more
frequent bloom events. This may have profound implications for foodwebs in the Antarctic, as
well as carbon cycling process in the Southern Ocean.
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Chapter 6

Abrupt change in the Ross Sea and Adélie
Land regions

6.1 Introduction

Exported bottom water from the Ross Sea and Adélie Land Region is estimated to contribute
up to 25% of all AABW (Rintoul, 1998), in part due the Ross Sea and Mertz Polynyas acting as
sea ice factories and altering surface water masses to form precursor water masses for AABW
formation (Chapter 2). In recent decades, freshening of shelf waters due to ice sheet and
seasonal sea ice melt, and changing precipitation patterns, are linked to freshening of Ross Sea
Bottom Water (Jacobs et al., 2002), which may have important implications on density driven
global thermohaline circulation (Chapter 2). Ice shelf retreat is primarily driven by ocean
warming, through the wind driven upwelling of mCDW and production of HSSW during sea
ice formation (Section 2.3.2). Upwelling of mCDW is also thought to be an important source of
nutrients that drive phytoplankton activity in the Ross Sea and Adélie Land regions (Sedwick
et al., 2011; Moreau et al., 2019). The interconnectedness and feedbacks associated with these
systems affect the global carbon cycle and ocean circulation, and potentially have tipping points
that disrupt these systems (Chapters 1,5). However, modern day observations of these systems
are sparse, and short-lived measurement campaigns (seasonal to yearly) are too limited in
resolution to provide insight into long term responses of abrupt climate change.

A tipping point for rapid deglaciation of the West Antarctic Ice Sheet (WAIS) (IPCC, 2019),
may be the loss of the Ross Ice Shelf, which models show is a percursory event to the collapse
of the WAIS (Mercer, 1978; Pollard and DeConto, 2009). The deglacial history of the Ross
Ice Shelf (RIS) is subject to debate given conflicting hypotheses on the pattern and timing of
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retreat, as well as the lack of reliable age constraints on existing paleoclimate records (Conway
et al., 1999; McKay et al., 2016; Lee et al., 2017; Golledge et al., 2014; Lowry et al., 2019).
However, there is support from onshore records and modelling studies to suggest the RIS retreat
happened in stages, with quiescent periods followed by pulses of rapid retreat over millennial
timescales (Halberstadt et al., 2016; Spector et al., 2017). While the timing and pattern of
the RIS is unclear, the release of freshwater from breakup and retreat of the RIS would not
only impact sea ice conditions and productivity changes in the Ross Sea, it could also have
downstream affects in the Adélie Land region due to surface water transport (Ashley et al.,in
review).

Integrated paleoclimate reconstructions of the Ross Sea and Adélie Land regions during the
Holocene provide a unique opportunity to assess the long-term response and regional varia-
tions in climate during times of ice sheet retreat. In particular, integration of the RICE ice core
and U1357B sediment core provides a unique opportunity in that U1357B is the first sediment
core that has a resolution equivalent to that of an ice core. However, integrating paleoclimate
records are difficult due to differences in age model construction, and the uncertainties asso-
ciated with each age model. There is the potential for volcanic ash layers or meteorite impacts
to provide well-dated contemporaneous ‘tie points’, to circumvent these age uncertainties, but
these have not yet been identified in the RICE and U1357B records. Furthermore, while these
ice and sediment records are both able to provide information about sea ice extent or pri-
mary productivity, the underlying proxies are different. This is particularly relevant for sea
ice reconstructions. While sediment core records can provide a site specific measure of these
proxies, ice cores are reliant on transport processes and provide a regional view (Abram et al.,
2013). This makes interpretations of core-to-core correlations difficult and is identified within
the wider palecolimate community as a limitation for paleo-sea ice reconstructions (Thomas
et al., 2019).

Despite these limitations, integrated reconstructions improve spatial coverage and provide
a more robust measure of changing primary productivity, sea ice extent, and wind strength
by incorporating multiple measures of change. Here, a first order attempt at integrating these
marine and ice core records is made by looking at abrupt change on the millennial to centennial
timescales. I investigate the timing of phasing of abrupt change in the Holocene histories of
U1357B, RICE, Talos Dome (TALDICE), and Taylor Dome (Figure 6.1) and place them in the
context of the Ross Ice Shelf retreat history. This provides records from the eastern Ross Sea,
western Ross Embayment, and Wilkes Land Margin to capture the downstream effects of ice
sheet retreat. The ice core records provide a measure of sea salt aerosols which have been used
to infer sea ice extent (Abram et al., 2013; Severi et al., 2017; Schüpbach et al., 2013), and
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non-sea-salt aerosols are used to quantify the strength of atmospheric circulation (Dixon et al.,
2012; Röthlisberger et al., 2002; Schüpbach et al., 2013). MSA- is an indicator of biological
productivity, though its relationship to sea ice varies by location (Abram et al., 2013). Isotopic
deuterium (�D) data are primarily indicative of temperature changes, but can be influenced
by changes in sea ice extent, elevation, and transport pathways or source regions. Lastly, the
laminae record and sand percentage record provide downstream current and polynya activity
information, which are inferred to be influenced by the breakup and retreat of the RIS. These
proxies provide a regional context of changing environmental Holocene conditions, and in turn
are used to discuss the timing and pattern RIS grounding line retreat.
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Figure 6.1: Study location and setting RICE ice core (pink), Taylor Dome ice core (orange),
TALDICE (purple) ice core, U1357B sediment core (green). Approximate location of relevant
polynyas indicated by green ellipses and numbered (Arrigo and van Dijken, 2003). Median sea
ice extent (1981-2010) for February (navy blue) and September (pink) from (Fetterer et al.,
2017). White dotted line indicates separation between Ross Sea and Western Pacific Ocean
sectors.
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6.2 Data

To compare the RICE and Adélie sediment core, these records are placed in the broader context
of the Ross Sea Region and include two additional Holocene records from the Taylor Dome ice
core and TALDICE. I restrict the analysis to include �D, ssNa+, nssCa2+, and MSA- data for Tay-
lor Dome and TALDICE (Table 6.1). Most of these records presented in this compilation have
been previously published, with the exception of new data presented in this thesis, the com-
plete Holocene RICE CFA Ca2+ record provided by Paul Vallelonga (University of Copenhagen,
Denmark), and the TALDICE MSA- record which was provided by Rita Traversi (University of
Florence, Italy).
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To eliminate the influence of age model uncertainties when comparing the records, the �D
and major ion data for each ice core record were binned into 100-year intervals and the mean
value of each bin was used for analysis. The 100-year intervals also enable easy comparison to
the 100-year binned laminae data from U1357. Moreover, sea ice proxies from ice cores may
be more reliable on the centennial scale, when short term circulation changes are less likely to
bias the interpretation (Abram et al., 2013).

While the Adélie and RICE records (laminae counts, light laminae sand percent, IPSO25,
and �D and Ca2+, respectively) used in this chapter have been discussed in detail in Chapters
3, 4, and 5, the Taylor Dome and TALDICE records and site specific proxy interpretations are
briefly described.

6.2.1 Taylor Dome

Taylor Dome is located approximately 125 km from the coast in the western Ross Sea, interior
to the Transantarctic Mountains at the margin of the East Antarctic Ice Sheet (Steig et al.,
1998). The 554 m ice core was drilled in 1994 and contains ice from marine isotope stages 6
and 7 (Steig et al., 2000).

The Taylor Dome age model was recently updated based on new data from Taylor Glacier
which shifted the age of the Holocene record by up to 1,500 years (Baggenstos et al., 2018).
The previously published MSA- and ssNa+ data (Stager and Mayewski, 1997; Mayewski et al.,
1996; Steig et al., 2000, 1998; Mezgec et al., 2017) were updated to the new age model in this
thesis by linearly interpolating the depth of these samples to the new model.

6.2.2 Talos Dome

Talos Dome is located in East Antarctica, around 260 km northwest of the Ross Sea and 300
km from the George V Land coast. Most of the 1620 m core was drilled during the 2006-2007
season. Talos Dome is unique in that it is influenced by air masses from both the Western
Pacific/Eastern Indian ocean and Ross Sea sector (Mezgec et al., 2017; Scarchilli et al., 2011;
Stenni et al., 2011). While these different sources sometimes make it difficult to discern con-
tributions from either location, this core provides an atmospheric tie point between the Adélie
sediment record and Ross Sea region.

The �D, ssNa+, and nssCa2+ data have been published and interpreted previously (e.g.
Stenni et al., 2011; Severi et al., 2017; Mezgec et al., 2017). The Holocene MSA- data have
been partially published in Poluianov et al. (2014), and MSA- data from the past 140 years has
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been published and interpreted by Becagli et al. (2009).

6.2.3 Site specific MSA- interpretations

Methylsulfonic acid (MSA-) is an indicator of biological activity, and therefore an indicator of
polynya activity, sea ice extent, and open ocean conditions. The Ross Sea region is one of the
largest sources of MSA- in Antarctica due to the dominant species of phytoplankton emitting
high concentrations of dimethysulfide, a precursor to MSA-, in the Ross Sea Polynya (DiTullio
and Smith, 1995; Abram et al., 2013). MSA- is volatile and several studies have used it to
reconstruct sea ice, but its relationship to sea ice extent varies with the location of the core site
(Abram et al., 2013; De Vernal et al., 2013).

While MSA- at Taylor Dome has been suggested to be related to winter sea ice cover as
decreasing �D corresponds to an increasing MSA- (Steig et al., 1998), another satellite-based
study showed no relationship between sea ice extent and MSA- (Welch et al., 1993). Even
though the latter study was based on a limited data set (<20 years), more recent studies
from cores and snow pit samples taken near the Ross Sea, show MSA- correlates significantly
with biological activity, meaning that higher concentrations of MSA- are indicative of a larger
polynya, and thus more open water and less sea ice (Kreutz et al., 2000; Rhodes et al., 2009,
2012; Abram et al., 2013). Here, MSA- at Taylor Dome is interpreted to primarily reflect
productivity in open water conditions.

As RICE is located near areas of extensive summer sea ice and polynya activity, MSA- at
RICE is interpreted to reflect primary productivity due to open water in the summer.

MSA- at Talos Dome has been correlated to positive sea ice anomalies in the Ross Sea
(Becagli et al., 2009), due to enhanced productivity after years with increased winter sea ice
extent (Abram et al., 2013). However, increases in MSA- are also related to the strength of
atmospheric transport, which must be considered when interpreting the record (Becagli et al.,
2009).

6.3 A multiproxy reconstruction

6.3.1 The Holocene

Temperature, sea ice extent, atmospheric transport/wind strength, and productivity proxies
are compared at the four locations, where available (Figure 6.2). Temperature and/or ele-
vation changes are identified through �D records at RICE, Taylor Dome, and TALDICE. Sea
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ice extent is measured through ssNa+ aerosols at Taylor Dome and TALDICE, whereas fast ice
presence is measured using the IPSO25 concentrations at U1357. Wind strength is inferred
from Ca2+ concentrations at RICE (Chapter 3), nssCa2+ concentrations at TALDICE, and in-
ferred from the current strength proxy at U1357B (light laminae 36-125 µm mean grain size)
which is influenced by wind (Chapter 4). Productivity is measured using MSA- concentrations
at TALDICE, Taylor Dome, RICE, and laminae frequency at U1357B. While the full Holocene
RICE MSA- record has not yet been measured, the portion measured in this thesis (Chapter 3)
helps interpret Ross Sea productivity in the Early Holocene.
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At RICE, Ca2+ follows a similar trend to that of the �D. Concentrations are slightly elevated
in the Early Holocene, depressed during the Hypsithermal, and then rise in the Neoglacial.
Both the �D and Ca2+ show a rapid increase ⇠1 ka BP. The RICE MSA- record shows a lull in
productivity around 10 ka BP, followed by peaks at ⇠8.9 ka BP and 7.8 ka BP.

At Taylor Dome, the Early Holocene is marked by increased sea ice extent and reduced
productivity. Sea ice extent remains elevated during the transition to the Hypsithermal, but
sharply decreases between 8 and 6 ka BP offshore. Productivity remains low during the Hyp-
sithermal, but gradually begins to increase at ⇠5ka BP. During the Neoglacial, sea ice extent
increases gradually, while productivity continues to ramp up with another large increase at ⇠2
ka BP.

At TALDICE, sea ice extent is briefly elevated in the Early Holocene before decreasing to its
lowest value. nssCa2+ values are elevated, and productivity is high. During the Hypsithermal,
sea ice extent gradually increases with a concomitant decrease in nssCa2+ and a sharp decrease
in productivity at ⇠7ka BP. The Neoglacial is marked by a fairly steady concentration of ssNa+,
with a large increase at⇠1 ka BP. Productivity sharply increases during the Neoglacial, whereas
wind strength remains low, but like ssNa+, both records show a sharp increase at ⇠1 ka BP.

6.3.2 Holocene changepoints

There are marked shifts in the ice core isotopes and ion records, as well as the Adélie sediment
core record. These shifts appear to occur at similar times in the records (within <500 years)
and may be indicative of regional climate change or global Holocene climate transitions (Chap-
ter 2). Thus, mean and slope changepoints in the various records are identified (see section
3.4) to help narrow down the timing of large shifts and gradual transitions in the records. The
�D is chosen for the ice cores as this typically has the most straight forward climate interpreta-
tion. To compare the Adélie laminae frequency record with the ice core data, the productivity
records (MSA-) are used.

The �D and productivity (laminae frequency and MSA-) data are assessed using 100-year
data bins and simple resampling at finer time scales depending on timeseries resolution (1-year,
10-year, 20-year, 30-year, for RICE, U1357, TALDICE, and Taylor, respectively). The resolutions
were varied to determine the most representative changepoint and to asses any bias introduced
through smoothing. Due to the incomplete Holocene record, the RICE MSA- record is not
included.
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Figure 6.3: Changepoints in Holocene �D and productivity records. RICE (pink), Taylor
Dome (orange), TALDICE (purple), U1357 (green). (a) �D mean changepoints, (b) �D slope
changepoints, (c) Productivity mean changepoints, (d) Productivity slope changepoints. Data
have been binned into 100-year intervals. Dotted lines indicate change points in each record,
with solid blue horizontal lines showing the mean or line of best fit for that section.
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For the mean changepoints in �D, both Taylor Dome and RICE have two distinct change
points, while TALDICE only has one. For RICE, changepoints occur at ⇠8.8 and 3.6 ka BP, for
Taylor Dome at ⇠8.5 and 4.7 ka BP, and at ⇠5.0 ka BP at TALDICE (Figure 6.3). The RICE �D
record has elevated values prior to ⇠8.8 ka BP, which then decrease through to ⇠3.6ka BP, and
increase afterwards. Taylor Dome shows a consistent, but stepped decrease in value over the
Holocene. TALDICE has relatively low �D values with a marked change at 5.0 ka BP.

Changepoints in the slope of the �D records provide insight into the phasing of Holocene
changes at each site. Taylor Dome slope changepoints occur at roughly the same time as the
mean change, only leading the mean changepoints by ⇠100 years. Perhaps more interesting
is the slightly increasing slope during from ⇠8.5 to 4.7 ka BP. The timing of the first slope
changepoint at RICE is also quite similar to the first mean changepoint at RICE. However, the
second slope changepoint begins at 4.4 ka BP, indicating the gradual warming in the Early
Holocene started nearly 1,000 years before the mean �D changes. The slope changepoints at
TALDICE are interesting in that there are two slope changepoints (8.9 and 1.7 ka BP), while
there is only one mean changepoint (5.0 ka BP). Prior to 8.9 ka BP there is a gradual increasing
trend, with a very large increasing trend between 8.9 to 1.7 ka BP before decreasing slightly
at 1.7 ka BP.

Changepoints in the productivity proxies are also determined. For the mean changepoints,
Taylor Dome shows a step-wise increase at 4.9 and 2.7 ka BP. TALIDCE indicates higher values
prior to 6.1 ka BP, at which point the mean MSA- value decreases substantially. At 2.2 ka BP,
the mean value increases again. At Adélie, there is only one mean changepoint at 4.8 ka BP,
with the mean value of laminae frequency lower from 4.8 ka BP onward.

The first slope changepoint for Taylor Dome productivity is at 4.9 ka BP, which coincides
with the first mean changepoint at Taylor Dome. A second occurs at 0.7 ka BP coinciding with
a sharp decline in MSA-, but afterwards it slowly recovers. The changepoint at 0.7 ka BP does
not exist in the more highly resolved record, therefore I do not consider it further. TALDICE
indicates gradually increasing MSA- values until 7.0 ka BP, followed by a large decline until
4.6 ka BP, at which point MSA- values start increasing again. Slope changepoints of laminae
frequency at U1357 are also quite different from the mean value changepoints in that there
are two at 8.7 and 2.1 ka BP. From 8.7 ka BP, there is an overall decline in laminae frequency,
until 2.1 ka BP, when laminae frequency starts slowly increasing.

Interestingly, both the mean and slope changepoints of TALDICE and laminae frequency at
U1357 are closely aligned. This suggests these records are closely related, even though the
TALDICE �D record reflects temperature, and laminae frequency reflects productivity.

A summary of the changepoints is presented in Table 6.2 for clarity.
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RICE Taylor Dome TALDICE U1357

�D Mean 8.8, 3.6 8.5, 4.7 5.0

�D Slope 8.8, 4.4 8.5, 4.7 8.9, 1.7

MSA- or Laminae Freq. Mean 4.9, 2.7 6.1, 2.2 4.8

MSA- or Laminae Freq. Slope 4.9, 0.7* 7.0 , 4.6 8.7, 2.1
*Only exists in the binned record

Table 6.2: Timing of changepoints at RICE, TALDICE, Taylor Dome, and U1357. All change-
points in years in ka BP

6.4 Abrupt shifts and multi-millennial variability in the Ross

Sea and Adélie Land regions

All of the Holocene proxies show well defined, multi-millennial shifts in temperature, sea ice
extent, wind strength and productivity at various phases throughout the Holocene, although
there are several hundred year differences between sites. While age uncertainties associated
with the various age models (Table 6.1) may contribute to these differences, it is also recognised
that local environmental conditions can respond at different times.

Two distinct events are evident in all records. The first is between ⇠8.9 and 8.5 ka BP, and
is characterised by a step-wise change in the Ross Sea region, but a more gradual shift near
TALDICE and Adélie Land region. The second shift happens between ⇠5 and 4.5 ka BP. Within
the age uncertainty of the records, these transitions are nearly synchronous (max. ±500, Table
6.1) to the global Early Holocene-Hypsithermal and Hypsithermal-Neoglacial transitions and
highlight Antarctica’s connectivity to the global climate system. While drivers of these climate
periods (Early Holocene, Hypsithermal, and Neoglacial) have been identified globally (Chapter
2), this discussion focuses on the regional change, in response to these global drivers.

6.4.1 The Holocene environment prior to 9 ka BP

Radiocarbon dated foramanifera indicate the RIS grounding line was still located at outer con-
tinental shelf at the start of the Holocene in the easternmost Ross Sea (11.5 ± 0.3 ka BP) (Bart
et al., 2018), but in the Western Ross Sea both the grounding and calving lines of the Ross Ice
Shelf had retreated to near Ross Island by 8.6 ka BP (McKay et al., 2016). Model experiments
that fit well with these data constraints, indicate grounding line retreat in the central Ross Sea
could have initiated as early as 15 ka (McKay et al., 2016; Lowry et al., 2019). In Adélie Land,



144

the chronology of retreat is poorly constrained, but IODP Site U1537B indicates EAIS outlet
glaciers had largely retreated by 11.4 ka, but local ice domes may persisted on the bathymetric
highs to form a calving bay environment as late as 8 ka BP (Chapter 4, 5). Consequently, al-
though exact timing of retreat is difficult to constrain, it is clear that this was period of residual
ice dome retreat in Adélie Land, but a period of major grounding line retreat and opening up
of oceanic waters with seasonal sea ice in the Ross Sea.

Elevated RICE and Taylor Dome �D measurements are characteristic of the Antarctic Early
Holocene climate optimum seen in many ice and sediment cores (11.5-9 ka BP) (Masson et al.,
2000; Steig et al., 2000; Verleyen et al., 2011). Increased concentrations of Ca2+ at RICE,
suggest increased atmospheric transport (Chapter 3). The Taylor Dome record also shows
elevated ssNa+ concentrations during this period, suggesting an increase in sea ice. This seems
counter-intuitive to the increased �D, as increased sea ice extent should lengthen the distance
to the moisture source and deplete �D at Taylor Dome (Steig et al., 1998). The increase in
ssNa+ near Taylor Dome could reflect two different mechanisms. First, if increased atmospheric
transport extended into the western Ross Sea, as is evident in the RICE record, this increase may
partially reflect increased transport strength of ssNa+ to Taylor Dome. Alternatively, the record
could indeed reflect increased sea ice extent in direct response to the retreat of the grounded
ice sheet in the Central to Western Ross Sea, resulting in closer proximity of seasonally open
oceanic waters. An associated increase in meltwater produced during this period of grounding
line retreat between 11.5 and 9 ka BP could also enhance stratification and potentially lead to
increases in sea ice (Spector et al., 2017; McKay et al., 2016; Lee et al., 2017; Lowry et al.,
2019; Bart et al., 2018).

Relatively low levels of MSA- suggest relatively limited productivity at Taylor Dome com-
pared to later intervals. This is consistent with the interpretation of widespread sea ice cover,
and less open water areas during the summer, but geological data also indicates residual ice
masses persisted until 7.6 ka in the Western Ross Sea, and were sourced from Transantarctic
Mountains (Hall et al., 2013; Jones et al., 2015; McKay et al., 2016; Lee et al., 2017; Green-
wood et al., 2018). At Taylor Dome, this would have resulted in a more distal source region of
open ocean with seasonal sea ice, compared to later periods when these ice masses retreated.
However, elevated MSA- levels at RICE indicate productivity was occurring near that location.
While the magnitude of productivity at RICE during this period relative to the entire Holocene
is impossible to quantify relative to longer term trends, these values are similar to average
values of the last 2,000 years (Brightley, 2017), and suggest open water existed in the Ross
Embayment in the summer during this period. Productivity differences between the Eastern
and Western Ross Sea could be associated with the presence of residual ice masses in the West-
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ern Ross Sea, although icebergs associated with the breakup and retreat of the RIS could have
also affected primary productivity and sea ice coverage in the Ross Sea, as has been observed
in modern times (Robinson and Williams, 2012).

Although temperatures appear elevated at RICE and Taylor Dome, the �D at TALDICE is
lower than at any other point in its record, but there is a slight warming trend up until ⇠8.9 ka
BP. While the TALDICE record suggests a small increase in sea ice extent at this time, the IPSO25

does not reflect an increase in fast ice. TALDICE is influenced by air masses from the southwest
Pacific/east Indian Ocean sector, as well as the Pacific/Ross Sea sector (Stenni et al., 2011; Al-
bani et al., 2012; Scarchilli et al., 2011). The increased in ssNa+ could reflect a contribution
from the northwestern Ross Sea, in agreement with the Taylor Dome core which suggests ele-
vated sea ice extent relative to Adélie Land in the western Ross Sea. However, transport from
the Pacific Ross Sea sector is thought to have been reduced prior to the retreat of the RIS, with
reorganization of transport pathways not occurring until after ⇠8.2 ka BP (Albani et al., 2012;
Stenni et al., 2011). Hence, changing atmospheric transport pathways does not fully explain
the TALDICE record. Additionally, the TALDICE record shows an increase in productivity, which
is not reflected in the western Ross Sea, but is observed in the Adélie record, suggesting trans-
port from the southwest Pacific/East Indian sector is dominant. Elevated nssCa2+ suggests
increased transport strength, which aligns with the stronger currents along the Adélie Land
coast. This indicates that the increase in ssNa+ may better reflect the increase in transport
strength at this time.

6.4.2 Early Holocene-Hypsithermal transition: Rapid change in the Ross

Sea region between 9 and 8 ka BP

The end of the Early Holocene and transition into the Hypsithermal is marked by the first
changepoint in the ice core �D records and correspond to reduced �D values at both Taylor
Dome and RICE. The near synchronous change in both slope and mean of the �D values sup-
port the suggestion of an abrupt shift in the environmental conditions in the Ross Sea region.
Starting at 8.8 ka BP, �D values rapidly decrease at RICE. While this could be related to a rapid
cooling, comparison of the isotopic profile to various modelled elevation changes (Lowry et al.,
2019; Golledge et al., 2014) during this period of the Holocene suggest only a modest decrease
in temperature (Eling, 2019). At Taylor Dome, the step-wise reduction in �D is unlikely to be
the result of elevation changes, and thus represents cooling entering the Hypsithermal (Steig
et al., 1998). Sea ice appears to also decline during this period, as does wind strength at RICE.
The apparent reduction in sea ice extent near Taylor Dome could be due in part to reduced
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atmospheric transport, but diatom records in the western Ross Sea suggest this area remained
ice free longer on a yearly basis (Mezgec et al., 2017). This is difficult to reconcile, as a longer
ice free season would generally suggest warmer, and not cooler conditions.

The concurrent timing of change at Taylor Dome and RICE suggests a common or related
mechanism. The elevation change at RICE coincides to a period of rapid thinning among coastal
glaciers between 9-7.6 ka BP in the western and southwestern Ross Sea related to grounding
line retreat (Jones et al., 2015; Spector et al., 2017). Foramanifera based radiocarbon ages also
indicate open water conditions near Ross Island at 8.6± 0.25 ka BP (McKay et al., 2016). While
Taylor Dome is not suggested to have been affected by elevation changes directly (Steig et al.,
1998), regional circulation changes due to surrounding elevation changes, the RIS grounding
line retreat, and the opening of the western and central Ross Sea could reconcile this difference.
Trajectory models show that air masses reaching Taylor Dome are often displaced eastward by
local circulation features in the Ross Sea and thus, cross over the Ross Ice Shelf before reaching
Taylor Dome (Scarchilli et al., 2011). Therefore, any shift in the geometry of the RIS that leads
to open water, or changing elevations around the Ross Sea likely affected circulation pathways
towards Taylor Dome.

TALDICE responds differently at the Early Holocene-Hypsithermal transition with only a
slight warming signature beginning at ⇠8.9 ka BP and no discernible step-wise change. There
is also a slight increase in ssNa+ during this time, suggesting an increase in sea ice extent. This
is not reflected in the U1357 IPSO25 record. The apparent increase in sea ice extent is curious
as this is not reflected at Taylor Dome either. Mezgec et al. (2017) argued that the ssNa+

record was reflective of seasonal pack ice formed in deeper water, whereas the Taylor Dome
ssNa+ record is more representative of fast ice based on principal component analysis (PCA)
with Ross Sea diatom records. However, care must be taken when using this interpretation,
as not all of these diatom records resolve the entire Holocene and the sediment age models
are far coarser with few dates (4) of acid-insoluble organic matter. These are also from very
short cores with high potential for reworking of old carbon, as evidenced by core top ages of
3.8 ka, and these correlations were done using the old Taylor Dome age model. However, the
Mezgec et al. (2017) interpretation is consistent with the discrepancy in sea ice records, with
reduced fast ice conditions leading to low ssNa+ and IPSO25 concentrations at Taylor Dome
and U1357, respectively, and increased seasonal pack ice conditions leading to elevated ssNa+

at TALDICE. Winds at TALDICE also appear to decrease during the Hyspithermal. However,
the suggested reorganization of atmospheric circulation due to the retreat of the RIS may have
reduced transport over dust sources (Albani et al., 2012). Therefore, the reduction in wind
strength may only be minor. This is in agreement with the Adélie Land record, where only a
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minor reduction in current strength is noted.
Interestingly, MSA- concentrations at TALDICE, peak at ⇠7.2 ka BP which is almost 1000

years later than the laminae frequency peak at U1357, and is also reflected in the slope change-
points of these proxies. However, the decrease in productivity at U1357 is much more gradual
than that at TALDICE. The sharp drop at TALDICE could also be related to reorganization of at-
mospheric circulation, with TALDICE being more sensitive to air masses in the Ross Sea region
as the ice sheet in the Ross Sea retreated. Given the relatively low productivity in the western
Ross Sea, as indicated by the Taylor Dome MSA- record, more air masses from the Ross Sea re-
gion could dilute the productivity signal from the western Pacific/Indian ocean sector, leading
to an overall reduction in MSA- concentration at TALDICE (Figure 6.4).

During the Hypsithermal, there appears to be two distinct environmental responses be-
tween the Ross Sea region and Wilkes Land margin. While there is a general cooling in the
Ross Sea region, there is an apparent warming trend at TALDICE and near U1357 as well
(Crosta et al., 2008). However, the cooling trend in the Ross Sea appears to be an artefact of
continuing deglaciation, whereby elevation lowering and retreat of the RIS allowed air masses
to intrude further south into the Ross Embayment. In addition, circulation features such as the
Amundsen Sea Low (ASL) increasingly affect these inland sites, as the ice shelf and ice sheet
progressively approached its modern configuration (Mayewski et al., 2013; Lachlan-cope et al.,
2001). This reorganization affected both Taylor Dome and TALDICE (Figure 6.4). Indeed, the
productivity records may indicate an increased coupling of TALDICE to the Ross Sea region, as
the atmospheric transport from the Ross Sea region towards TALDICE increased (Stenni et al.,
2011; Albani et al., 2012).
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Figure 6.4: Schematic of environmental change at 8.2 ka BP RICE (pink circle), Taylor
Dome (orange circle), TALDICE (purple circle), U1357 (green circle). Dominant atmospheric
transport pathways shown in green, purple, and orange arrows, adapted from Scarchilli et al.
(2011). Green arrow is predominant pathway for TALDICE, but purple becomes more common
as RIS retreats, as does orange for Taylor Dome. Yellow line indicates modelled RIS grounding
line from Lowry et al. (2019).

6.4.3 Hypsithermal to Neoglacial transition: A regional event

The Hypsithermal to Neoglacial transition marks another abrupt change in Ross Sea and Adélie
Land Regions, with changes occurring in both the �D and/or productivity records at all loca-
tions. At 4.4 ka BP, temperatures begin to increase at RICE, with two sharp jumps at 1.5 and 0.5
ka BP. While wind strength appears to increase from around 4.4 ka BP onward as well, sharp
shifts occur at 1.2 and 0.9 ka BP. The concomitant increase in temperature and wind strength
suggest increased transport of warmer air masses from lower latitudes and reduced distance
to open water.

At Taylor Dome, another step-wise cooling event occurs at 4.7 ka BP, which coincides with
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a slight increase in sea ice extent. There is also sharp increase in productivity at 4.9 ka BP.
Concomitant increases in sea ice extent and productivity could indicate stronger polynya ac-
tivity (Mezgec et al., 2017). In the modern day, increased biological productivity is observed
in the spring after winters with increased sea ice extent, and these records may also reflect this
process (Venables et al., 2013; Saba et al., 2014). However, the increase in sea ice extent may
have been limited to the coastal areas (Steig et al., 1998; Mezgec et al., 2017), and may not
be reflective of sea ice conditions closer to the central Ross Sea Polynya. This could suggest
these processes are decoupled. Regardless, increased biological productivity in the Ross Sea is
evident at this time.

At TALDICE, temperature continues to increase up until around 1.7 ka BP. Sea ice extent
gradually increases through the Neoglacial with a sea ice expansion in the last 1 ka BP. Wind
strength declines slightly relative to the Hypsithermal, but increases sharply in the last 1 ka
BP. Despite these environmental changes, MSA- gradually increases throughout the neoglacial
from 4.6 ka BP.

At U1357, a sharp increase in fast ice occurs from 4.5 ka BP onward, suggesting an overall
deterioration in climate. As discussed in Chapter 5, this increase in sea ice extent is associated
with a reduction in current strength due to reduced wind stress on the ocean surface and an
overall decrease in productivity.

The relatively simultaneous change in �D at RICE and Taylor Dome, increasing MSA- values
at Taylor Dome and TALDICE, and rapid increase in fast ice extent, and subsequent decline
in laminae frequency suggests an abrupt change affecting atmospheric, oceanic, and biologic
systems. The increase in sea ice extent at U1357, TALDICE, and Taylor Dome post 4.5 ka BP
is contrary to the mid-late Holocene climate optimum in other East Antarctic and Peninsular
records which saw reduced sea ice in these regions (Verleyen et al., 2011; Bentley et al., 2009).
This suggests a more regional change in the Ross Sea and Adélie Land regions and that U1357
is highly sensitive to conditions in the Ross Sea, rather than areas further west.

Data and model simulations suggest grounding line retreat to the South of Ross Island was
ongoing between 8.6 and 0 ka BP in the Ross Sea (Spector et al., 2017; Lowry et al., 2019).
While open marine foraminifera were deposited in sediments at the modern day calving line of
the Ross Ice Shelf at 8.6 ka, onshore cosmogenic records indicate the grounding line continued
retreating into the Late Holocene. These cosmogenic data indicate outlet glaciers feeding into
the Ross Ice Shelf were still thinning up to ⇠3.4 ka BP, and infer it was at this time that the RIS
grounding line reached its modern day position (Spector et al., 2017). In contrast, Yokoyama
et al. (2016) suggested widespread collapse of the RIS through 1.5 ka BP primarily along
the western edge of the Ross Sea. However, this study used 10Be concentrations to distinguish
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between open water and sub-ice shelf environments, and others have suggested that more work
is needed to confidently interpret 10Be concentrations in sub ice-shelf environments (White
et al., 2019).

The increase in sea ice extent during this period could be in direct response to freshening
of surface waters due the final stages of the RIS grounding line retreat. Surface waters from
the Ross sea take less than a year to reach the Adélie Land region due to fast coastal currents,
suggesting changes in surface water properties between the site would be near immediate in
the context of the paleoclimate record. However, the suggestion that glacial meltwater is re-
sponsible for the shift in sea ice state conflicts with the paleoclimate records which consistently
show a sustained shift in sea ice state and no substantial reduction post 3.4 ka BP, when the
grounding line is thought to have reached its current location. Decreasing meltwater contribu-
tions at Adélie Land around 4.5 ka BP, believed to be sourced from the Ross Sea as local sources
are unlikely to exist (see Chapter 3), do not support the theory of continued deglaciation and
ice shelf collapse through 1.5 ka BP either (Ashley et al., in review). In order for sea ice extent
to remain elevated well after meltwater contributions taper off, a sustained forcing must exist.

The northward position of the modern calving line relative to the grounding line infers the
formation of the modern ice shelf cavity occurred sometime between 8.6 ka BP and 3.4 ka BP.
Modelling studies suggest that formation of large ‘cold’ sub ice-shelf cavities lead to cooling
and freshening of Antarctic surface water, driving sea ice production in the immediate vicinity
and along downstream pathways (Hellmer, 2004). Using compound specific isotope on fatty
acids derived from marine algae, combined with modelling experiments, (Ashley et al., in
review) propose that the Ross Ice Shelf reached a critical threshold size whereby waters began
to circulate beneath it for long enough forming extremely fresh ice shelf water and once these
waters reemerged from the cavity they triggered enhanced sea ice in the Ross Sea and Adélie
Land regions. Site specific simulations of the freshening of Antarctic surface water in response
to the formation of the sub-ice shelf cavity are able to explain the increase seen in sea ice
extent near Taylor Dome, TALDICE, and downstream from the Ross Sea in the Adélie Land
region (Ashley et al., in review).

While the Early Holocene-Hypsithermal transition marked increased sensitivity of TALDICE
to the Ross Sea region, the transition at 4.5 ka BP is supportive of the increased sensitivity
of U1357 to Ross Sea change and ice shelf cavity expansion at this time, and is consistent
with the establishment of the modern relationship between these two locations (Figure 6.5).
Additionally, the increased influence of the ASL (Mayewski et al., 2013) would be ongoing
during this period as the RIS approached its modern configuration, and air masses intruding
further west into the Ross Sea would be able to reach Taylor Dome.
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Figure 6.5: Schematic of environmental change at 4.5 ka BP RICE (pink circle), Taylor Dome
(orange circle), TALDICE (purple circle), U1357 (green circle). Atmospheric transport path-
ways (orange, purple, and green arrows not shown) same as Figure 6.4, however, additional
navy arrow indicates increased transport to Taylor Dome from areas further east, adapted from
Scarchilli et al. (2011). Consistent Amundsen Sea Low influence as ice sheet reaches modern
configuration (Mayewski et al., 2013). Simplified transport of Antarctic surface waters (white).
Formation of RIS cavity (cyan) and modified Antarctic surface waters (striped) arrows, lead
to increased sea ice extent in Adélie Land. Orange line indicates modelled RIS grounding line
from Lowry et al. (2019).

6.4.4 A unique link between TALDICE and Adélie Land

A unique relationship appears to exist between the �D at TALDICE and laminae frequency at
U1357. The mean and slope changepoints are near simultaneous, but in opposite directions.
Generally, as TALDICE warms, bloom events become less frequent along the Adélie Land coast.
The lack of coherency between sea ice records at TALDICE and Adélie Land, suggest that this re-
lationship is not driven by sea ice conditions. Instead, this relationship appears to be related to
atmospheric transport and the opening of the Ross Sea Embayment. Wind proxy records from
both TALDICE and U1357 follow similar trends throughout the Holocene. However, increased
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windiness at TALDICE (higher nssCa2+) is associated with cooler temperatures, whereas in-
creased windiness (higher 36-125µm mean grain size) at U1357 is linked to more frequent
blooms. Whether this relationship is solely due to changes in westerly or katabatic winds is
difficult to deconvolve. The increasing trend of �D has been suggested to occur due to the
ongoing retreat of the RIS, and increased contributions of Ross Sea air masses (Albani et al.,
2012). It is possible that as the Ross Sea Embayment opened up, the reorganization of at-
mospheric circulation enabled a gradual warming along the eastern portion of east Antarctica.
This gradual warming would reduce the temperature and density gradient that drives katabatic
winds, weakening a key driver of phytoplankton blooms (see Chapter 5). While U1357 is nearly
1,000 km northwest of TALDICE, persistent katabatics flow from this area down towards the
Mertz glacier (Parish and Bromwich, 1987). Alternatively, if weakening of the westerly winds
solely affects the air mass source at TALDICE and has no effect on katabatics at Adélie Land,
weakening of westerly winds throughout the region would still result in fewer blooms.

6.5 Conclusion

Ross Sea and Adélie Land paleoclimate records are used to assess the sensitivity of the region
to RIS retreat through the Holocene. The RICE, Taylor Dome, TALDICE, and U1357 record all
show distinct, large-scale shifts between ⇠8.9-8.5 ka BP and ⇠5-4.5 ka BP. These large-scale
shifts are attributed to the retreat of the Ross Ice Shelf and the opening up of the Ross Sea
Embayment, and reflect the reorganization of atmospheric and oceanography systems during
the Holocene.

The first step-wise transition at⇠8.9-8.5 reflects the regional reorganization of atmospheric
circulation as ice sheets deflated and the Ross Embayment opened up. This altered transport
pathways at both Taylor Dome and TALDICE. While the change at RICE and Taylor Dome
may support the theory of rapid removal of ice from the Ross Sea (Anderson et al., 2014;
McKay et al., 2016; Spector et al., 2017; Lowry et al., 2019), at this stage, the other ice core
records cannot fully reconcile this. The reorganization may simply reflect a tipping point in
the system, whereby ice had retreated enough to allow new circulation patterns. The second
abrupt transition occurred at 4.5 ka BP and is attributed to ocean forcing due to the formation of
the Ross Ice Shelf cavity. The formation of the cavity led to the perpetual creation of freshened
surface waters which lead to an increase in coastal sea ice in Adélie Land since 4.5 ka BP.
Interestingly, temperatures at the TALDICE record and laminae frequency in U1357 appear
to be coupled throughout the Holocene. This is attributed to sensitivity of these proxies to
changes in atmospheric transport strength.
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These results indicate a strong connectivity between the Ross Sea and Adélie Land that
increased as the RIS retreated. This happened first through changing atmospheric circula-
tion pathways bringing Ross sea air masses over to the Eastern Plateau. The second occurred
through the modification of water masses by ice shelf cavities developing in the Ross Sea that
directly influence Adélie Land. These proxies suggest that neither of these processes were
present in the Early to Mid Holocene when the Ross Ice Shelf extended to the continental shelf
edge and during its initial retreat phase.

The relationship between the Ross Sea and Adélie Land heightens the importance of un-
derstanding the ocean-ice sheet interactions and the stability of the RIS under future climate
change. Surface waters in the Ross Sea are freshening in part due to meltwater contributions
from the Amundsen Sea (Jacobs et al., 2002; Hillenbrand et al., 2017), but the magnitude of
this contribution is unknown, and likely impacts Adélie Land due to its connectivity with the
Ross Sea. As the Ross Sea and Adélie Land regions are an important source of AABW formation
and home to the largest Antarctic polynyas, circulation changes around and beneath the RIS,
and surface water changes upstream from the Ross Sea, will directly affect coastal regions in
East Antarctica, including Adélie Land. This will likely have widespread impacts on Antarc-
tica’s coastal biological and oceanographic systems, as well as downstream impacts on global
heat transport and the carbon cycle.
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Chapter 7

Conclusion and Future Work

7.1 Conclusion

The primary aim of this thesis is to develop a reconstruction of Antarctic environmental con-
ditions and identify key drivers and feedbacks during the Holocene period to improve our
ability to predict response of Antarctic coastal oceanographic settings to future change. To
achieve this, the study takes advantage of two new, highly-resolved climate archives - the
IODP U1357B Adélie Basin sediment and RICE ice core records. These near annually-resolved
records from the Adélie Land and Ross Sea regions, respectively, capture change along Antarc-
tica’s highly dynamic coastal margins. To contribute to the development and interpretation
of the IODP U1357B record, I analysed X-ray Computed Tomography images and created a
CT-scan greyscale line profile of sedimentary changes in the core, as well as manually identi-
fying light laminations to identify changes in biological sedimentation. Comparison of these
datasets to existing datasets are used to develop a comprehensive sedimentation model for
this site that allows for reconstructions of environmental change through the Holocene. A key
additional contribution in this work is that the laminae count provides an independent verifi-
cation of the accuracy of the 14C age model. For the RICE ice core record, I jointly measured a
total of 3,160 Ion Chromatography samples from ⇠7,285 to 10,625 cal yr BP with fellow PhD
student Lukas Eling. I used these data to provide insights into the atmospheric conditions in
the Holocene and investigated the influence of atmospheric circulation on sea ice and marine
primary productivity.

The thesis identified several objectives. Here, the main findings are summarized and future
priorities for Antarctic paleoclimate reconstructions are suggested based on these results.

Objective 1: What are the environmental controls on the depositional processes in Adélie Land?
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Comparison of the greyscale profile and light laminae counts to XRF and physical core
property data indicate that light laminations represent biologically influenced sedimen-
tation, whereas dark laminations correspond to increased terrigenous input during open
water conditions. Building on the arguments of McCave and Andrews (2019), and grain
size results from U1357B conducted by Albot (2017), distinct modes within the grain size
distributions of light and dark laminae are shown to be well sorted, and comparisons with
sediment advection rates indicate this provides an effective measure of current speed
throughout the Holocene. Light and dark laminae are deposited under different envi-
ronmental conditions and highlight seasonal differences. Deposition of both light and
dark laminae appear to be highly sensitive to the vigour of wind-driven currents. Dark
laminae are deposited under higher maximum current speeds, as dark laminae deposi-
tion occurs during ice free conditions, when wind stress can more effectively drive Ekman
pumping and the subsequent geostrophic current, increasing current speeds. They are
also inferred to be deposited over a longer time, and thus more likely to capture more
storm events. Light laminae are highly dependent on biological processes, which have
numerous influences such as sea ice extent, wind stress on the ocean surface, and avail-
ability of nutrients. While high winds during dark laminae deposition can invigorate
upwelling of mCDW and bring nutrients into the water column, wind stress needs to re-
lax for stratification to occur, and thus lower current speeds, to enable the bloom events
represented by the light laminae. Decadal to multi-decadal variations in laminae thick-
ness are attributed to the Inter-Decadal Pacific Oscillation, which can alter surface wind
strength, thereby altering current strength and sediment transport to U1357B. A major
outcome of this work is that it is demonstrated that these bloom events are not an an-
nual occurrence and appear to be partially modulated by sub-decadal to multi-decadal
climate variations. Overall, when current strength is elevated during light and dark lami-
nae deposition, laminae thickness also increases as a consequence of enhanced sediment
advection, and suggests increased productivity during stronger currents is related to el-
evated nutrients levels from wind driven mixing.

Objective 2: What are the drivers of biological productivity in Adélie Land and how has this
changed through the Holocene?

Primary productivity variations indicate three distinct climate states. The Early Holocene
(⇠11.4-8.2 ka BP) has more frequent bloom events relative to the entire record which are
attributed to enhanced stratification and nutrient availability due to the final pulses of
EAIS deglaciation. The Hypsithermal (⇠8.2-4.5 ka BP) represents a more stable period,
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where bloom events occur roughly⇠2 years, and this frequency remains relatively steady
compared to the Early Holocene. Deglaciation is assumed to be complete in the Adélie
Land region at this time, and a reduced sea ice state enables more frequent blooms by
reducing the energy needed to break up sea ice and induce bloom events. The Neoglacial
(⇠4.5 to present) has a sharp reduction in productivity which occurs simultaneously with
a rapid increase in fast ice extent.

Bloom events during the Neoglacial occur at a 2-7 year intervals, suggesting an ENSO
influence. However, the ENSO teleconnection at this location is highly dependent on
SAM phasing, and can also be affected by IOD activity. Furthermore, there is poor agree-
ment from reanalysis studies on the resultant climate impacts from ENSO at Site U1357,
suggesting that the relationship is more complex than currently understood.

Despite these uncertainties regarding ENSO, SAM, and IOD interactions through the
Holocene, these results indicate sea ice state strongly modulates bloom frequency at
U1357, and it is suggested that the rapid change at ⇠4.5 ka BP is a tipping point in the
system, making Site U1357 less sensitive to sub-decadal climate modes. The increase
in sea ice extent acts as a barrier to bloom events. During times when sea ice extent is
reduced, the forcing needed to initiate a bloom event is reduced as well.

The uncertainty in sea ice predictions and frequency/intensity of sub-decadal climate
modes has important implications for the Southern Ocean carbon cycle. Reduced sea
ice state and increased frequency of sub-decadal climate modes could mean increased
frequency of bloom events and increased carbon uptake along the Adélie Land margin.
Conversely, increased outgassing of CO2 from reduced sea ice extent may counteract the
uptake.

Objective 3: How does the observed environmental change at Roosevelt Island and Adélie Land
correspond to known Ross Ice Shelf grounding line dynamics?

Productivity, sea ice extent, temperature, and atmospheric transport proxies for RICE,
Taylor Dome, TALDICE, and the U1357B record are binned into 100-year intervals to
correlate the ice and marine records and assess abrupt climate shifts at each location
throughout the Holocene and compared with regional modelling experiments. Distinct
events occur between ⇠8.9-8.5 ka BP and ⇠5-4.5 ka BP in all records.

The first transition at ⇠8.9-8.5 ka BP is marked by a stepwise reduction in temperature
at Taylor Dome and a modelled lowering of elevation at RICE, and a gradual increase in
temperature at TALDICE, and gradual reduction in productivity at U1357B. This change
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reflects the alteration of atmospheric circulation as the RIS retreated, leading to increased
marine air incursions along the western Ross Sea towards TALDICE and increased influ-
ence of the ASL in the Ross Sea Region. The gradual warming at TALDICE and reduction
at productivity at U1357B may be related to the sensitivity of these proxies to atmospheric
transport strength.

Between ⇠5.0-4.5 ka BP, a second reduction in temperature at Taylor Dome occurs, fol-
lowed by an increase in temperature at RICE. Increases in productivity at Taylor Dome
and TALDICE are noted, while productivity decreases at U1357B. The alteration in both
temperature and productivity at all locations suggests a regional change and is poten-
tially attributed to the formation of the Ross Ice Shelf cavity, which led to freshening of
surface waters in the Ross Sea, that are subsequently transported towards Adélie Land
by the Antarctic Coastal Current. This enhanced interaction between oceanic water and
the ice shelf cavity is proposed to have led to a sustained increase in sea ice extent at
U1357B, which in turn reduced productivity.

The oceanic and atmospheric connection between the Ross Sea and Adélie Land appears
to significantly strengthen as the RIS retreats. First, changes in atmospheric circulation
allow Ross Sea air masses to affect the East Antarctic Plateau. Second, the formation of
the Ross Ice Shelf cavity and subsequently, the grounding line retreating to its modern
day position at ⇠4.5 ka BP modified surface water masses that directly impact sea ice
concentrations at Site U1357. These proxies indicate that the influence of the Ross Sea
on Adélie Land was less pronounced when the RIS extended to the continental shelf.
Furthermore, the influence of ice cover on the Ross Sea continental margin has a large
influence on surface water conditions in Adélie Land.

This connection raises the importance of understanding the stability of the Ross Ice Shelf.
Future changes in the Ross Sea due to the retreat of the RIS in a warming climate has the
potential to directly impact Adélie Land margin of East Antarctica, significantly altering
primary productivity and AABW formation in two of Antarctica’s largest polynyas and
AABW formation sites.

7.2 Enduring questions and future research

The U1357B record is the first continuously laminated marine sediment record with annual
resolution up to ⇠11.4 ka BP. As such, it provides a first-ever opportunity to directly compare
with ice core records of equal resolution, and allows assessment of ice-ocean-atmosphere in-
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teractions at sub-decadal resolution for the entire Holocene. It is important to note that while
this is a first order attempt at integrating these records, early results are promising. Several
lines of future work are suggested to build on these exciting findings and further development
of proxy records from the U1357B and RICE records will allow testing of hypotheses presented
in this thesis, and potentially enable integration at a higher resolution scale.

The current age model for U1357B remains unpublished. While 87 14C bulk organic carbon
dates show a consistent stratigraphic order, 14C dates can be problematic due to reworking of
older carbon into the sample (Rosenheim et al., 2013). Typically, a core top correction age is
applied to account for this reworked carbon (e.g. Leventer et al., 1993; Andrews et al., 1999;
Domack et al., 2001), but this correction may not be consistent down core (Shevenell et al.,
1996; Rosenheim et al., 2008). While this age model is consistent with that of nearby MD03-
2601, anomalous compound specific ages in U1357A exist. Therefore, additional dating of
U1357B may help resolve these discrepancies. Ramped Pyrolysis radiocarbon dating isolates
the autochthonous organic carbon (Rosenheim et al., 2008), but sites with high in-situ pro-
ductivity are likely to be similar to bulk organic carbon dates (Rosenheim et al., 2013). A
preferred alternative is to radiocarbon date foraminifera (Gordon and Harkness, 1992; Bart
and Cone, 2012), which offer more reliable ages than bulk organic carbon (Andrews et al.,
1999). Foraminifera are present in the U1357 cores, and efforts are ongoing to isolate enough
specimens for radiocarbon dating.

In Chapter 4, grain size data were used to create a paleocurrent proxy. Provided adequate
samples are still available, increased sampling of light and dark laminae couplets, and sub-
sequent grain size analysis on these couplets could increase the resolution of this proxy. The
current resolution varies between ⇠50-200 years, so finer sampling could infer current speed
changes due to sub-decadal oscillations.

In Chapter 5, sub-decadal oscillations were identified in laminae frequency. These were at-
tributed to ENSO, however, Adélie Land is also influenced by the SAM and the IOD. Therefore, a
direct mechanism for the subdecadal driver was not identified as climate anomalies associated
with these climate modes differ among reanalysis studies (Schneider et al., 2012; Nuncio and
Yuan, 2015; Ciasto et al., 2015; Marshall and Thompson, 2016). To understand sub-decadal
climate oscillations at Site U1357, a site specific modelling/reanalysis study should be com-
pleted. This should incorporate data from the Dumont d’Urville weather station, which has
consistent records since 1957 (Turner et al., 2004). While the Ross Sea and Antarctic Penin-
sula region have a plethora of ENSO-related studies, increased focus on the Adélie Land region
would allow for assessment of how these sub-decadal modes affect productivity in the Mertz
Polynya, which has global implications for AABW formation and the carbon cycle. Finally,
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detailed analysis of the diatoms from U1357B should be undertaken to better elucidate the
seasonality and oceanographic drivers for the deposition of the light and dark laminae.

Chapter 6 was the first attempt at integrating the RICE ice core and U1357B records by
smoothing the age models in order to reduce age uncertainty. To integrate these records at
higher resolution, additional work is required.

The first priority is to identify well-dated contemporaneous tie points in each record. The
RICE ice core record has several volcanic ash layers. Recent work has highlighted the usefulness
of cryptotephras (Davies, 2015), and this methodology has been applied in Antarctic marine
sediments (Di Roberto et al., 2019). If cryptotephras are identified in U1357B, these may
provide a direct tie point to RICE. Another alternative would be to use meteorite impacts.
Nearby MD03-2601 is proposed to contain a meteorite impact layer (Crosta et al., 2007), so
it is likely that U1357B is also affected. Nanodiamonds and elements such as platinum and
iridium in ice have been attributed to meteorite impacts (Kurbatov et al., 2010; Petaev et al.,
2013), but measurements of these elements has yet to be completed on RICE. Measurement of
these elements should continue to ⇠4-5 ka BP, when this impact is suspected to have occurred.

The second priority is to extend the RICE ice core ion chromatography record through the
Holocene which requires the analysis of ⇠40,000 samples. Complete records of all of ions will
help with the integration of the RICE ice core record to the U1357B core/site. Additionally, this
will provide a more detailed Holocene record of the Eastern Ross Sea. This will be particularly
useful to understand how the reorganization of atmospheric circulation affected RICE from
⇠8.5 ka BP onward. In addition, any impacts to the ion record at ⇠4.5 ka BP may provide
further insight into the oceanic changes at this time.

Completion of the Holocene record will enable separation of sea-salt and non-sea salt com-
ponents and to identify the drivers of calcium and magnesium variations. However, identifying
the drivers of ion variability (e.g. sea ice versus open ocean for Na+ or MSA-) is difficult. There-
fore, comparison of ionic concentrations from snow samples and firn layers, to reanalysis data
may help characterise these sources. Furthermore, air sampling at the RICE drill site should be
undertaken to further characterise the seasonality of ion variability. This may also help identify
if the magnesium depletion in the RICE Early Holocene record is a real signal, and if so, could
provide valuable insights into the extent of the RIS during the Holocene.

On a broader scale, meltwater contributions from the Amundsen Sea may have impacted
Ross Sea waters during the Holocene (Hillenbrand et al., 2017), but the magnitude of this
contribution is unknown. Additional cores from the eastern Ross Sea have the potential to
address this impact, and provide greater understanding of changes in the Ross Sea during the
Holocene. Isotope enabled climate modelling for all ice core records would also be very useful



161

to help distinguish the influence of elevation changes, atmospheric circulation changes, and
temperature changes, and could explain some of the differences in the timing of abrupt change
in the Holocene.

7.3 Concluding statement

The development of the U1357B sediment core record and RICE ice core record in this the-
sis is a significant contribution to the current understanding of Holocene change in the Ross
Sea and Adélie Land regions. This record is the first to provide a proxy for Holocene current
strength along the Adélie Land Margin. This is also the first record to identify Antarctic polynya
primary productivity cycles at a near annual resolution in the Holocene. Most primary produc-
tivity studies are observational and/or satellite based and are limited in time and resolution.
Coastal polynyas are an important CO2 sink (Arrigo et al., 2008a) and globally, phytoplankton
are on the decline in warming waters (Boyce et al., 2010). This record also highlights the role
tipping points in sea ice conditions have played in modulating the response of the Antarctic
oceanic margin to the ENSO influence. This is important as climate models struggle to capture
modern Antarctic sea ice trends, with the recent IPCC Special Report on Ocean and Cryosphere
(2019) citing a low confidence in these predictive Antarctic Sea Ice models. These data indicate
past tipping points in sea ice conditions do exist and this significantly affects high- to low-
latitude climatic teleconnections. Consequently, models projecting future response of the high
latitudes to increasing ENSO forcing over coming decades may be performing poorly and mis-
representing these teleconnections. Finally, these records highlight the downstream impact of
the development of the Ross Ice Shelf cavity. It is through this development that conditions in
the Ross Sea directly impact conditions along Adélie Land, and any future changes in surface
water processes in the Ross Sea, or upstream from the Ross Sea, will have downstream affects
along the Adélie Land Margin.
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Appendices

Appendix A: IODP U1357B CT-scan greyscale data

Appendix B: IODP U1357B manual laminae counts

Appendix C: RICE Early Holocene ICS data
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