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ABSTRACT

In order to determine the timing of Antarctic ice sheet retreat and advance during the
Late Quaternary, various tools are used to measure the age of marginal marine sediments.
Carbonate “C dating is a well-established approach, but requires foraminiferal microfossils,
shells or other carbonate materials that are rare in most Antarctic regions, and may also suffer
from vital effects, which can result in variability of up to 500 years in living organisms. Bulk
acid insoluble organic (AlIO) “C dates are frequently as an alternative, but this approach works
best where high productivity and sedimentation rates reign, and not too well in condensed
sequences where high proportions of detritus are present. Compound specific dating methods
have also been employed, but these may still yield an average age from a mixture of
components and require very large sample sizes. Alternate methods of applying a chronology
have also been used, such as magnetic intensity dating, or regional correlation with well-dated
cores, but these may not always provide accurate and precise dates. Here | present work, some
published with co-authors, of progressive improvements of Ramped PyrOx 4C dating, which
utilizes the thermochemical degradation of components within a bulk AIO sediment sample.
This dissertation focuses on the study, improvement and application of advanced Ramped
PyrOx techniques. These improvements include novel techniques, such as compositing and
isotope dilution that | use to date sediments where the proportion of contemporaneously
deposited carbon is very small relative to other detrital components, and maximize the accuracy
of resulting dates while minimizing costs in precision from utilizing ultra-small fractions of the

bulk sample. Ramped PyrOx *C dating techniques allows us to generate chronologies for cores

Vi



that would otherwise go undated. Furthermore, these techniques can be used to push the limits
of radiocarbon dating not only to regions where accurate core chronologies have been difficult
to come by, but also further back in time, into marine sediment horizons deposited at or before
the last glacial maximum (LGM), where highly detrital material has precluded radiocarbon
dating in the past. Wider use of these techniques can enable more coordinated a priori coring

efforts to constrain regional glacial responses to rapid warming.
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CHAPTER 1:
INTRODUCTION

1.1 Sea Level Forcing Mechanisms

The effects of ocean warming on ice sheet disintegration at high latitudes, such as the
breakup of the Larsen ice shelf observed through satellite imagery since 1989, have spurred the
advancement of research concerning Antarctic glacial advance and retreat in recent years. Polar
ice sheets comprise a crucial component of global sea level change during glacial cycles.
Antarctic ice volume is equivalent to ~61 m of sea level, most of which is locked up in the
Weddell and Ross ice shelves (Huybrechts, 2002). The Antarctic Ice Sheet is divided into 2
parts: the East Antarctic Ice Sheet (EAIS), which rests on a major land mass and is generally
considered to be more stable (e.g. Sugden et al., 1993; Hughes, 1973), and the West Antarctic
Ice Sheet (WAIS), which is classified as a marine-based ice sheet (it is grounded below sea
level) (e.g. Bindschadler et al., 2003; Bougamont et al., 2003; Joughin and Alley, 2011; Joughin
et al., 2005; Joughin and Tulaczyk, 2002; Livingstone et al., 2012; MacAyeal, 1992; Mercer,
1978; Oppenheimer, 1998). More recent research has also challenged the belief that the EAIS
was relatively stable (e.g. Bart and Anderson, 2000; Mackintosh et al., 2014). The bases of ice
sheets are generally warmer than the surface due to geothermal heat, and in places where
basal melting occurs, the meltwater acts as a lubricant, creating corridors of fast-flowing ice
known as ice streams (e.g. Livingstone, 2012). Where the ice sheets meet the coastline, thick

ice shelves often form and can extend far beyond the grounding line. Recognizing features left



behind by ice streams is a crucial step in determining the geometry of grounded ice, as well as
the direction and thickness of ice flow.

At the Last Glacial Maximum (LGM; ~23 to 19 ka), the total eustatic sea level depression
was between 125 and 135 m (Fairbanks, 1989; Yokoyama et al., 2000). Constraining the timing
and contribution of Antarctic glacial ice to Late Pleistocene — Holocene sea-level changes and
the major forcing mechanisms controlling these changes can therefore be used to make
inferences and models to predict future melting and associated sea level rise (e.g. DeConto and
Pollard, 2016; Overpeck et al., 2006). However, this is complicated by the complex ice sheet
dynamics in Antarctica (e.g. Clark and Mix, 2002; Overpeck et al., 2006; Rignot et al., 2011a),
and the out-of-phase glacial cycles not only between hemispheres (Blunier et al., 1998), but
also between the East and West Antarctic Ice Sheets (EAIS and WAIS, respectively). A change
in ice sheet dynamics could have profound effects for sea level and global ocean circulation.
WAIS, being a marine-based ice sheet, poses the most immediate threat for sea-level rise due
to its potential instability (e.g. Oppenheimer, 1998; Overpeck et al., 2006; Schoof, 2007;
Schoof, 2012) Ice sheets are also a central component of the climate system due to their
effects on heat transport, and carbon cycling, but are a major source of uncertainty for rates of
sea level change (e.g. DeConto and Pollard, 2016; Golledge et al., 2015; Rignot et al., 2011b).

The utility of any paleoclimate record hinges on the accuracy of its chronology. Much
has been learned about post-LGM deglaciation in the past few decades of research. For
example, it is now known that the Antarctic Ice Sheet contributed ~10-18 m to eustatic sea
level rise (significantly less than the total 61 m sea-level equivalent stored in Antarctic ice
volume), mostly from the Ross and Weddell Sea regions (Denton and Hughes, 2002; Golledge
et al., 2014; Pollard and DeConto, 2009). However, constraining the timing of these

contributions has encountered many difficulties that have limited the advancement of our



understanding of these systems (Andrews et al., 1999; Rosenheim et al., 2008; Rosenheim et
al., 2013b; Subt et al., 2016). This dissertation seeks to improve novel radiocarbon (**C) dating
techniques to expand the horizons for constraining accurate chronologies, both spatially (by
targeting regions where accurate core chronologies have been limited) and chronologically (by
dating marine sediment horizons deposited at or before the LGM, where highly detrital material
has precluded *C dating in the past). Wider application of improved techniques could enable
more coordinated a priori coring efforts to constrain regional glacial responses to rapid

warming.

1.2 Late Quaternary Antarctic Deglacial Reconstructions

Reconstructions of past ice sheet/ice shelf response to large climate perturbations
provide a context to place recent observations of ice shelf collapse and accelerated flow from
outlet glaciers (e.g. O Cofaigh et al., 2014; Vaughan and Doake, 1996). As the current climate
continues to warm, reconstructing past shifts from glacial to interglacial conditions can lend a
deeper understanding of the cryosphere’s responses to climatic changes. Studies of post-LGM
deglaciation offer the densest and most complete record of a deglacial transition and are
therefore the best source for understanding present and future climate and sea level changes
through models and reconstructions (Bentley, 2010; Bentley et al., 2014; DeConto and Pollard,
2016; Overpeck et al., 2006). Thus, it is important to study the mechanisms by which Antarctic
deglaciation has occurred in the past if we are to understand future changes. Many discoveries
have been made on the mode of retreat of Antarctic ice sheets, but constraints on the timing of
those changes have been difficult to attain due to problems found within the sediments (e.qg.
Andrews et al., 1999; Berger and Johnson, 1978; Cearreta and Murray, 2000; Domack et al.,

2001).



Previous attempts at reconstructing post-LGM ice sheet extent in Antarctica have been
limited by more than the reliability of available chronologies. The volume of ice and timing of
release of the Antarctic contribution of melting ice sheets to sea level at the LGM have been
difficult to quantify due to a mismatch between previously constrained ice extent and ice mass
volume (Bentley, 1999). The lack of a clear understanding of how ice sheets can impact and are
impacted by climate have caused difficulties for modelers seeking to develop accurate
reconstructions (e.g. Clark and Mix, 2002; Denton and Hughes, 2002). However, techniques
used to acquire and analyze data for developing records of ice-sheet thickness and extent have
been refined or developed in recent years. These improvements have led to great
improvements in existing reconstructions and a better understanding of these processes
(Anderson and Andrews, 1999; Anderson et al., 2002; Bentley, 1999; Denton and Hughes,
2002; Livingstone et al., 2012; Wright et al., 2008).

Outlet glaciers drain the interior of Antarctic ice sheets to the coast along continental
margins and can be used to track the direction of ice flows, which can be helpful for
interpreting patterns of past deglaciations. Geophysical observations of the seafloor with
multibeam swath bathymetry allow for the identification of mega-scale glacial lineations
(MSGLs), which indicate ice streams that mark zones of fast-flowing ice where outlet glaciers
are preferentially drained (Livingstone et al., 2012; Ottesen et al., 2005). Geophysical
observations also record the past extent of formerly grounded ice in marine settings, appearing
in the form of mega-scale glacial lineations (MSGL), grounding-zone wedges (GZW), transverse
ridges and channels. . Although the availability of seafloor bathymetry data is limited around
Antarctic margins due to ice extent and extreme seasonality, today there is more Antarctic
seafloor data than ever before, thus providing us with more understanding of paleo-ice flow

locations and dynamics. By synthesizing knowledge of key characteristics in paleo-ice streams,



including bathymetry, geology and geomorphology, we can investigate relationships between
dated and inferred modes of retreat and the factors that control them (Livingstone et al., 2012).
Thus, it is imperative to constrain the timing of the events that form these features, despite the

many difficulties doing so may present.

1.3 The Difficulties of **C Dating Antarctic Sediments

Our ability to apply a chronology to any marine sediment-based ice sheet reconstruction
is key to being able to understand the rates and timing of important ice sheet retreat events.
However, many regions of the Antarctic margins pose difficulties for dating. Carbonate 4C
dating of Antarctic marginal marine sediments is a relatively simple and well-established method
of constraining the timing of events within cores, that produces minimal uncertainty in most
cases. However, carbonate microfossils in these regions are often rare due to low abundances
in the water column and the dissolution effects of carbonates caused by cold temperatures and
deep continental shelves in Antarctica (Licht et al., 1998; Mackintosh et al., 2014). Thus,
alternate methods of attaining chronologies are often employed, such as *C dating the acid
insoluble organic (AlO) fraction of the sediment (e.g. Andrews et al., 1999; Cunningham et al.,
1999; DeMaster et al., 1996; Domack et al., 2001; Licht et al., 1998; Licht et al., 1996), diatom-
bound compound-specific (CS) C dating (Yokoyama et al., 2016) or by geomagnetic field
paleo-intensity tuning with an independently dated reference curve (Brachfeld et al., 2003;
Stoner et al., 1994; Van Geel and Mook, 1989; Wigley et al., 1990; Xiao et al., 2016), each with
its own set of difficulties. Moreover, 1*C dating from carbonate microfossils carry their own
share of problems that need to be accounted for, such as reworking through sediment

transport, bioturbation, sediment gravity flows and winnowing, and may be representative of a



range of ages at the time of deposition due to geological uncertainty (Rosenheim et al., 2008;
Rosenheim et al., 2013b; Subt et al., 2016).

Bulk AIO “C dating is the most typical approach for ‘absolute’ dating of Antarctic late
Quaternary sediments where carbonate material is unavailable, but often yields ages much
older than the age of contemporaneous carbon deposition. These older ages are mostly the
result of the admixing of old organic carbon from regional erosion and re-sedimentation, which
can change the relative proportions of detrital material in the sediments (Andrews et al., 1999;
Domack et al., 1999a; Domack et al., 2001; Yamane et al., 2014). This also accounts for the
large spatial variability in core-top ages found within the Antarctic margins (Andrews et al.,
1999). Core-top ages in marginal Antarctic sediments are often older than the designated
reservoir correction (usually between 1200 and 1300 *C years) determined from marine
carbonates in the region (Berkman and Forman, 1996; Domack et al., 1989; Gordon and
Harkness, 1992); this suggests secondary processes are also taking place which affect the 4C
activity measured in sediments (Andrews et al., 1999). Other processes that can impact the
anomalously old ages in Antarctic marginal sediments include geochemical processes such as
vital effects (Gordon and Harkness, 1992), biological effects associated with sea ice limitation
on CO; exchange, and bioturbation (Andrews et al., 1999). For these reasons, the AIOM age of
the core-top sediments is typically subtracted from all subsequent ages down-core, known as
the constant offset approach; however, this may result in inaccurate dating. The constant offset
assumes constant relative proportions of old organic carbon from terrigenous sources,
comparable to modern ratios, have been advected into the system through time, but this is not
necessarily accurate in all regions (Andrews et al., 1999; Hall and Henderson, 2001; Michalchuk
et al., 2009; Pudsey et al., 1994; Rosenheim et al., 2013b). Although AIO *C dating has been

historically problematic, it is still a relatively easy approach that can provide a good first-order



estimation of ages in sediments where the relict detrital component is not large (e.g.
Cunningham et al., 1999; Domack et al., 2001; McKay et al., 2008; Smith et al., 2014).

One of the most common difficulties that arise from 4C dating Antarctic marginal
sediments is the effects of the very old carbon reservoir (e.g. Andrews et al., 1999; Berkman
and Forman, 1996; Gordon and Harkness, 1992; Hall and Henderson, 2001; Stuiver et al.,
1986b). That is, the water in which productivity occurs and, where possible, carbonate
precipitates, may have an initial age that is up to thousands of years old. It is the result of the
inherited age (the age derived from the input of old carbon such as glacial meltwater) and the
residence age (the natural age of water masses sealed from the atmosphere) (Hall and
Henderson, 2001; Hendy and Hall, 2006). The ocean has a long residence time of 4C relative to
atmosphere, and water mass circulation varies greatly geographically, resulting in the oldest
surface waters residing in the Southern Ocean (Broecker, 1963; Berkman and Forman, 1996).
The unique water mass circulation patterns around Antarctica thus result in a large spatial
variability in reservoir age, which generates further complications, precluding standardization of
a regional reservoir correction (e.g. Conway et al., 1999; Gordon and Harkness, 1992; Hall and
Henderson, 2001; Hendy and Hall, 2006). Reservoir corrections in Antarctic sediments can
range from 1200 to 3000 years (Andrews et al., 1999; Berkman and Forman, 1996; Domack et
al., 1989; Gordon and Harkness, 1992). There is also great uncertainty in the changes in
reservoir age that can take place over time as a result of changes in circulation regimes (Burke

and Robinson, 2012; Carré et al., 2016; Hall and Henderson, 2001; Sarnthein et al., 2007).

1.4 Recent Developments of Methods for Dating Antarctic Sediments
Improvements in separating pools of organic carbon within the sediment have been

made by employing compound specific (CS) '*C dating (Eglinton et al., 1996; Eglinton et al.,



1997; Ingalls et al., 2004; Ohkouchi and Eglinton, 2006; Ohkouchi and Eglinton, 2008;
Ohkouchi et al., 2003; Pearson et al., 1998) and Ramped PyrOx (RP) 4C dating (Rosenheim et
al., 2008; Rosenheim et al., 2013b). The compound-specific technique involves the chemical
extraction of specific compounds (biomarkers) associated with organism-specific processes.
Targeted compounds for this approach may include fatty acids, sterols and hydrocarbons (e.g.
Eglinton et al., 1996). Early work utilizing this technique had difficulties with the large amounts
of material required for **C analysis (Ingalls and Pearson, 2005). Although CS **C dating has
since been developed more recently for sediments, which contain greater quantities of the
necessary pools of carbon, recent work targeting CS “C ages in Antarctic regions in the Ross
Sea and the Wilkes Land Coast illustrates large uncertainties that result from applying
compound-specific 1*C dating to hemipelagic sediments (Ohkouchi et al., 2003; Ohkouchi and
Eglinton, 2006, 2008; Yamane et al., 2014; Yokoyama et al., 2016). The high degradation rate
of specific compounds for 1*C dating can lead to low abundances in relict organic material.
Moreover, this approach requires large amounts of sediment for extraction to produce an
accurate chronology.

Alternatively, Ramped PyrOx 4C dating has also offered recent advances in the
separation of pools of organic carbon through thermochemical degradation (Rosenheim et al.,
2008; Rosenheim et al., 2013b). The partitioning of samples into several components produces
a spectrum of 1*C ages, ranging from youngest to oldest with increasing pyrolysis temperature.
Both compound specific and Ramped PyrOx dating may still yield an average age from a
mixture of components. In Ramped PyrOx, the least diagenetically stable (lowest temperature)
component of the sediment is generally the least thermochemically stable and is thus the first
aliquot of CO; to be collected, but this can vary due to the physical and chemical properties of

these components. Early work shows that aliquots collected at high-resolution low-temperature



intervals approached foraminiferal ages, but lower resolution intervals did not (Rosenheim et
al., 2008). Additionally, contributions from different pools changed downcore and constant age
offsets were found to be potentially erroneous (Rosenheim et al., 2013b). Further
advancements have been made by using smaller aliquots, collected at lower temperatures of
the reaction to reduce the amount of older CO; incorporated into the aliquot (Fernandez et al.,
2014). Although carbonate *C dating is not without its own problems, the match in ages
between two mutually exclusive components of the sediment lends support to the applicability
of Ramped PyrOx for sediments with mixed components of “C.

This research focuses on the development of Ramped PyrOx for dating purposes in
Antarctic sediments. However, it should be noted that Ramped PyrOx, previously termed
Ramped Pyrolysis, provides a thermogravimetric analysis of organic samples that can be applied
to any organic material, and be useful for a wide variety of reasons. For example, Distributed
Activation Energy Models (DAEM) for pyrolysis of organic materials can be a valuable resource
for determining energy potentials of specific biomass constituents that can be used as fuel (e.g.
de Jong et al., 2003; Kirtania and Bhattacharya, 2012), or simply analyzing reaction kinetics of
the bulk material (e.g. Hemingway, in prep; Issler and Snowdon, 1990; Please et al., 2003).
Polycyclic aromatic carbon (PAH) pollution and composition from the Deepwater Horizon oil spill
in the Gulf of Mexico sediments has been determined through diagnostic Ramped PyrOx
analyses (e.g. Adhikari et al., 2016; Pendergraft and Rosenheim, 2014). Pyrolysis experiments
have also been conducted on tobacco to determine relationships between tobacco components
and smoke products (Baker and Bishop, 2004). Ramped PyrOx is also a powerful tool when
coupled with isotopic analysis or as a diagnostic tool to analyze constituents within a sample.

However, little research has been done to analyze Antarctic sediments in this way (Rosenheim



et al., 2008; Rosenheim et al., 2013b). For this reason, this research includes sections that
evaluate the thermochemical decomposition of the organic material analyzed.

The relatively recent developments and improvements in dating Antarctic sediments and the
availability of increasingly complex and detailed datasets have allowed for investigating the
post-LGM Antarctic deglaciation with increasing detail. Continuing this trend can expand the
limits of Antarctic research not only for the improvement of accuracy of deglacial chronologies
across the continent, but also to broaden exploration through regions where typical dating
methods have been impractical or ineffectual. In essence, we can take one step closer to
surpassing the limitations of dating sediments where it is possible, and instead date where it is
preferable. Improvements in dating also provide the opportunity to make use of existing cores
where the chronology has been problematic, and to extend the dating further downcore to
develop a better understanding of glaciation processes (Andrews et al., 1999; Ohkouchi et al.,
2003; Rosenheim et al., 2008; Rosenheim et al., 2013). However, despite the many incremental
advances that have been made to improve the accuracy and precision of dates from marine
deposits around Antarctica, problematic chronologies persist. For example, *C dates remain
ambiguous in regions with high reworking of older sediment, low accumulation rates and
corrosive waters where CaCOs; microfossils are not preserved. Moreover, maximum age
constraints determined through Ramped PyrOx “C dating require further analysis to improve
the approach by extending its applicability to increasingly detrital samples. Much of the research
conducted in Antarctic marine sediments is still highly dependent on the ability to retrieve high
resolution sediment cores with sufficient carbonate material for dating, or other indicators that
carbonate or AlO *C dating is likely to be fruitful. Removing such limitations through improved
AIO *C dating may allow sediments under ice shelves, glacial tills or siliceous muds and oozes

(SMOs) buried prior to the LGM to be dated. Sub-ice shelf sediments, for example, could serve
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as a modern analog for Cryogenian research (e.g. Vincent et al., 2000). It would also allow
researchers to study ice sheet behavior not only during the deglacial period but into the glacial

period as well.

1.5 Research Objectives

The research presented in this dissertation is designed to test the overarching
hypothesis that alternative dating techniques improve C dates of organic material in Antarctic
sediments through more effective separation of pre-aged C from contemporaneously-deposited
organic material. Three distinct study sites (Lapeyrére Bay, Larsen C ice shelf, and Drygalski
Trough) are analyzed with a variety of methods to determine the effectiveness of the Ramped
PyrOx 4C dating approach.

The first main objective of this dissertation is to apply the Ramped PyrOx 4C dating
approach to develop chronologies for a wider range of Antarctic marginal marine sediments
than has previously been possible. The applicability of Ramped PyrOx has only begun to break
ground in Antarctic research, but shows great potential for improving the accuracy of 1“C dates
required for most Quaternary research. Thus, it is important to show it can be used for diverse
settings under different conditions. We targeted three locations for our analyses: Chapter 2
presents data from a sediment core from Lapeyrére Bay, located off Anvers Island in the
western Antarctic Peninsula, which contains sediment from a relatively productive region where
organic carbon as well as carbonate sediments are found in sufficient quantities for “C dating
throughout most of the core. Chapter 3 focuses on sub-ice shelf sediments adjacent to the
Larsen C Ice Shelf, on the eastern Antarctic Peninsula, where extremely high proportions of

detrital material overwhelm the typical AIO *C measurement. Finally, Chapter 4 focuses on
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sediments near the Drygalski Ice Tongue in the Ross Sea, which can provide clues into a
multiple-recession scenario for the Ross Ice Shelf through the LGM deglaciation.

Typical **C dating techniques used in these regions are often limited by the types of
sediments that can be used. Therefore, the second objective of this research is to demonstrate
the improvement in accuracy of the Ramped PyrOx *C dating approach and to expand its
applicability to a wide range of sediment types along the Antarctic margins where other
approaches are limited. In Chapter 2, | show that Ramped PyrOx *“C dating can produce a
chronology of equivalent, if not higher, accuracy than carbonate C, which is commonly
perceived as the “gold standard” for *C dates. In Chapter 3, | improve upon this approach by
applying a number of techniques that modify Ramped PyrOx 4C dating to illustrate its
advantages while also demonstrating the limitations of each new technique.

The third and final objective is to explore patterns of ice sheet retreat and advance in
regions where “C dating has proven difficult in the past. A good chronology should lead to
straightforward interpretations of proxies, thus Chapter 4 utilizes TEXss as a temperature proxy
to test the timing of open ocean events in the Ross Sea since the LGM. This study also applies
the improved techniques developed in Chapters 2 and 3 to sediments from the western Ross
Sea. The TEXgs paleothermometry applied in this study is used to examine the effect that water

mass temperature may have had on ice shelf disintegration.
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CHAPTER 2:
SEDIMENT CHRONOLOGY IN ANTARCTIC DEGLACIAL SEDIMENTS: RECONCILING

ORGANIC CARBON %C AGES TO CARBONATE *C AGES USING RAMPED PYROX

2.1 Note to Reader
This chapter includes materials previously published in 7he Holocene; Volume: 26; Issue:2;
Pages: 265-273; doi: 10.1177/0959683615608688; Copyright © 2016 (SAGE Publications).

Reprinted by permission of SAGE Publications (see Appendix A).

Authors: Cristina Subt?, Kimberly A. Fangman?, Julia S. Wellner?, Brad E. Rosenheim?
ICollege of Marine Science, University of South Florida, USA

2Department of Earth and Atmospheric Sciences, University of Houston, USA

C. Subt (first author) analyzed data and prepared the manuscript. K. Fangman originally
analyzed sediments, re-analyzed by Matthew Pendergraft. Useful input, discussions and editing

were provided by co-authors J. Wellner and B. Rosenheim.

Sections 2.2 through 2.7 incorporate all materials included in the publication listed above with

only minor changes to the text. Sections 2.8 and 2.9 contain additional information and analysis

pertinent to this chapter that is unpublished.
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2.2 Abstract

We present the first study which directly compares carbonate radiocarbon (*C) dates
with the Ramped PyrOx (RP) radiocarbon dating technique within a single sediment core, and
we confirm the utility for the latter constructing chronologies of high latitude, Holocene marine
margin sediment successions. Historically, the heavily detrital nature of Antarctic margin
sedimentary organic material and lack of carbonate preservation have made these sediments
difficult to date accurately. Here, we use archived cores with existing foraminiferal ages to
compare with RP dates at equal or similar depth intervals. The lowest temperature RP splits
were integrated over narrower intervals than in previous studies to reduce the amount of
mixing with older, more thermochemically stable end-members during pyrolytic decomposition.
Ages of the low-temperature RP splits coincide with their corresponding carbonate counterparts,
suggesting that the RP #C dating method is a reliable alternative to carbonate dates in
sediments where carbonates are absent or not sufficiently preserved for 1C dating. The rarity of
calcareous material in most Antarctic sediments often obligates the use of the bulk acid
insoluble organic (AlO) fraction of the sediment, which can be problematic because of
contamination by older carbon. The bulk AlO “C ages, which are calculated using the weighted
arithmetic mean of all RP splits of individual samples, show that age reversals and biases can
occur using bulk AlO dates for age models because of variable proportions of pre-aged organic
matter down-core. The application of the RP dating method can reduce these effects to produce

a more reliable chronology that is statistically identical to the foraminiferal dating chronology.

2.3 Introduction
Interpreting past changes in climate and the forces controlling them can provide context

for current climate shifts. Many studies have focused heavily on the last ice age, as it has the
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most significant relatively well-preserved record of climate change in the geologic record, and
may be able to provide a long-term baseline with which to detect anthropogenic effects on
climate (Mix et al., 2001). The high latitudes are some of the most sensitive regions to climate
change, and the melting of polar ice can have extensive effects on climate, ocean circulation,
and sea level (Cook et al., 2005; Stammerjohn et al., 2008). Understanding ice shelf response
to past warming periods recorded in the geologic record can lead to more reasonable
expectations of changes in ice volume that may occur under current warming (Bentley et al.,
2014). Maximum global ice volume during the Last Glacial Maximum (LGM) is estimated by both
global and local Antarctic sea level records and occurred between 26.5 and 19 ka, ending with
the onset of sea level rise ~20 to 19 ka (Carlson and Clark, 2012; Clark et al., 2009; Mix et al.,
2001). However, not enough is known about the style of deglaciation and source of water that

contributed to sea level rise (Carlson and Clark, 2012; Deschamps et al., 2012; Mackintosh et
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mountainous peninsula, during and after the LGM (Domack et al., 2006; Lavoie et al., 2015;
Leventer et al., 2006). As ice retreated from AP bays and fjords, tidewater glaciers formed.
Deep troughs and basins along the inner shelf of the peninsula were caused by glacial scouring,
marking the retreat of grounding lines where ice makes contact with the seafloor. Marine
geophysical data have allowed extensive and detailed mapping of the past extent of ice around
Antarctica (e.g. Domack et al., 2006; Livingstone et al., 2012; Wellner et al., 2001). However,
temporal reconstructions of ice sheet distribution during and after the LGM using sedimentary
evidence on the continental margin suffer from lack of reliable chronologies in sediment cores
(Anderson et al., 2002; Bentley et al., 2014; Heroy and Anderson, 2005; Nakada et al., 2000).
As critical as marine sediment chronology around Antarctica’s continental shelf is to
understand the timing and pace of ice retreat following the LGM, it is also problematic.
Foraminiferal carbonate radiocarbon (**C) dates are usually presumed to be representative of
the age of the sediment deposition, but most of these sediments lack enough preserved
calcareous material for thorough carbonate “C dating. As a result, the bulk acid insoluble
organic (AlO) carbon fraction has been used for determining ages of sediments (Andrews et al.,
1999; Carlson and Clark, 2012; Mackintosh et al., 2014). Bulk AlIO *C dates reflect a mixture of
carbon from both autochthonous organic carbon that rained out from the water column at the
time of deposition, and ancient detrital material that was dumped or distributed by ice shelves
and icebergs, yielding an average age of all these sources. When applied to core tops, bulk AIO
14C dates can be considerably older than the local reservoir age (Gordon and Harkness, 1992).
In down-core samples, ages are usually corrected by subtracting the age at the sediment/water
interface from subsequent dated samples as prescribed by Andrews et al. (1999). Reliable age
models consisting of bulk AlO *“C reservoir-corrected dates using this constant offset approach

are therefore dependent upon a constant near-modern ratio in the supply of allochthonous
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organic material from multiple sources down-core. These assumptions may often be too loosely
applied, which can result in inaccurate ages (Carlson and Clark, 2012; Milliken et al., 2009;
Rosenheim et al., 2013b).

Ramped PyrOx C analyses (Rosenheim et al., 2008) can address some of the problems
associated with AlO “C dating methods. If the organic material in Antarctic margin sediments
can be more accurately analyzed for radiocarbon, then we are no longer dependent on the
presence of rarely preserved calcareous material. Without this dependence, improved
chronologies are possible throughout the Antarctic margins, potentially correlating important
sedimentary evidence of ice retreat on a regional to continental scale. Ramped PyrOx *C dating
allows for the separation of the bulk organic carbon and provision of at least a maximum age
constraint that is younger than the bulk AlO age (Rosenheim et al., 2008; Rosenheim et al.,
2013a). The partitioning of samples into several components produces a spectrum of
radiocarbon ages, ranging from youngest to oldest with increasing pyrolysis temperature. This
allows for the actual ages of the sediment horizons to be better resolved by separating the
thermochemically stable detrital material which is generally older (Rosenheim et al., 2008;
Rosenheim et al., 2013b). This method has demonstrated both the geological uncertainty of 4C
dates from AlO (Rosenheim et al., 2008) and the uncertainty that can result from assuming a
constant surface age offset down-core (Rosenheim et al., 2013b).

To date, the Ramped PyrOx method has only been indirectly related to carbonate 4C
dates at different core depths, due in part to the scarcity of foraminifera and other carbonates
in these sediments. To evaluate the reliability of Ramped PyrOx analyses in areas where
carbonates are insufficiently present for *C dating, we compare them directly with carbonate
ages throughout a single core. We provide both chronologies on a core taken from Lapeyrére

Bay in Anvers Island (Figure 2.1), testing the assumption that Ramped PyrOx “C dating can
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produce an equally dependable chronology to carbonate “C ages. By applying the resultant
chronology to lithological changes down-core, we can deduce glacial retreat of Lapeyréere Bay

ice sheets.

2.4 Methods

2.4.1 Physical Setting and Sediments

Lapeyrére Bay is a narrow fjord on the east side of Anvers Island, off the AP’s Danco
Coast. Anvers Island is mostly composed of granites and is almost entirely covered by an ice
cap that thickens inland from the coast (Figure 2.1; Rundle, 1973). The eastern side of Anvers

Island is characterized by mountains, the highest of which is Mt Francais (2760 m). This

mountain system is home to several valley glaciers, of which the lliad Glacier is most
prominent. The lliad Glacier flows northward from Mt. Francais to Lapeyrére Bay, and is partly
responsible for the draining of the ice cap of Anvers Island (Domack and Ishman, 1993; Griffith
and Anderson, 1989; Rundle, 1973). Additionally, small cirque glaciers and two extensive
headland glaciers around the perimeter serve as secondary drainage systems (Griffith and

Anderson, 1989).

2.4.2 Core Collection

Several sediment cores were collected aboard the R/V Nathaniel B. Palmer during the
2005 USAP expedition NBP-0502, and subsequently described as part of the Shallow Scientific
Drilling on The Antarctic Continental Margin (SHALDRIL) program. Core 6E is a push and rotary-
drilled core taken from the inner basin glacial outwash fan of Lapeyrére Bay at a depth of 382

m. The hole was drilled with a push-core tool to a sub-bottom depth of 20.3 meters below sea-
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floor (mbsf). An additional 13 cm of granite were collected at the bottom of this core. The core

was divided into sections from which samples were taken according to Table 2.1.

2.4.3 Chronology

Sediment samples were dried and pulverized using a mortar and pestle and then acid
treated with 2N HCI for 24 hr to decarbonate them. The samples were centrifuged and rinsed in
DI water until the pH of the supernatant was normalized at ~7. Each sample was then dried in
pre-combusted (525°C, 2 hr) aluminum pans at 60°C. The dry samples were stored in pre-
combusted (525°C, 2 hr) vials until they could be analyzed. A small amount (5-10 mg) from
each sample was analyzed using an Elementar Vario Micro-Cube elemental analyzer (EA) to
measure the total organic carbon (%TOC). A larger amount of the samples (100-300 mg) was
then weighed into pre-combusted (900°C, 4 hr) quartz reactor inserts between plugs of pre-
combusted (900°C, 4 hr) quartz wool. Ramped PyrOx 4C analyses were conducted using the
methods previously described by Rosenheim et al. (2008). Sample CO, gas was split and
collected at intervals of ~5-35 pmol (intervals were determined based on sample size),
cryogenically separated from other gases using a series of liquid nitrogen (-195°C) and liquid
nitrogen—cooled isopropanol (approximately —70°C) traps, and sealed into pre-combusted
(525°C, 2 hr), evacuated 6-mm Pyrex tubes with pre-combusted (525°C, 2 hr) copper oxide
and granulated silver. The sealed tubes were then re-combusted (525°C, 2 hr) to remove
possible contamination that could affect graphitization (e.g. sulfides). Each CO, sample was
graphitized by Fe-H» reduction techniques, packed into aluminum targets, and ionized using a
Cs™ sputter ion source for determination of *4C/*2C ratios by Accelerator Mass Spectrometer
(AMS) with ancillary 6'3C measurements made by stable isotope mass spectrometer at the

National Ocean Sciences Accelerator Mass Spectrometry (NOSAMS) facility. Samples were split
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at lower temperatures than in previous studies to minimize the amount of older CO; evolved
into the earliest temperature interval. Bulk AlO C dates can be calculated as the weighted
arithmetic mean of the ages comprising the spectrum (Rosenheim et al., 2008; Rosenheim et
al., 2013a). During gradual temperature increase to volatilize particulate organic carbon in the
bulk AIO material, the less thermochemically stable components volatilize at lower temperatures
than the more refractory forms of carbon. The diagenetic stability of organic carbon within a
sediment sample is related to the thermochemical stability of that sample, and in many
depositional environments, thermochemical stability is positively correlated with age (Gaglioti et
al., 2014; Rosenheim and Galy, 2012; Rosenheim et al., 2013a; Rosenheim et al., 2013b;
Schreiner et al., 2014; Williams et al., 2015) except in sediment contaminated with volatile
petroleum residues that are devoid of **C (Pendergraft et al., 2013; Pendergraft and
Rosenheim, 2014). The percent of total organic carbon was calculated both by analysis through
the EA and during Ramped PyrOx analysis by using the mass and the total amount of CO; as in
Williams et al. (2014) and Rosenheim et al. (2013a).

Carbonate ages were acquired for the same samples by wet-sieving with a 63-um sieve
to isolate fine terrigenous grains, foraminifera tests, and shell fragments. Sieved material was
dried in an oven at ~50°C. A minimum of 1 mg of carbonate was collected and sent to
University of California at Irvine to be processed for **C AMS. All samples analyzed for
radiocarbon, whether by NOSAMS or UC Irvine, were graphitized and ionized using a Cs*
sputter ion source to determine 4C/*2C ratios by AMS. To apply the reservoir correction, we

employ the reservoir age of 1160 + 51 years (Milliken et al., 2009) from an articulated mollusk

using the equations:

ATrue = AM +AR Eq 2.1
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or

OArrue = 1’0-/%1\4 + O-ZR Eq 2.2

where Armwe is corrected for reservoir age, Aw is the measured age, and Agis the age of the
reservoir. The samples summarized in this work were analyzed well before blank contamination
was characterized for the Ramped PyrOx system; therefore, no blank correction is applied to
these ages (Fernandez et al., 2014). If the current blank contamination correction was applied
to ages derived from these runs, we would expect these ages to stay within a few decades of
those in Table 2.2 with higher uncertainty because of propagation of uncertainty in the mass of
the blank during the time of these analyses. Repeat bulk AIO and Ramped PyrOx *C analyses

were not possible due to insufficient sample material and limited resources.
2.5 Results

2.5.1 Lithology

The upper 15.5 m of the core has been interpreted as a glacial outwash fan (Mead,
2012) and consists of very dark greenish gray homogeneous mud with occasional stringers or
layers of sand, similar to diatomaceous sediments found in the Palmer Deep (Leventer et al.,
2002). It has an intermediate biogenic component, frequent scattered pebbles, and ice rafted
debris (IRD), which become larger and more common down-core. The lower 4.8-m facies

comprises sandy mud with a coarse sand component dispersed throughout, low biogenic
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component and common drop stones scattered throughout, and has been interpreted as
diamicton deposited in proximal glacial marine conditions (Mead, 2012).

There is a bias toward higher %TOC in RP samples than in EA samples (Table 2.1),
which likely results from very low levels of %TOC, which are barely distinguishable from
background in small EA sample analysis. Because RP uses larger amounts of sediment, these

determinations of %TOC are more accurate.
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*Excluding the pulse of old material, average sedimentation rate from high-temperature Ramped PyrOx ages is
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2.5.2 Radiocarbon chronologies

The radiocarbon ages from both carbonates and Ramped PyrOx were corrected for
isotopic fractionation and are presented in raw radiocarbon years with no reservoir correction
(**C BP), according to the convention established by Stuiver and Polach (1977) (Table 2.2). For
consistency, ages are discussed in conventional radiocarbon years and depth intervals are
specified by their cumulative depths unless otherwise noted. Sediment ages based on carbonate
radiocarbon dates increase at varying rates down-core (Figure 2.2). Based on the rate of
change in the carbonate dates, it is clear that sedimentation rates increased from the base to
the top of the core. The analytical uncertainty in the carbonate dates generally increases from
+~30 to 570 toward the bottom of the core, though not monotonically.

Table 2.1. Samples taken from core NBP-0502-6E.

Section Cumulative
Depth Cumulative Depth-
Interval Sample Name Depth-Top Bottom %TOC  %TOC
Core Section (cm) (cm) (cm) (EA) (RP)

NBP-0502-6E  1E 84-86 NBP0502 6E 1E 1 84-86 84 86 0.13 0.27
NBP-0502-6E  3E 52 - 54 NBP0502 6E 3E 1 52-54 552 554
NBP-0502-6E  4E 104-106 NBP0502 6E 4E 1 104-106 854 856 0.24 0.60
NBP-0502-6E  7E 24-26 NBP0502 6E 7E 1 24-26 1524 1526 0.23 0.36
NBP-0502-6E  7E 215-217 NBP0502 6E 7E 2 215-217 1715 1717
NBP-0502-6E  8E 24-26 NBP0502 6E 8E 1 24-26 1774 1776 0.16 0.37
NBP-0502-6E  8E 31-39 NBP0502 6E 8E 1 31-39 1781 1789
NBP-0502-6E  8E 193-195 NBP0502 6E 8E 2 193-195 1943 1945 0.29 0.50

RP: Ramped PyrOx; EA: elemental analyzer.

Five fractions were collected sequentially for each sample, each of which was dated
separately. Similar to the corresponding carbonate dates, the lowest temperature fractions (RP-
1) show an increasing trend in age with depth through the entire core. The mid-temperature
fractions (second, third, and fourth splits, or RP-2, RP-3, and RP-4, respectively) all show similar

trends, where age increases with depth until 1774 cm, below which they show age reversals. At
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the highest temperature fraction (RP-5), ages remain relatively constant with depth until 1774

cm depth, where the trend deviates strongly into a much older end-member, before returning

to the previous nearly constant age. Bulk AlO dates, calculated using the weighted arithmetic

mean of the full spectra of Ramped PyrOx 4C ages, generally increase down-core until, similarly

to splits 3, 4, and 5, an age reversal occurs at 1774 cm depth.

The difference between the highest and lowest temperature Ramped PyrOx C dates is

generally smaller down-core. The sample at 1774 cm depth is the only exception to this trend

Table 2.2. Radiocarbon ages from multiple dating techniques for Lapeyrére Bay samples. Sample designation
includes cruise_site_section_sample_depth within section. Ages are reported as conventional radiocarbon ages
without reservoir age correction, blank correction, or calibration to calendar years. Uncertainty in ages are reported
as 10, and are based on analytical error from the total C counts on AMS measurements made at NOSAMS.

Age
Cumulative Temperature CO>  &'°C *cy =

Sample Depth (cm) Type Interval (pmol) (%0) =+ Fm +(10) BP) (10)

NBP0502 6E 1E 1 84-86 cm 84 - 85 RP-1 Ambient - 348 10.7 -25.35 0.1 0.6978 0.0018 2890 21
RP-2 348 - 407 105 -21.66 0.1 0.6303 0.0029 3708 37|

RP-3 407 - 477 205 -18.97 0.1 0.5241 0.0015 5190 23

RP-4 477 - 543 257 -16.17 0.1 0.3903 0.0013 7558 27

RP-5 543 - 678 147 -12.74 0.1 0.1958 0.0012 13099 49

NBP0502 6E 4E 1 104-106 cm 854 - 856 RP-1 Ambient - 349 429 -24.15 0.1 0.5438 0.0031 4893 46
RP-2 349 - 406 558 -21.23 0.1 0.4971 0.0025 5615 40

RP-3 406 - 454 742 -19.47 0.1 0.4292 0.0021 6795 39

RP-4 454 - 514 547 -18.09 0.1 0.3394 0.0024 8680 57|

RP-5 514 - 772 19.2 -14.08 0.1 0.2028 0.0018 12817 71

NBP0502 6E 7E 1 24-26 cm 1524 - 1526 RP-1 Ambient - 359 8.4 -2545 0.1 0.3119 0.0021 9359 54
RP-2 359 - 419 114 -21.82 0.1 0.2851 0.0016 10081 45

RP-3 419 - 491 18.7 -20.05 0.1 0.2545 0.0013 10993 41

RP-4 491 - 597 30.2 -16.92 0.1 0.1720 0.0015 14140 70

RP-5 597 - 725 5.2 -18.36 0.1 0.1688 0.0029 14291 137

NBP0502 6E 8E 1 24-26 cm 1774 - 1776 RP-1 Ambient - 357 127 -25.83 0.1 0.2957 0.0019 9787 51
RP-2 357 - 413 13.4 -22.56 0.1 0.2610 0.0020 10790 61

RP-3 413 - 484 212 -2041 0.1 0.2250 0.0012 11982 43

RP-4 484 - 553 252 -18.24 0.1 0.1745 0.0010 14024 46

RP-5 553 - 887 36.7 -12.19 0.1 0.0759 0.0008 20712 84

NBP0502 6E 8E 2 193-195 cm 1943 - 1945 RP-1 Ambient - 341 13.1 -25.67 0.1 0.2777 0.0038 10292 109
RP-2 341 - 395 13.9 -23.07 0.1 0.2603 0.0016 10812 49

RP-3 395 - 474 222 -21.35 0.1 0.2494 0.0011 11155 35

RP-4 474 - 550 28.2 -19.39 0.1 0.2360 0.0017 11599 58

RP-5 550 - 660 144 -18.59 0.1 0.1680 0.0011 14329 52

NBP0502 6E 1E 1 84-86 cm 84 - 85 Bulk 82.1 -18.2 0.9 0.4545 0.0016 6334 28
NBP0502 6E 4E 1 104-106 cm 854 - 856 Bulk 41.9 -17.5 0.9 0.3306 0.0020 8892 48
NBP0502 6E 7E 1 24-26 cm 1524 - 1526 Bulk 73.9 -19.5 0.9 0.2238 0.0016 12026 56
NBP0502 6E 8E 1 24-26 cm 1774 - 1776 Bulk 109.2 -18 0.9 0.1742 0.0011 14040 52
NBP0502 6E 8E 2 193-195 cm 1943 - 1945 Bulk 91.8 -21.2 0.9 0.2365 0.0014 11583 49
NBP0502 6E 1E 1 84-86 cm 84 - 85 Carbonate 0.7894 0.0030 1900 30
NBP0502 6E 3E 1 52-54 cm 552 - 554 Carbonate 0.7022 0.0141 2840 160
NBP0502 6E 4E 1 104-106 cm 854 - 856 Carbonate 0.5350 0.0023 5025 35
NBP0502 6E 7E 1 24-26 cm 1524 - 1526  Carbonate 0.3488 0.0097 8460 220
NBP0502 6E 7E 2 215-217 cm 1715 - 1717 Carbonate 0.2781 0.0205 10280 570
NBP0502 6E 8E 1 31-39 cm 1781 — 1789 Carbonate 0.2691 0.0011 10550 30
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and has the largest difference between the two thermochemical endmembers. The variable
difference between the young and old endmembers indicates changes in the proportions of pre-
aged organic matter down-core; however, in this core, the trend is different than in a core
(NBP-1001 KC-11) from the Hugo Island Trough (Rosenheim et al., 2013b) where the age
spectra widen with core depth. Thermographs for each sample show down-core variability
(Figure 2.3) which is larger than that observed in the Hugo Island Trough. The sample at 1774
cm depth shows two pronounced secondary peaks, one at high temperature (>800°C, Figure
2.3, green oval), and the overall shape is considerably wider than other samples. The secondary
peaks largely disappear at the 1944 cm depth.

Carbonate and Ramped PyrOx dates both show similar ages at matching depth intervals.
In fact, at several depth intervals, RP-1 dates are younger than corresponding carbonate 4C
ages. At 854 cm in the core, RP-1 is only slightly younger than the corresponding carbonate
age, though within error. At 1774 and 1944 cm, RP-1 ages are lower than the carbonate age at
1715 cm (within error). Contrarily, bulk AlO ages are always at least 1200 years older than
either the Ramped PyrOx or the carbonate ages at concordant depths. Interestingly, where
Ramped PyrOx ages get younger than the carbonate dates (—~1775 cm), bulk AlO ages diverge

further from the carbonate and RP-1 ages.

2.6 Discussion

Sediments in this region are dominated by terrigenous content, which is deposited
through snowmelt runoff, glacial melt, subglacial plumes, calved icebergs, and aeolian inputs
(Ashley and Smith, 2000; Gustavson and Boothroyd, 1987; Lgnne, 1995). Fine-grained
sediment arrives at the seafloor via fluvial inputs of snowmelt and glacial meltwater. Meltwater

from glaciers can also erode subglacial till and create subglacial plumes, which transport
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sediments and supply them to
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which sinks to the seafloor. Figure 2.3. Thermographs display CO; evolution for each sample

analyzed through Ramped PyrOx. An increase of CO; evolved at high
Linear fjords such as temperatures for the sample at 1774 cm depth (green oval) is
responsible for the older ages observed in RP5 seen in Figure 2.2.
Lapeyrere Bay are
geographically ideal for ice rafting as the amount of dumping and debris-fall that occurs
because of ice rafting is greatest at the calving line (Domack and Ishman, 1993).

Chronologies resulting from “C analysis of carbonates and Ramped PyrOx C are
consistent with changes in lithology (Figure 2.2). Sediment facies change from sediment
deposited by a glacial outwash fan in the upper ~15.5 m of the core, probably mostly
originating in the nearby lliad Glacier, to a diamicton unit in the lower ~4.8 m. All chronologies,
including calculated bulk AIO dates and Ramped PyrOx fractions of higher temperatures, show
relatively consistent trends in the upper section related to sediments from the glacial outwash
fan, but diverge in the lower section where the diamicton becomes dominant. Perhaps most
notably, a pulse of old, thermochemically stable material, not found in the other samples, is

apparent in this layer at the high-temperature fraction. This pulse causes an age reversal in

bulk AIO “C ages that both low-temperature RP and foraminiferal 1“C ages suggest is false, and
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likely occurs due to varying lithology of the core. Variability in Ramped PyrOx thermographs
down-core is higher in core NBP-0502 6E than in a previously sampled and analyzed core (NBP-
1001 KC-11) from the Hugo Island Trough near Anvers Island where Lapeyrere Bay is found
(Figure 2.1; Rosenheim et al., 2013b). Core NBP-1001 KC-11 spans the last 12,000 years in an
open-shelf environment and is lithologically consistent (Rosenheim et al., 2013b), while core
NBP-0502 6E documents a change from proximal glacial marine sedimentation to glacial
outwash. The base of the core is interpreted as the LGM subglacial contact.

Age distributions coupled with CO; evolution data from Ramped PyrOx analyses provide
insights into the various endmembers present within different samples. Differences between
low- and high-temperature Ramped PyrOx C dates generally decrease down-core, with the
exception of the pulse of thermochemically stable material at 1774 cm (~9800 “C yr BP) where
the difference is the highest of all reported ages (Figure 2.2). This is the same sample that
demonstrated continued pyrolytic decomposition at higher temperatures than all other core
depths (Figure 2.3). In Antarctic sediments, the most thermochemically stable components are
usually representative of older allochthonous carbon, supporting the hypothesis that
thermochemical stability should relate to diagenetic stability (Rosenheim et al., 2008;
Rosenheim et al., 2013b). Because the maximum in ages corresponds with the highest
temperature fraction, we interpret it as a pulse of older material deposited during a short period
of time and likely related to the changing lithology of the core. Whereas that core depth
illustrates an abrupt change to AlO ages related to changing sediment input, the narrowing age
spectra down-core also indicate more continuously changing proportions of different
components in each sample and in a different direction than past work (Rosenheim et al.,

2013b).
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The Ramped PyrOx “C data from this core demonstrate an improvement over bulk AIO
dates by illustrating the potentially false interpretation of an age reversal which is not present in
the carbonate or Ramped PyrOx chronologies (Figure 2.2). The occurrence of this false age
reversal in bulk AlO dates, coupled with the previously described change in variability across
the sediment facies boundary, indicates the effect that changes in lithology can have on 4C
ages of AlO. Applying Ramped PyrOx where changing sediment facies or large proportions of
diagenetically stable and old 4C are present can remedy these problems by separating the
‘contaminant’ old carbon from the autochthonous carbon that can persist from the same source
(water column productivity) even when terrigenous sediments are present.

The ages of the high-temperature fraction do not increase appreciably with depth (RP-5,
Figure 2.2; 14,000 “C years), with the exception of the sample registering more high-

temperature pyrolytic decomposition. The nearly constant ages of RP-5 (Figure 2.2) at all core
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Figure 2.4. Carbonate, low-temperature Ramped PyrOx, and calculated
bulk AlO in radiocarbon years with a constant core-top “C age offset.
Bulk ages show similar rate of change to Ramped PyrOx and carbonate
dates, but appear to demonstrate a false age reversal from 1774 to
1943 cm depths. Analytical uncertainty is shown for all ages. However,
age of detrital material this is not likely to be an accurate representation of the ‘geologic’
uncertainty.

fraction of Ramped PyrOx is a

representation of the average
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transported to the site of the core with a minimal contribution from stabilized material from the
most reactive fractions (Williams et al., 2014). If the proportions of components in this most
thermochemically stable fraction remained constant during deposition, the age of the fraction
would likely still vary because of changes in the ages of the admixed detrital AlO.

In this study, smaller temperature ranges were integrated at the beginning of the
reaction than in previous studies (e.g. Rosenheim et al., 2008; Rosenheim and Galy, 2012;
Rosenheim et al., 2013a; Rosenheim et al., 2013b) to minimize the admixture of older, pre-
aged material into the first fraction. This resulted in closer constraint of RP *C ages and
carbonate “C ages (Figure 2.4). Although chronologies from carbonate ages are generally
thought to be more accurate than AlO dates, our data suggest Ramped PyrOx can yield equally
accurate chronologies as dating of foraminifers and other carbonates. A comparison of Ramped
PyrOx and carbonate dates at equal depth intervals yields a root mean squared (RMS) residual
error of 776 “C years with a bias toward Ramped PyrOx ages being older. By contrast, a
comparison of carbonate dates with bulk AlO dates yields a much higher RMS value of 3972 4C
years, implying a much stronger bias toward older bulk AIO ages. It must be stressed that none
of the ages that Ramped PyrOx vyields for any given core depth can be considered an absolute
age without supporting evidence. For example, unless the first and second temperature
fractions to pyrolyze exhibit equal ages (age plateaus), the lowest temperature fraction of the
Ramped PyrOx age spectrum typically represents a maximum age constraint resulting from a
mixture of organic carbon with potentially disparate ages (Rosenheim et al., 2008). Past studies
which sampled roughly equal temperature intervals have suggested consistently older maximum
age constraints from low-temperature Ramped PyrOx 4C than carbonate C ages (Rosenheim
et al., 2008). In this past example, comparisons of ages were not from the same intervals

because of difficulties in finding sufficient CaCOs in foraminiferal tests for dating. Here, the very
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close — and in some cases younger (more accurate) — low-temperature Ramped PyrOx dates,
compared with carbonate dates (Figure 2.2), provide evidence that the RP method effectively
removes contaminant **C and produces ages that can be considered “absolute”. In other words,
the similarity of two independent chronologies lends support to their accuracy. Although it is
evident that smaller low-temperature intervals can approach the accuracy of carbonate dates,
the regional and lithologic heterogeneity between samples does not allow for the establishment
of the ‘ideal’ temperature of first separation. Furthermore, smaller samples from the Ramped
PyrOx method are more susceptible to blank contamination which can affect the precision of
Ramped PyrOx ages (Fernandez et al., 2014).

A local reservoir age correction can be applied differently to ages generated from
Ramped PyrOx or bulk AIO 4C dating. There is limited knowledge of the changes in the
radiocarbon reservoir age through time, but the common technique for correcting for reservoir
effects assumes constant AR, which may not be the case (Domack et al., 2005; Ohkouchi and
Eglinton, 2008). The reservoir correction also inherently assumes all components of a sample
have the same age. But as previously illustrated, the age distributions from Ramped PyrOx
analyses show this is inaccurate (Rosenheim et al., 2013b). Whereas RP and bulk AlO ages
have been shown to be mixtures of different components, the same can be argued for
carbonate dates. Individual carbonate microfossils may exhibit any number of ages,
representative of different reservoir ages at the time of deposition, which can potentially
introduce biased dates. Variable reservoir ages are the result of complex water mass circulation
patterns in the Antarctic margins. However, because Ramped PyrOx and carbonate dates are so
similar here, the offset created by the reservoir correction on the whole age can be inferred to
be equal. Thus, when comparing ages yielded by different methods in this case, the reservoir

correction applied should be equal for all raw ages, regardless of the method used to attain
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them, and the associated uncertainties should be accounted for. Subsequently, calibration of
the ages to calendar years would progress in the same way for both data sets.

Similar to that shown by Rosenheim et al. (2013b), our data suggest that a constant age
offset can be an over-simplification when reconciling old core tops with samples down-core, and
even more so across changing lithologies. By applying a constant age offset to each chronology
from this study, which shows relatively constant accumulation rates (Figure 2.4), it is evident
that the approach has its limitations. Applying a constant age offset is simple and has produced
consistent results in several cases; however, the resulting ages are not always consistent with
either carbonate or Ramped PyrOx “C ages (Rosenheim et al., 2013b). A constant age offset is
meant to correct the effects of bioturbation, reservoir age, and old contaminant 4C for bulk AlO
ages. This correction assumes that the sum of these effects is constant, although it is likely that
they vary through time. Moreover, when applied to carbonate or Ramped PyrOx dates, a
constant offset does not correct for the same effects. Contaminant or detrital *C sources have
no effect on foraminifera or carbonate ages. Ramped PyrOx removes some of those
contaminants and reduces the impact of others, thus a core-top constant offset applied to
carbonate or Ramped PyrOx ages mainly corrects for bioturbation and reservoir effects. In
some cases, the constant offset may be successful for the wrong reasons. Regardless of which
chronology method is used, assuming constant age offset implies that geologic effects, which
are shown to vary, would have to be constant as well (Berger and Johnson, 1978; Ohkouchi
and Eglinton, 2008; Rosenheim et al., 2013b). In this core, the constant offset approach is most
troublesome at the base where it preserves the bulk AIO age reversal and then produces a bulk

AlO age that is younger than the RP low-temperature fraction.
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2.7 Conclusions

More so than in previous work, we have demonstrated that the Ramped PyrOx method
of ¥C dating is an accurate and reliable alternative to carbonate “C dating in sediments where
carbonates may be lacking. The use of smaller low-temperature fractions is an improvement on
the Ramped PyrOx method, which reduces uncertainty and results in absolute ages which are
comparable with carbonate dates. When used in conjunction with foraminiferal or other
carbonate dates and a thorough understanding of the sedimentology, Ramped PyrOx can also
provide useful additional information about sources of organic matter to the sediment.

Age reversals that sometimes occur in bulk AlO *C dates result from changes in the
proportions of older contaminant 4C sources and can be eliminated by the application of
Ramped PyrOx. These contaminants can also cause much older ages in bulk AlO dates, relative
to the more accurate carbonate *C ages, and are demonstrated to be greatly reduced by
Ramped PyrOx.

Based on the data collected here, and previous research using Ramped PyrOx, we have
compiled a list of recommendations for the applications of Ramped PyrOx to produce robust
chronologies:

¢ We have demonstrated that use of smaller low-temperature intervals rectifies Ramped

PyrOx chronologies, thereby demonstrating that Ramped PyrOx “C ages are not

necessarily maximum ages (Rosenheim et al., 2008). The use of smaller splits, however,

necessarily results in higher analytical uncertainty which can increase when blank
corrections are eventually applied.
e When low-temperature Ramped PyrOx 4C ages are similar to foraminiferal *C ages, the

same reservoir age correction should be applied.
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e A constant age offset applied to the lowest temperature Ramped PyrOx ages may
oversimplify the chronology of a core, especially across changing lithologies, and should

be applied only with caution.

2.8 Organic carbon in Lapeyrére Bay

The presence of organic carbon in the sediment depends entirely on primary productivity
in surface waters. The proportion of organic matter in the sediment increases distally from the
glacier front, which may be a result of dilution by meltwater carrying glacial sediment poor in
OC (Ashley and Smith, 2000). Bottom sediments from Lapeyrére Bay exhibit increasing total

organic carbon (TOC) with distance from the fjord head (Domack and Ishman, 1993).

2.9 Analysis of 8'°C measurements

To shed further light into the spurious AIO *“C ages in this study (Figure 2.2, Table 2.2),
it helps to examine 8'°C values corresponding to their respective Ramped PyrOx splits. Because
the Ramped PyrOx and AlO approaches both analyze organic carbon pretreated for the removal
of carbonates, we would expect 8*3C values in this carbon to be isotopically lighter than that
from carbonates, with values ranging between -26 and -12 %o for organic carbon and ~0 to
1%o. for carbonates. Values yielded from Ramped PyrOx splits are consistent with values within
the expected range of 3**C and tend toward heavier values with increasing temperature. Our
results show that two of the five highest-temperature splits have significantly heavier d*3C
values than the rest (< -13%o0) (Table 2.2). Carbonate material combusts at temperatures
above 550° C and often shows distinctive peaks in pCO; evolution that overlap with those of
organic carbon (Salonen, 1979), but this may not always be the case. Recent work analyzing

samples not pretreated for the removal of carbonates showed that these distinctive peaks are
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not always visible. However, the incorporation of carbonates in an organic carbon sample is
always reflected by heavier isotopic compositions, indicating a mixture of carbonates and
organic carbon in the sample (Reese et al, unpublished). Although the heavy &3C values of
high-temperature Ramped PyrOx splits are within the expected range for organic carbon, the
heaviest isotopic compositions found in two high-temperature splits could indicate some pre-
aged carbonate (perhaps in the form of dolomite or siderite (Swart, 2015)) is still incorporated
into these samples by diluting an otherwise light isotopic composition with isotopically heavy
carbonates. The available thermographs show some distinct high-temperature peaks in the
pCO- evolution of some samples, but these do not appear to be correlated with heavier isotopic
compositions. As these samples were treated to remove carbonates, it is likely that if pre-aged
carbonate is being incorporated, it is only in small quantities that are not demonstrated in the
pCO- evolution.

An alternate and more likely explanation for heavier isotopic compositions in some high-
temperature splits is in the relative mixtures of different sources of organic carbon in these
samples. The bulk 3®C in marine settings typically reflects a range of organic carbon values
consistent with C3 (—-23%o) and C4 (—-12%so) terrestrial plants. As all °C values for the
samples analyzed fall within this range, it is possible that splits with lighter values indicate that
the main source of organic carbon is from C3 plants, while those with heavier values suggest C4

plants might be the main constituent for organic carbon.

2.10 Carbonate “C dating
Carbonate *C dates were analyzed for comparison with Ramped PyrOx “C ages.
Although foraminiferal assemblages were not analyzed in detail for this study, it is important to

note that planktonic species produce significantly younger ages than benthic species (e.g.
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Wychech et al., 2016; Barker et al., 2010). Foraminifera identified in core NBP0O502 6E were
mostly planktonic and largely intact, including species Fursenkoina fusiformis and Stainforthia
corplanata, but were sampled as mixed foraminiferal samples (Mead, 2012). Other species in
these samples were not identified. Only whole foraminifers and occasional shell fragments were
picked for 1“C dating. The carbonate “C dates in this study likely incorporate some amount of
reworking, which would account for the occasionally older ages than Ramped PyrOx 4C.
Although carbonate 4C ages are typically the most sought-after type of **C dates for
Quaternary research, it is important to understand that it is by no means a perfect proxy. The
paucity of foraminiferal carbonates may certainly be a limitation for Antarctic sediments, not
only for *#C dating, but also for 380 measurements, which can be a useful tool for
reconstructing temperature records. More widespread problems with these measurements
include the effects from diagenesis, reworking, vital effects, and reservoir effects. For example,
14C ages from translucent and opaque foraminiferal shells have been shown to result in
differences as large as 8 kyrs (Wycech et al., 2016). Effective identification and caution with
species assemblages used for C dating is important for maintaining the highest quality dates.
Where possible, only monospecific, pristine shells should be used to avoid uncertainties in the

dating.
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CHAPTER 3:
SUB-ICE SHELF SEDIMENT GEOCHRONOLOGY UTILIZING NOVEL RADIOCARBON
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3.1 Note to Reader

This chapter includes materials previously published in Geochemistry, Geophysics, Geosystems,
Volume: 18; Issue: 4; Pages: 1404-1418; doi: 10.1002/2016GC006578; Copyright © 2017
(American Geophysical Union).

Reprinted by permission of AGU Publications (see Appendix A).

Authors: Cristina Subt?, Ho Il Yoon?, Kyu-Cheul Yoo?, Jae Il Lee?, Amy Leventer®, Eugene W.
Domack?, Brad E. Rosenheim?

1College of Marine Science, University of South Florida, USA

2Korea Polar Research Institute, Incheon, Republic of Korea

3Department of Geology, Colgate University, USA

C. Subt (first author) generated all Ramped PyrOx data, compiled and analyzed “C data, and
prepared the manuscript. H.I. Yoon, K.C. Yoo and J.I. Lee provided samples and generated bulk
AlO data. A. Leventer generated diatom abundance data. E. Domack assisted with lithology
descriptions and provided insights into their origin. B. Rosenheim provided direction in the
experimental design and successful completion of the project. All co-authors also provided

useful input, discussions and editing for the manuscript.

36



3.2 Abstract

Sub-ice shelf sediments near Larsen C ice shelf (LIS-C) show fine-scale rhythmic laminations
that could provide a near continuous seasonal-resolution record of regional ice mass changes.
Despite the great potential of these sediments, a dependable Late Quaternary chronology is
difficult to generate, rendering the record incomplete. As with many marginal Antarctic
sediments, in the absence of preserved carbonate microfossils, the reliability of radiocarbon
chronologies depends on presence of high proportions of autochthonous organic carbon with
minimized detrital organic carbon. Consequently, acid insoluble organic (AlO) “C dating works
best where high productivity drives high sediment accumulation rates, but can be problematic in
condensed sequences with high proportions of detrital organic carbon. Ramped PyrOx 4C
dating has progressively been shown to improve upon AlO 4C dates, to the point of matching
foraminiferal carbonate 4C dates, through differential thermochemical degradation of organic
components within samples. But in highly detrital sediments, proportions of contemporaneously
deposited material are too low to fully separate autochthonous organic carbon from detrital
carbon in samples large enough to *C date. We introduce two modifications of the Ramped
PyrOx 4C approach applied to highly detrital sediments near LIS-C to maximize accuracy by
utilizing ultra-small fractions of the highly detrital AIO material. With minimization of the
uncertainty cost, these techniques allow us to generate chronologies for cores that would
otherwise go undated, pushing the limits of radiocarbon dating to regions and facies with high
proportions of preaged detritus. Wider use of these techniques will enable more coordinated a
priori coring efforts to constrain regional glacial responses to rapid warming where sediments

had previously been thought too difficult to date.
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3.3 Introduction

An accurate reconstruction of past Earth conditions requires an archive that is not only
datable, but that offers the ability to compile dates into a meaningful chronology that can be
regionally correlated to preexisting age models. Sedimentary archives are fundamentally detrital
in nature, and in sediments where high proportions of detritus include the material from which
ages are sought, dating can become ambiguous. Antarctic glacial marine sediments have long
been considered among the most problematic to date due to a lack of preserved foraminifera
(Andrews et al., 1999; Domack et al., 1989; Licht et al., 1998; Mackintosh et al., 2014). Hence,
acid insoluble organic (AlO) radiocarbon (**C) is often used for Antarctic sediments with the
hope that authigenic algal-derived organic matter from the water column above (henceforth
referred to as “syndepositionally-aged™) dilutes any pre-aged detritus transported from
continental rocks or sediments that would be dated in conjunction with the authigenic material.
But AIO “C ages have often been found to incorporate pre-aged reworked carbon (Andrews et
al., 1999; Leventer et al., 2006; Mackintosh et al., 2011; Rosenheim et al., 2008; Rosenheim et
al., 2013b; Subt et al., 2016). In “highly detrital” sediments, the portion of syndepositionally-
aged carbon is exceedingly small, creating further difficulties in achieving accurate ages. The
potential of sedimentary research in Antarctica is maximized if the effects of detrital organic
carbon in AlIO are reduced, increasing accuracy of AlIO dates. Doing so can expand Antarctic
research not only into improved deglacial chronology, but also into broadened exploration of
regions where typical dating methods have been impractical or ineffectual.

Although dating AIO material can be problematic, proper application to well-understood
stratigraphy and depositional settings has improved our understanding of Antarctic deglaciation.
Advances in using stratigraphic information to ensure more accurate **C using the AlO carbon

have expanded our ability to date sediments without carbonate material (Domack et al., 1999a;
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Domack et al., 1989). AlO *C dating has allowed for advancements such as an unsurpassed
chronology of 43 dates in ~44 m of Holocene sediment in the Palmer Deep (Domack et al.,
2001), constraints on Antarctic Peninsula and Ross Sea Ice Sheet retreat during the Last Glacial
Maximum (LGM) (Heroy and Anderson, 2007; McKay et al., 2008), and can provide limiting
ages for grounding line retreat (e.g. Domack et al., 2005; Leventer et al., 2006; Mackintosh et
al., 2011; Rebesco et al., 2014). Traditionally, AIO material in sediments has been used in
conjunction with constant age offsets, whereby a core-top age is subtracted from all
subsequent downcore ages, as an alternative to the more trusted carbonate “C ages (Andrews
et al., 1999; Domack et al., 1999b; Mackintosh et al., 2011). The subtraction of a constant 1“C
age downcore, however, can result in nonlinear isotopic bias, and is dependent on the
constancy of the proportions of ancient carbon and syndepositionally-aged carbon, which is
unlikely given the ephemeral nature of ice flows (Andrews et al., 1999; Michalchuk et al., 2009;
Pudsey et al., 1994; Rosenheim et al., 2013b; Subt et al., 2016), and on the uncertain
assumption that the reservoir age has remained the same through time (Carlson and Clark,
2012; Stuiver et al., 1986a). Thus, despite refinements in C dating, Antarctic sediment cores
can often lack accurate chronologies.

Methodological improvements in separating pools of organic carbon within the sediment
have been made by employing compound-specific/compound-class diatom-bound *C dating
(Eglinton et al., 1996; Eglinton et al., 1997; Ingalls et al., 2004; Ohkouchi and Eglinton, 2006;
Ohkouchi and Eglinton, 2008; Ohkouchi et al., 2003; Pearson et al., 1998; Yamane et al.,
2014). This technique involves the chemical extraction of specific compounds (biomarkers)
associated with organism-specific processes. Early work utilizing this technique had difficulties
with the large amounts of material required for “C analysis (Ingalls and Pearson, 2005).

Compound-specific *C dating has since been developed more recently for sediments that
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contain greater quantities of the necessary pools of carbon. However, recent work in the Ross
Sea (Yokoyama et al., 2016) and the Wilkes Land Coast (Yamane et al., 2014) illustrates large
uncertainties that result from applying compound-specific 1*C dating to hemipelagic sediments.
Moreover, this approach requires large amounts of sediment for extraction to produce an
accurate chronology.

Ramped PyrOx *C dating has also offered recent advances in separating of pools of
organic carbon through thermochemical degradation (Rosenheim et al., 2008; Rosenheim et al.,
2013b; Subt et al., 2016). In Ramped PyrOx, the least diagenetically stable component of the
sediment is related to the least thermochemically stable (lowest temperature) and is thus

concentrated in the first aliquot of CO, to be collected when temperature is increased linearly.
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2016). Smaller first aliquots have also been downcore except for samples within the top 5 cm,
establishing the highly detrital nature of this core.
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shown to improve the age to match the **C age from carbonate material (Subt et al., 2016).
Ramped PyrOx dating is not without complication, especially for highly detrital sediments. If the
amount of autochthonous, syndepositionally-aged carbon in a sample is too small, it may be
overwhelmed by blank contamination (Fernandez et al., 2014; Santos et al., 2010) or
overwritten by older, pre-aged carbon in larger thermochemically separated samples. It should
also be noted that both compound-specific and Ramped PyrOx dating may still yield an average
age from a mixture of components.

Although many incremental advances have been made to improve the accuracy and
precision of dates from highly detrital samples, much of the research conducted in Antarctic
marine sediments is still highly dependent on the ability to retrieve high-resolution sediment
cores with sufficient carbonate material for dating. Alternative “C dating approaches are
needed to reduce uncertainty of more accurate *C dates from highly detrital sub-ice shelf
sediments. Here, we generate a reliable and meaningful chronology for a sediment core
proximal to the grounding line of the Larsen C ice shelf (LIS-C, Figure 3.1), offering a major
advance involving a manipulation of the Ramped PyrOx approach to minimize precision costs of
previous incremental advances (Rosenheim et al., 2008; Rosenheim et al., 2013b; Subt et al.,
2016). We present two innovations to the Ramped PyrOx approach that allow us to look beyond
the last deglaciation and to address more condensed sediment sequences over the Holocene
that are difficult to date due to a greater mixture of detrital material (Figures 3.1 and 3.2). In
one technique, we apply multiple identical Ramped PyrOx analyses and combine ultra-small
low-temperature aliquots of CO; of the same sample (Composite technique). In the other
techinque, we combine ultra-small low-temperature CO, aliquots with a surrogate of known age

and quantity (Isotope Dilution technique). By developing these alternate techniques and
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improving AlO C dating, future research may be able to delve deeper into regions, time

periods and lithofacies that have precluded dating and adequate understanding.
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Figure 3.2. Comparison of Larsen C age models using conventional, composite, and isotope dilution Ramped
PyrOx techniques as well as measured and calculated AIO ages. Note an additional Beta Analytic data point
extends beyond the depth range shown in this figure. Error bars indicate 10 uncertainty reported in Table 3.2. The
complete data can be found in Tables 1 and 2.

3.4 Methods

3.4.1 Site Locations

This study examines marine sediments from near the LIS-C on the Antarctic Peninsula
(Figure 3.3), one of the most sensitive regions to recent climate change (Vaughan et al., 2001).
Thus, it is important to determine whether the strong climate sensitivity of the LIS-C is purely

the result of anthropogenic warming, or if past climate variability has shown similar trends.
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Other parts of the Larsen Ice Sheet (LIS-B in 2002 and LIS-A in 1992) have disintegrated
rapidly in recent years, garnering public attention and spurring advancement of research
concerning Antarctic glacial advance and retreat (Brachfeld et al., 2003). LIS-C is the largest
and most stable ice shelf of this system, and ice conditions in 2013 allowed a close approach of
the R/V Araon to the ice shelf edge. Sediment cores were taken that were largely considered
sub ice shelf in nature (see below). Interpretation of sediment transport process and
biogeochemistry in these setting is not only interesting from the standpoint of modern ice shelf
environments, but also may relate, as an analog environment, to ocean sedimentation from the

Cryogenian.

3.4.2 Core Description
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Figure 3.3. Map of the study region near the Larsen C on the eastern
Antarctic Peninsula with swath bathymetry data and bedforms of the region
indicated with arrows. The purple circle indicates the location of core
depth of 324 m and is 238 EAP13 GC16B and its accompanying box core, EAP13 BC16A. Adapted from
Lavoie et al. [20151.

the LIS-C (Figure 3.3). It

was taken from a water
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cm long. This location is rather unique in that it has remained under a disintegrating ice sheet
adjacent to the LIS-C, which retreated from this site in the past century (Ferrigno et al., 2008).
Figure 3.4 describes this core graphically, but we offer this brief textual description for
reference. This core consists of four lithologic units: the upper 21 cm of the core is
characterized by sandy diamicton, rich in calcareous microfauna. The interval from 21 to 90 cm
is characterized by finely laminated, sandy-clayey silt. From 90 to 194 cm, the mud consists of
slightly sandy, silty clay. Below 194 cm, a structureless diamicton constitutes the basal unit of
the stratigraphy. The mud intervals (from 21 to 194) are characterized by a systematic bundling
of fine laminations that consist of alternating (rhythmic) intervals of thick and thin couplets (of
silt and clay). Generally, intervals of thinner couplets are thicker and more variable than the
thicker couplet intervals. Horizontal laminations dominate the lower third of the mud interval,
but then are interspersed with inclined bedding, likely indicative of migrating bed forms with
amplitudes of approximately 20—30 cm. Reversals in the direction of inclined bedding are
evident in several intervals. There are finer-scale higher-frequency alternations within the
lamination bundles but these are deserving of a much more detailed analysis than appropriate
to this paper and will be discussed in a subsequent publication. Notably lacking within the mud
facies are any signs of unsorted, coarse sand, or gravel. Also of note are five disconformable
horizons whereby the inclined laminations are abruptly truncated, but notable without any
coarse lag or irregular erosive surface (these are indicated as surfaces D-1 through D-5 in
Figure 3.4). Hence, this core is unique in that most sub-ice shelf muds consist of non-rhythmic
laminations typically interspersed with coarse grains of ice-rafted origin (Domack et al., 2005;
Rebesco et al., 2014). The fine-scale systematic (rhythmic) laminations in this core could
provide annual and even seasonal (varved) time increments on a near-continuous basis.

Therefore, core EAP13 GC16B has great potential as a precise and accurate chronometer for ice
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Figure 3.4. Stratigraphic column for EAP13 GC16B. Blue circle_s indicate carbonate, red squares indicate preliminary
AlO measurements, and yellow triangles indicate RP radiocarbon dates.

mass changes associated with the LIS-C. Yet, due to its overwhelming detrital nature, there is a
challenge in developing a fixed absolute time for what is now a “floating record” of potential
glacial marine varves.

Twelve sediment samples were taken from this core for **C analysis (Figure 3.4). Only
four samples near the top of the core contained sufficient well-preserved foraminiferal tests for

carbonate 4C analysis.
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3.4.3 Carbonate **C analysis

Four samples were taken within the top 14 cm of the core from which sufficient
foraminifera were retrievable for C analysis. All samples were benthic, monospecific
Globacassidulina biora in pristine condition, but the assemblage in general was diverse, well-
preserved, and abundant. Not enough material was present for repeated analyses, thus

precision is based on analytical uncertainty alone.

3.4.4 AIO *C chronologies

Table 3.1. Sample preliminary data for core EAP13 GC16B, including AIO ages analyzed at Beta Analytic. fsa refers
to the calculated fraction of estimated syndepositionally-aged carbon in the sample and was calculated using
preliminary AIO *C measurements and assuming a two-endmember mixing model. T; is the temperature at which
syndepositionally-aged material was estimated to combust.

Depth (cm) 9%TOC AIO Age (**Cy) + fsa 71 (°O)
0 0.315 12500 50 0.2575 288
0 11470 50
32 32960 240
85 0.675 0.0132 270
90 41720 620
95 0.420 0.0141 279

180 40030 510
192 0.795 37880 430 0.0400 338
194 37440 380
210 39460 440

Typically, AlO **C dates produce older ages because they incorporate some amount of
pre-aged material in the sediment. Preliminary AlO **C measurements have been analyzed by
Beta Analytic Radiocarbon Dating Laboratory (Figure 3.2). Freeze-dried bulk sediments were
dispersed and subjected to 2.5 N HCI at 90 °C for a minimum of 1.5 hours and rinsed in
deionized water at 70 °C until neutrality was reached to remove carbonate components prior to
AMS dating. These analyses were pursued to inform decisions of the available
contemporaneously-deposited “C in each sample analyzed by alternate Ramped PyrOx

techniques, as described below. All Ramped PyrOx aliquots analyzed by the three techniques
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described below were sent to the National Ocean Sciences Accelerator Mass Spectrometry
(NOSAMS) facility for 4C/12C ratio determination. High precision measurements were applied for
lowest-temperature Ramped PyrOx (RP1) ages. As preliminary AlO ages were analyzed by Beta
Analytic, a second set of AlO sediment samples were also analyzed at NOSAMS to avoid inter-
laboratory differences and to match the core-depths with those used for Ramped PyrOx
analyses. For comparison, AlO C ages were also calculated from the weighted arithmetic
mean of the spectrum of Ramped PyrOx ages, as they have previously been found to match
measured AlO “C ages (Rosenheim et al., 2013b).

3.4.4.1 Conventional Ramped PyrOx “C analysis. All sediment samples were
processed at the University of South Florida College of Marine Science. Each sample was dried
and homogenized, then pretreated with 1N HCI for ~2 h to remove carbonate material. The
samples were centrifuged and rinsed in deionized water until the pH of the supernatant was
normalized at 7.0. The samples were dried and stored in pre-combusted (525°C, 2 h) glass vials
until analysis. Individual Ramped PyrOx analyses were based on the methods described by
Rosenheim et al. (2008), wherein sediment was weighed out (~100 pmol C based on %TOC
measurements) into pre-combusted (900°C, 2 h) quartz flow-through reactor inserts in between
plugs of pre-combusted (525°C, 2 h) quartz wool. The quartz reactor was inserted into the top
portion of the combustion chamber, and was continuously purged with 35 mL/min of ultra-high
purity (UHP) He, while the combustion chamber was continuously purged with 4 mL/min of
(UHP) O2 in 7 mL/min of (UHP) He to prevent back-flow of Oz into the reactor (Figure 3.5). The
reactor resides within two tubular furnaces, where the top furnace (pyrolysis furnace) is ramped
up in temperature by 5°C/min and the bottom furnace (oxidation furnace) is kept at a constant
temperature of 800°C throughout the pyrolysis reaction. Pyrolysates entrained in He and

flowing downstream were converted to CO- in the combustion furnace on CuO wire. An infrared
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CO. detector (Sable Systems Ca-10) measured the CO> concentration in the mixture of gases as
it flowed to one of two 8-loop borosilicate glass cryogenic traps partially immersed in liquid No.
Remotely controlled pneumatic valves (Luwers) toggled in a way that enabled one trap to
accumulate incoming condensable products from the He carrier gas at atmospheric pressure
while the other was connected to allow expansion into a vacuum separations line for cryogenic
purification of CO, with liquid nitrogen and n-propanol cooled to solid-liquid phase transition
with liquid nitrogen. Purified CO; aliquots were collected and flame-sealed into evacuated pre-
combusted (525°C, 2 h) Pyrex tubes with pre-combusted copper oxide and silver wire (Figure
3.5).

To provide a baseline by which two novel techniques could be compared, Ramped PyrOx
analyses were performed with little change to the originally established approach (Rosenheim et
al., 2008). Subsequent work by Rosenheim et al. (2013b) and Subt et al. (2016) showed that
smaller low-temperature aliquots could improve the dates considerably. Thus, for this study, we
collected the two lowest-temperature aliquots (RP1 and RP2) at sizes of 10-15 pymol, and the
subsequent three CO; aliquots (RP3, RP4, and RP5; see Appendix Table B1) at approximately
23-27 pmol, roughly equally splitting the remaining carbon.

It is important to note that blank contamination (unavoidable admixture of contaminant
CO; into the sample during any analysis) from Ramped PyrOx analysis should be accounted for
in all samples analyzed. The blank contamination for each sample was calculated using

equations based on the derivation of blank correction by Santos et al. (2007):

Sy = 8y + Oy (m;—l]d) + 8y (%) — 8roa (’"mod) Eq. 3.1

U my

2 2 2
2 _ 2 Mdead+Mmod 2 S 2 Sm—8mod
O’(Su - O-SM (1 + my ) + O-mdead (mU + ammod my +

2 [ SmodMmod—SMMdead—OMMmod
O_mU< mo mo m%] ea mo ) Eq' 3.2
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where Jis the fraction modern (Fm) value, as described by Stuiver and Polach (1977), o is

uncertainty, m is the mass, and subscripts and M are the unknown and the measured values
of the sample, respectively, and subscripts dead and mod are *C-free blank and modern blank,
respectively (see Appendix Text C1). Recent studies on modern and dead blank contamination
in the Ramped PyrOx system suggests mmoq is time-dependent, while the Myeas remains the
same over time and is independent of the pyrolysis system (Fernandez et al., 2014). The total

modern carbon in one Ramped PyrOx analysis is 2.8 + 0.6 g (all errors reported are 10). A

proportion of this amount was assigned as the modern blank contamination for each
temperature interval based on the collection time of each aliquot. mas has a constant mass of

1.4 + 0.8 ug and is not time-integrated, thus all 1.4 ug must be applied to each aliquot from a

Ramped PyrOx run.

To surpass the limitations of the Ramped PyrOx method in analyzing ultra-small
fractions of young material in highly detrital sediments (Figure 3.6), we have developed two
technigues to minimize the costs in precision while improving accuracy. For both techniques,
the preexisting AlIO C ages were used to estimate the proportion of material assumed to be
syndepositionally-aged (f4, as shown in Figure 3.6) by assuming a two end-member mixing
model and a linear accumulation rate (see Appendix B2). Initial sample Ramped PyrOx analyses
were also conducted to determine the CO- evolution as well as the percent of total organic
carbon (% TOC) in each sample (Table 3.1). Decomposition rates of organic carbon and
preliminary AIO %C dates were used to calculate the temperature at which the estimated
amount of syndepositionally-aged material combusts (77; see Appendix B2). We inherently
assume in this approach that no pre-aged organic carbon would decompose until all
autochthonous organic carbon had pyrolyzed—this is a necessary oversimplification that enables

our preliminary estimate of the sampling temperature.
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3.4.4.2 Composite Ramped PyrOx 4C analysis. Of the four LIS-C samples collected
for Ramped PyrOx 4C dating, three (85, 95, and 192 ¢cm core depths) had very small fs; thus
the “conventional” 10 pmol RP1 would have incorporated too much pre-aged detrital material.
For these samples, a composite of analyses was performed where equivalent masses were
analyzed each time (100 umol C, as determined by %TOC). RP1 was collected at the same
temperature (7 Table 3.1) each time, and the number of analyses was determined by 74
(Figure 3.5). An additional two aliquots were collected for a portion of the analyses, where RP2
was ~10-15 pmol and RP3 included the remaining material. To reduce analytical error
associated with AMS measurements of small samples, RP1 aliquots of the same sample were
combined (RP1c, Figure 3.5); 10 pmol was decided to be a sufficiently large sample to produce
an acceptably small analytical uncertainty (<10%) based on previous analyses made with the
Ramped PyrOx approach (Figure 3.6) and minimize the number of composite runs that needed
to be combined (each with its own blank contamination). Because the amount of carbon in each
sample is collected in a relatively short amount of time, the time-dependent modern blank
contamination is not very large (Fernandez et al., 2014). However, the resulting modern blank
contamination from mixing multiple aliquots becomes cumulative. In the case of composite
aliquots, mm.s was calculated by taking into account the cumulative, time-integrated proportion
of each individual CO- aliquot. Additionally, m.s Was used as determined by Fernandez et al.
(2014) because only the composite sample was recombusted and subject to the likely source of
14C-free blank contaminants. Due to the complexity of this approach and limited sample sizes,
replicate composite and isotope dilution analyses were not conducted, however, thermographs
of replicate analyses of each sample were compared to determine the reproducibility of sample

analyses.
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3.4.4.3 Isotope Dilution Ramped PyrOx “C analysis. An isotope dilution technique
was applied to equal-sized low-temperature aliquots of the same samples as the composite
technigue for comparison of an independent technique using the Ramped PyrOx approach.
Multiple analyses (composite analyses) were also required for this technique, but the number
was reduced by adding an amount of a diluent, which may be any substance of well-
constrained **C content. We used NBS Oxalic Acid I (Ox-1) as the surrogate for this technique
because it is a modern standard that generally decomposes at lower temperatures than the
estimated 7; for each sample. Multiple analyses were conducted using the same parameters as
those in the composite technique and were combined with individual samples of Ox-I to create
a single ~10 pmol aliquot (RP1,p, Figure 3.5). For each isotope dilution, resulting ages needed
to be corrected for the addition of a diluent to calculate the age of the sample using the

following equations:

8s—8y—f6s

6U—1D = ——f Eq 33
65—6 1 1
G§U—1D = O-fz( sz 9)? + Ggs(l - J_C)z + Ggu(]_c)z Eqg. 3.4

where subscripts U-/D and S are the isotope dilution-corrected unknown and the diluent
respectively, and fis the proportion of the unknown relative to the mixture of diluent and
unknown (see Appendix Text C3). It should be noted that these equations utilize the blank-

corrected unknown (Jdu, osv), thus the blank correction must be applied first before correcting

for the addition of a surrogate. This blank correction was applied in the same manner as was
done for the composite technique.

In this study, the diluent was prepared using Ramped PyrOx analyses in the same
manner as the samples for consistency. Doing so adds slightly to the blank contamination

previously described, but the time of decomposition of Ox-1 is only minutes and not much blank
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will accumulate over that time. In the future, this blank contamination could be reduced by

using closed-tube combustion to extract CO, from the diluent.

Determining how much isotopic
diluent to add to composite Ramped
PyrOx samples involves minimizing the
number of times that the sample needs
to be composited while maximizing
precision. By reducing the number of
analyses per sample, we also reduced the
amount of time spent on the technique
(preparing and compositing multiple
runs), thereby decreasing the mass of
sample required. However, reducing the
number of analyses increases the amount
of Ox-1 relative to the sample and incurs

an increased cost in precision.

3.5 Results
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Figure 3.6. Idealized thermograph illustrating the
evolution of pCO; as temperature is raised at a constant
rate in a situation where the amount of autochthonous OC
may be smaller than a measurable *C sample. Gaussian
modeling has been implemented (G1-G3) to represent the
mixture of multiple organic components incorporated in
the bulk organic sample [Rosenheim et al., 2013]. The
minimum “clean” sample denotes where the lowest-
temperature aliquot can be taken to collect G1 component
without a mixture of the G2 component.

The CO- evolution (thermographs) of all four samples shows interesting trends that

relate to diagenetic and thermochemical stability of each sample (Figure 3.7). Thermographs in

Figure 3.7 have undergone a simple temperature offset to match maximum temperature peaks.

This is to correct for potential technical issues independent of sediment properties, such as

movements of the thermocouples from sample loading between analyses, causing the

thermographs to shift along the temperature ramp. Because the targeted temperature intervals
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Table 3.2. Radiocarbon ages from multiple dating techniques for Larsen C samples. Ages are reported in blank-
corrected '4C years BP and have been calibrated to calendar years BP using Calib 7.1 Marinel3 calibration curve with
AR = 880+30 based on epibenthic foraminifera obtained from the Larsen B embayment (Domack et al., 2005). Total
masses of carbon used for 1“C analysis are included for all Ramped PyrOx analyses. Isotope dilution Fm values and
14C ages have been corrected for the addition of a surrogate using equations 3 and 4. AIO Sediment refers to treated
samples analyzed by NOSAMS.

Mass Calibrated
Depth (umol d'3C Age (**C + Age (yrs +
(cm) Type of ) (%o0) Fm * (10) yrs BP) (10) BP) (10)
0 AlO Sediment -25.93 0.2112 0.0016 12490 50 N/A
85 AlO Sediment -25.06 0.0126 0.0017 35000 1100 N/A
192 AlO Sediment -25.46 0.0137 0.0017 34500 1000 N/A
0 AlO Calculated 0.2990 0.0012 9695 35 N/A
85 AlO Calculated 0.0631 0.0023 22200 290 N/A
95 AlO Calculated 0.0485 0.0019 24310 310 N/A
192 AlO Calculated 0.0348 0.0017 27000 400 N/A
0 Conventional RP1 14.820 -25.64 0.6320 0.0035 3685 40 620 90
0 Conventional RP1 12.315 -24.86 0.6558 0.0043 3390 50 250 80
0 Conventional RP5 6.882 -20.78 0.0173 0.0048 33000 2200 N/A
85 Conventional RP1 11.982 -27.11 0.1316 0.0023 16300 140 16300 180
85 Conventional RP5 18.318 -23.63 0.0060 0.0016 41000 2100 N/A
192 Conventional RP1 13.011 -27.22 0.1148 0.0022 17387 150 17500 200
192 Conventional RP5 11.996 -23.45 0.0114 0.0024 36000 1700 N/A
85 Composite RP1 9.870 -24.75 0.3295 0.0177 8900 430 6600 490
95 Composite RP1 11.370 -25.6 0.2747 0.0171 10400 500 8400 650
192 Composite RP1 8.520 -29.08 0.1540 0.0118 15000 610 14700 860
85 Isotope Dilution RP1 10.190 -21.95 0.3546 0.0187 8300 420 6000 420
95 Isotope Dilution RP1 9.790 -24.43 0.2849 0.0118 10000 330 8000 410
192 Isotope Dilution RP1 11.850 -24.77 0.2017 0.0105 12900 420 11500 470
0 Foraminiferal Carbonate 0.5661 0.0028 4570 40 1660 70
6 Foraminiferal Carbonate 0.5261 0.0023 5160 35 2460 70
10 Foraminiferal Carbonate 0.4447 0.0017 6510 30 4080 70
14 Foraminiferal Carbonate 0.4419 0.0019 6560 35 4140 70

are so small, shifts on the order of a few degrees are significant relative to the slopes of the
thermographs over these short intervals. Samples from 85, 95, and 192 cm depth intervals
possess similar shapes, with only small variations in the height of main peaks. The first distinct
peak occurs at ~390-400°C, and a second main peak occurs between ~480 and 500°C. In the
core-top sample, the main peak occurs at ~370°C, the second smaller peak at ~500°C and they
shift in relative proportion. CO, thermographs also showed some variability between analyses of
the same sample (Figure 3.7). In samples at 85, 95, and 192 cm core depths, the combination
of multiple runs provides us with the opportunity to visualize the replicability of thermograph

shapes when the same sample is analyzed by Ramped PyrOx multiple times in the same
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manner (Williams et al., 2014). Each run was normalized and integrated onto the same
temperature scale for statistical comparison.

All ages are reported in Table 3.2 in both blank-corrected “C years and calibrated years
BP (see Appendix Table B2). All following discussion refers to ages in uncalibrated “C years.
However, the calibration of these ages does not change the overall findings. The Ramped PyrOx
14C ages derived using composite and isotope dilution demonstrate a nearly constant
sedimentation rate downcore (—69 yr/cm). The composite technique yielded ages between
8,900 and 15,000 “C years. The isotope dilution technique yields ages from 8,300 to 12,900 4C
years. The offset between these ages increases downcore. The core-top sample required no
alternate technique to yield an age of acceptable precision, but was dated twice using the

conventional Ramped PyrOx technique and yielded ages of 3390 + 50 (~12 pmol CO) and 3685
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Figure 3.7. pCO, evolution along the temperature ramp for individual sample analyses (indicated in legends by
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+ 40 (~15 pmol CO,) “C years. The analytical uncertainty of these ages increased downcore for

all techniques used. The conventional Ramped PyrOx technique yields the lowest uncertainty,
but oldest ages. The isotope dilution technique yields lower uncertainty for the samples
analyzed (330-420 “C y) than the composite technique (430-610 C y). Carbonates were only
available to date within the first 15 cm of the core, so only the core-top sample can be
compared to carbonate ages. Nevertheless, the Ramped PyrOx ages are younger by ~1050—

1440 ¥C years than the corresponding carbonate ages (Table 3.2 and Figure 3.2).

3.6 Discussion

The results of our AlIO “C dates measured by two different techniques and calculated
from Ramped PyrOx determinations illustrate the ambiguity associated with dating a mixture of
different-aged material. Acid insoluble organic matter was treated differently to remove
carbonates prior to AlO dating due to the fact samples were originally sent to a commercial
laboratory with a different protocol for removal of carbonates. Although only a ~10-4C year
difference was observed between core-top AlO ages, an offset of >3000 years was observed at
192 cm depth (Table 3.2). Previous research has found that calculated AlO C dates based on
the weighted arithmetic mean of Ramped PyrOx 4C dates are similar to measured *C analyses
of the measured AlO dates (Rosenheim et al., 2013b). Yet in this study, calculated AlO dates
are consistently younger than measured values (Figure 3.2). The disparity between measured
values can be attributed to interlaboratory differences, primarily in differing acid-treatment
protocols. Moreover, in samples where the C date is very old, such as AlO in these samples,
small differences in the “C/'2C ratio measured by AMS, caused by process or sample
heterogeneity, can cause large differences in the “C dates (see Appendix Figure B5). The more

rigorous pretreatment protocols used at Beta Analytic may have removed more AlO material,
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thus resulting in older preliminary AlO 4C dates. By contrast, samples that underwent Ramped
PyrOx analyses and used to calculate AIO **C dates were treated with a more dilute acid for a
minimal amount of time. Thus, these analyses showed the best preservation of the most labile
component. Such differences, illustrative of highly detrital sediment and brought forth by
different acid treatments, are prominent in this study due to the age and detrital nature of the
sediments.

Like AlO “C dates, thermographs can also be impacted by small differences in
processing and analysis. We examined the replicability in the initiation of pyrolysis
decomposition in the Ramped PyrOx system and found strong similarities between all samples,
suggesting good low-temperature replicability (Figure 3.7). However, small differences are
evident in all cases, which is most likely be explained by sample heterogeneity. Sample
heterogeneity is mostly accounted for by the large number of identical runs for each sample,
however it follows that samples with fewer runs may not account for small differences between
splits as well. It is important to note that the data from pyrolysis initiation (Figures 3.7b—3.7d)
are highly amplified compared to Figure 3.7a and previous publications showing reproducibility
(Bianchi et al., 2015; Rosenheim and Galy, 2012; Rosenheim et al., 2013b; Williams et al.,
2014). Thus, very small differences in the proportions of different components within a sample
may result in visible thermograph variations. Other possible causes for thermograph variability,
including movement of the thermocouples and changes in sample size, were avoided by,
offsetting the temperature as described in the results and by analyzing equal masses of
individual samples, respectively.

All three Ramped PyrOx techniques discussed in this study (conventional, composite,
and isotope dilution) result in significantly younger dates than their associated AlO “C dates

and thus offer substantial improvement on the AlO “C dating approach. Conventional Ramped
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PyrOx !4C dates are also significantly younger than carbonate dates at core-top samples by
>1000 “C years. But this is likely caused by reworking and lag processes which serve to
concentrate foraminifera of various dates across surfaces of little or no sedimentation (i.e.
Domack et al., 2005; Domack et al., 1999a; Rebesco et al., 2014). In this core, these processes
seemingly acted without leaving any visual clues (broken tests, opacity) that the tests had been
reworked. The offset may also be influenced by inherent chemical differences between planktic
algal material and benthic foraminifera. For example, Ohkouchi et al. (2002) and Uchida et al.
(2005) demonstrated temporal offsets between the two proxies, despite large differences in
study sites, water depth and sedimentation rates. In this study, there was no carbonate
material further downcore with which to compare the AIO chronology, but a previous study by
Subt et al. (2016) shows that the use of a smaller RP1 aliquot for a Ramped PyrOx analysis can
yield similar dates to those derived from carbonate material. Here we demonstrate that in
highly detrital sediments, the use of ultra-small aliquots of the most labile material in the
composite Ramped PyrOx technique improves chronologies at depths where AlO 4C is
overwhelmed by pre-aged detrital material that produces dates clearly too old to be realistic
(Figure 3.2).

Ramped PyrOx “C dates derived using alternate techniques (composite and isotope
dilution Ramped PyrOx) showed significantly younger dates than not only AlO, but also
conventional Ramped PyrOx 4C dates. Nevertheless, there are relatively small differences
between the composite and isotope dilution Ramped PyrOx “C dates. In order to estimate the
amount of CO, to sample at the beginning of the pyrolysis reaction, we assumed that no pre-
aged carbon would decompose until all autochthonous OC decomposed. However, there is no
clear method to rule out the possibility that the material within each single aliquot is still a

mixture incorporating some degree of pre-aged OC. By assuming a *C free endmember, we
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minimize the sample size from the beginning of the decomposition reaction, thereby minimizing
the potential for admixture of pre-aged OC. The fact that these two independent techniques
produce relatively equal chronologies emphasizes their utility in approaching the true date of
the sample by demonstrating that the fraction of pre-aged material sampled in each aliquot, if
greater than zero, is likely not variable.

Interpretation of our determinations of the C content of the extreme low-temperature
end of our thermographs as calibrated radiocarbon ages depends upon our consideration of
these aliquots as mixtures of autochthonous and pre-aged carbon. It is not meaningful to
calibrate ages of mixtures of autochthonous and detrital OC, although we have learned quite a
bit about Antarctic deglaciation from calibrated AIO ages, as calibration relies upon past
variations in the amount of **C in the atmosphere (e.g. Domack et al., 2001). Considering the
potential pitfalls of calibrating radiocarbon ages from samples that we cannot rule out as
mixtures, along with our goal to chronicle the unique sediments from the LIS-C, we only apply
radiocarbon calibration to carbonate and RP1 (Table 3.2). Such an approach is justified because
the improvement of ages of independent ages strongly suggests minimization of the pre-aged
OC in RP1. In other words, the improvement in ages demonstrates that the mixture of pre-aged
detrital material in RP1 is substantially diluted. By comparison, carbonate “C ages show older
core-top ages than Ramped PyrOx *“C ages of equivalent depth, indicating that even carbonate
14C ages can be either mixed with older forams or biased to some degree. Furthermore, it is
important to note that dating of chemical separations of individual compounds (Ohkouchi and
Eglinton, 2006; Ohkouchi and Eglinton, 2008; Yokoyama et al., 2016) does not guarantee zero
admixture of older members of that compound class.

Given that both Ramped PyrOx techniques reported herein result in consistently

improved chronologies, but that sufficient material does not usually exist to allow both, it
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becomes necessary to choose between them in order to to maximize accuracy. Consideration of
the AIO %C age of the sample and the hypothesized age or stratigraphic control of the deposit
in question is important in informing this decision (see Appendix Text B4). If the difference
between AlO “C ages and the stratigraphic control is large, then the target for dating becomes
smaller. In such cases, a larger number of composited runs are required to accumulate
sufficient CO, or C analysis (see Appendix Figure B2). This number of runs, as well as the
%TOC dictates the amount of sample required to accumulate sufficient ultra-small first aliquots
from identical runs to minimize analytical error, as well as the amount of time needed to
complete these runs (see Appendix Figure B3). Moreover, if considering the isotope dilution
Ramped PyrOx technique, the availability of a well-measured surrogate of a known age is, of
course, very important (see Appendix Figure B4).

One of the most important considerations for using these alternate techniques, and a
guiding factor in deciding whether any one of them is even appropriate for a set of given
samples, is the blank contamination associated with combining aliquots from multiple runs (see
Appendix Text B4). Modern blank contamination from Ramped PyrOx is time-dependent
(Fernandez et al., 2014), thus an aliquot collected over a short amount of time has less modern
blank than an aliquot collected over a longer period. *C dead blank contamination results from
recombustion reagents (Ag and CuO), and is therefore applied equally to each aliquot that is
recombusted (Fernandez et al., 2014). This means that the overall blank contamination is more
significant for an ultra-small aliquot than a larger aliquot. When multiple ultra-small aliquots are
mixed as in the alternate techniques, the combined blank contamination can lead to much
greater uncertainty. Recent improvements made on the Ramped PyrOx system have reduced

the blank contamination to 2.8 + 0.6 ug modern C and 1.4 + 0.8 pg dead C (see Appendix

Figure B6). This is a significant improvement over the amounts of blank contamination reported
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by Fernandez et al. (2014), and consequently also provides an improvement on the precision of
our Ramped PyrOx 4C ages. By reducing the uncertainty from blank contamination, we are also
able to combine a significantly larger sum of ultra-small aliquots required for our new
techniques.

Assuming both composite and isotope dilution Ramped PyrOx can produce equally
accurate “C ages and that the necessary resources are available for either technique, the main
deciding factor becomes the precision, or the overall analytical uncertainty resulting from either
technigue. Uncertainties from both techniques increase with age of sample and with the
number of runs composited. Both uncertainties are also subject to change depending on the
difference between the C age of the surrogate and the age of the lowest-temperature dated
material. However, by using the isotope dilution technique, we effectively reduce the number of
runs required to accumulate the necessary amount of CO, reducing the blank contamination
and the analytical error. Nevertheless, the isotope dilution technique also requires the addition
of a surrogate of known age and mass, which propagates additional uncertainty. When small

proportions of the total OC are targeted, necessitating many composites, isotope dilution should
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Figure 3.8. Uncertainty as a function of the number of runs required to accumulate sufficient CO, for precise
14C dating. The fully corrected age of the sample is variable depending on the technique used for Ramped
PyrOx. Above uncertainties are based on the assumption of £=50.7, ds= 1.039, and my = 120 mg C. Values for
blank contamination are as reported in Methods section. For simplicity, an analytical uncertainty of 0.002. Note
the z axis is shown in logarithmic scale.
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likely be favored over composite Ramped PyrOx. Conversely, when the number of runs required
is low (targeted proportion of initial OC is higher), the isotope dilution technique has higher
uncertainty because of additional uncertainty propagation from isotope dilution and composite
Ramped PyrOx should be chosen. This is particularly true for older samples (Figure 3.8). The
position of the uncertainty crossover between composite or isotope dilution techniques depends
on the number of runs required and how the age of the sample and shape of the thermograph
confer to dictate the amount of surrogate used (Table 3.1).

It is important to note that the composite and isotope dilution techniques of Ramped
PyrOx are for highly detrital sediment; not every sample analyzed using Ramped PyrOx may
require these techniques. Many samples may not require multiple runs to accumulate sufficient
CO; for 4C dating, as in the case of the core-top sample in this suite of samples or previous
work (Subt et al., 2016). Just as conventional Ramped PyrOx is an alternative when carbonates
are not available and AlO 4C dating may be problematic, the composite and isotope dilution
technigues are an alternative when the projected amount of syndepositionally-aged material is
too small to be captured in a conventional Ramped PyrOx aliquot (—10-15 pmol CO;) without
influence from the mixture of the age of ancient detritus.

The techniques developed for this study have greatly improved our ability to date highly
detrital samples. Techniques such as isotope dilution are not new and unique to this work, and
it is conceivable that we can use isotope dilution, for instance, at core intervals where there is
some, but not enough, foraminiferal carbonate for a single date. However, similar calculations
and logic to that found in Figure 3.8 would need to be carried out independently to assess the
cost in precision of isotopic dilution for foraminiferal carbonate dates. By using these
techniques, we may ultimately become capable of retrieving more accurate dates for Antarctic

marginal marine sediments not only within periods of high productivity and reduced glacial
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deposition, but within the glacial deposits where dating has so often been precluded. These
technigues would also be applicable to a wide range of problematic sediments in regions

outside of Antarctica with a highly detrital nature.

3.7 Conclusions

We have provided two new alternative techniques for the Ramped PyrOx *C approach
which have improved our ability to date sediments with very low proportions of
syndepositionally-aged material. Both techniques we have described show a large improvement
in the separation of pre-aged detritus from the much smaller syndepositionally-aged fraction not
only for AIO 4C dating, but on conventional Ramped PyrOx analyses as well. Differences in
composite and isotope dilution Ramped PyrOx *C dates may occur due to sample
heterogeneity, blank contamination, and error propagation. Nevertheless, the differences
between the two new techniques are small to negligible relative to the overall improvement in
ages compared to AlO. Careful consideration must be taken when deciding which technique is
most appropriate for a set of samples. The availability of techniques like those described herein
remove limitations on geoscientists working in sediments from the Antarctic margin. Ultimately,
this may allow accurate dating of sediments under ice shelves, glacial tills, or siliceous muds
and oozes buried prior to the LGM. Sub-ice shelf sediments, for example, could serve as a
modern analog for Cryogenian research (e.g. Hoffman et al., 2012; Vincent et al., 2000). It
would also allow researchers to study ice sheet behavior not only during the deglacial period,
but into the glacial period as well. Thus, by using these alternative techniques, we can not only
date Antarctic marine sediments from the LGM to the present, but we can also provide
chronologies beyond these horizons, where highly detrital material has precluded radiocarbon

dating in the past.
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CHAPTER 4:
DEGLACIAL RECORD FROM THE WESTERN ROSS SEA: ROSS ICE SHEET INSTABILITY

DURING THE LGM

4.1 Note to Reader

This chapter is prepared as a manuscript for future publication.

4.2 Abstract

The Ross Embayment is among the most well-studied regions in Antarctica. Despite the
relative abundance of data, the style and forcing of deglaciation of the Ross Sea sector
following the Last Glacial Maximum (LGM) is challenging due to the region’s considerable size,
complex geometry, and difficulties in dating Antarctic glaciomarine sedimentary sequences.
During the LGM, the Ross Sea basin is believed to have been covered by grounded ice that
extended over most of the continental shelf. Marine sediments collected near the Drygalski Ice
Tongue in the western Ross Sea reveal sequences of laminated diatomaceous muds and oozes
interbedded with diamicts. This research has analyzed chronology and paleothermometry
techniques designed to overcome the difficulties of analyzing sediments lacking carbonate
materials and containing high proportions of relict carbon. Improved sediment chronology using
Ramped PyrOx 4C dating shows evidence of a dynamic ice sheet environment in the Drygalski
Trough region during the Last Glacial Maximum (LGM; 20.8 to 26.6 ka BP). Relatively warm

upper ocean temperatures, measured using TEXgs paleothermometry, likely contributed to the

64



instability of the ice sheet. Following this period of instability, the ice sheet re-advanced and
reached its maximum extent, remaining stable until ~8.7 ka BP, when it deglaciated

permanently from the region.

4.3 Introduction

During the Last Glacial Maximum (LGM; 19-26 ka BP), Antarctica’s continental shelves
were covered by large stable ice sheets (e.g. Anderson et al., 2002; Bentley et al., 2014;
Denton and Hughes, 2002). Ice core records show millennial scale warming events through the
late Holocene (EPICA Community Members, 2006), corroborated by marine and terrestrial
records, including ice-rafted detritus (IRD) deposition and sea ice extent (Nielsen and Hodell,
2007), atmospheric temperature (EPICA Comminity Members, 2006) and sea surface
temperatures (SSTs) in the Southern Ocean (Caniupan et al., 2011). Ice core records also
show the last major deglacial transition occurred between peak LGM conditions (—~21 ka BP) to
mid-Holocene warmth (—~9 to 5 ka BP) and constitutes a ~4 °C increase in global mean
temperature) (Annan and Hargreaves, 2015), wherein atmospheric CO, concentrations
increased ~80 ppm (from ~190 ppm to ~270 ppm) (Marcott et al., 2014; Monnin et al., 2014;
Parrenin et al., 2013). During deglaciation, ice on the Antarctic margin retreated through ice
streams with significant variability, and responded asynchronously to forcings including
atmospheric and ocean temperatures, sea level, and retreat patterns (e.g. Bamber et al., 2007;
Livingstone et al., 2012; Smith et al., 2007). A number of mechanisms have been proposed to
explain variable retreat rates across different ice streams, including drainage basin size
(O’Cofaigh et al., 2008), bathymetry (Schoof, 2007), and ice stream geometry (e.g. Dowdeswell

et al., 2008, O’Cofaigh et al., 2008; Shipp et al., 2002).
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Figure 4.1. Map of study region near the Drygalski Ice Tongue (DIT). A. Antarctic continent. Locations of major
ice cores (EDML: EPICA Dronning Maud Land, WDC: WAIS Divide, SD: Siple Dome) and drainage basins (RS:
Ross Sea, WS: Weddell Sea) are shown. B. Western Ross ice Shelf with low resolution bathymetry and locations
of other cores discussed in this study. The maximum extent of the Ross grounding line during the LGM is also
shown in B as estimated in previous studies. C. Multibeam swath bathymetry of the southern Drygalski Trough
with locations of cores DG12 GC06 and RS15 GC16B are shown in C. Yellow dashed line in C indicates the
distribution of a seismic-transparent thin sediment layer on the seafloor composed of Holocene diatomaceous
mud of detectable thickness (> 1m). The distribution of the upper mud layer is limited to water depths > 850 m,
suggesting that reworking may be dominant in water depths shallower than 850 m.
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The marine-based West Antarctic Ice Sheet (WAIS) has a large system of ice streams
and outlet glaciers thought to be vulnerable to collapse due to the rapid removal of ice in these
fast-flowing regions across an over-deepened bed (e.g. Jacobs et al., 2011; Bindschadler et al.,
2003; Bougamont et al., 2003; Joughin et al., 2005; Joughin and Tulaczyk, 2002; Livingstone et
al., 2012; MacAyeal, 1992; Mercer, 1978; Oppenheimer, 1998; Rignot and Jacobs, 2002;
Schoof, 2007; Thomas and Bentley, 1976; Weertman, 1974). Increased water temperatures or
intrusions of warm water onto an ice-covered embayment such as the Ross Sea may contribute
to deglacial changes due to basal melting under an ice sheet (e.g. Joughin and Alley, 2011;
MacAyeal, 1992; Pollard and DeConto, 2009; Rignot and Jacobs, 2002; Schoof, 2007). During
the LGM, the Ross Sea basin was covered by grounded ice primarily fed by the WAIS, that is
thought to have reached ~280,000 km? more than its current extent, covering the majority of
the continental shelf (Figure 4.1) (Anderson et al., 2014; Anderson et al., 2002; Bentley et al.,
2014; Denton and Marchant, 2000; Yokoyama et al., 2016). The presence of large, deep
troughs in the Ross Sea might facilitate early initiation of deglaciation through which ice
streams allowed for faster flow during the LGM, facilitating the rapid removal of ice from the
continental shelf (e.g. Livingstone et al., 2012). Unlike the LGM, the modern Ross Sea is
occupied by the Ross Ice Shelf (RIS), the largest ice shelf in the world (~560,000 km?), and
provides a buttress for large outlet glaciers draining the East and West Antarctic Ice Sheets
(EAIS and WAIS, respectively) (e.g. Denton and Hughes, 2002; Bindshandler, 1998). Collapse
of the RIS could have severe consequences for climate by disrupting Antarctic Bottom Water
(AABW) production and thermohaline circulation (Clark et al., 2002; Stocker, 2003; Weaver et
al., 2003), amplifying regional warming by decreasing Earth’s albedo, and the eventual collapse

of the WAIS (e.g. Alley and Bindschadler, 2013; McKay et al., 2008).
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Figure 4.2. Three existing models of Ross Sea post-LGM deglaciation. (a) The “swinging gate model” is based
on “C dates from three sites along the western Ross Sea and assumes a linear grounding line retreat that hinges
just north of Roosevelt Island (Conway et al., 1999). (b) The “saloon-door model” includes a larger dataset that
includes additional ice streams in the Ross Sea (Ackert, 2008). (c) The “Marine based model uses glacial
morphology and compiles 20 years of multi-beam bathymetry and seismic data throughout the Ross Sea to infer
complex retreat patterns with strong physiographic controls on ice-sheet drainage (Halberstadt et al., 2016).
Figure modified from Halberstadt et al. (2016).

The paleodrainage of the Ross Sea basin is a crucial component to determining the
mode of deglaciation during and after the LGM (Anderson et al., 1992; Greenwood et al., 2012;
Halberstadt et al., 2016; Licht et al., 1999; Stuiver et al., 1981). Three main hypotheses have
been used to explain the mode of Ross Sea deglaciation (Figure 4.2). The earliest hypothesis,
the “swinging gate model,” is so-called because it assumes a linear retreat of the grounding line
hinged north of Roosevelt Island (Figure 4.2.a) (Conway et al., 1999). The “saloon-door model”
incorporates a larger dataset that adds to the complexity of the deglacial reconstruction and
suggests that grounding line retreat resembled two swinging doors (Figure 4.2.b) (Ackert,
2008). Most recently, Halberstadt et al. (2016) proposed the “marine-based model”, which calls
for complex, asynchronous retreat between troughs in the Ross Sea, with strong physiographic
controls on the paleodrainage through ice streams (Figure 4.2.c). This latest glacial geomorphic
reconstruction shows the best agreement with ice sheet and climate models that demonstrate
significant contributions from both EAIS and WAIS to ice flow and suggest deglaciation began

within Ross Sea troughs with strong bathymetric control (Golledge et al., 2014; DeConto and
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Pollard, 2016; McKay et al., 2016). The marine-based model is also supported by new evidence
from multibeam swath bathymetry, which suggests an early retreat of the WAIS from
continental shelves and implies that coastal records account for only the final stages of glacial

retreat in the Ross Sea (Lee et al., 2017a).
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Figure 4.3. Fence diagram of a selection of cores from the Ross Sea
.., illustrating correlations in both lithology and chronology. Ramped PyrOx 4C
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Licht et al. (1996), Licht et al. (1999), Domack et al. (1999a), Cunningham et
al. (1999), Licht and Andrews (2002), and McKay et al. (2008). For ease of
comparison, both Ramped PyrOx and bulk AlO 4C ages are shown for cores
analyzed in this study. Locations of cores are shown in Figure 4.1.
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Sediments in the western Ross Sea typically demonstrate a well-established retreat
sequence (Figure 4.3) (Domack et al., 1999a; McKay et al., 2008). The base of this succession
consists of muddy diamict interpreted as melt-out from basal debris proximal to the grounding
line. Overlying this unit is a terrigenous mud interpreted as sub-ice shelf deposits. The top of
this sequence consists of diatom mud and ooze indicative of open marine conditions. Variations
of this sequence are indicative of a more dynamic environment, and can be found throughout
the Antarctic margin (e.g. Licht et al., 1996; Licht et al., 1999; Smith et al., 2010). Cores
collected within the Drygalski Trough in the western Ross Sea contain sediments that present
an opportunity to examine the retreat and behavior of the WAIS through the last deglaciation.

The Drygalski Trough is the westernmost trough in the Ross Sea, and contained the largest and
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deepest paleo-ice stream of the Ross Sea where the EAIS and WAIS joined during the LGM;
however, the respective contributions of the EAIS and WAIS in this region is still subject to
debate (Anderson et al., 2014). Recent findings by Lee et al. (2017a) provide a context in which
to study this depositional setting. Sediments within this region show interbedded diatom ooze
and diamicton layers underlying the typical glacial to interglacial transitional facies (Lee et al.,
2017b). Similar sequences have been sampled in the Prydz Channel, which drains the Lambert
Glacier-Amery Ice Shelf (LG-AIS) (Domack et al., 1998; Guitard et al., 2015). These unusual
lithological sequences may be indicative of multiple periods of retreat and re-advance of the
Ross Ice Sheet during the last deglaciation.

This research analyzes periods of retreat and re-advance recorded in sediments from the
Drygalski Trough using a compilation of dating, paleotemperature and grain size analyses to
improve understanding of the timing and mechanisms forcing regional ice retreat. The timing of
ice retreat remains ambiguous largely due to the many difficulties in measuring *C reliably in
Antarctic sediments, with existing estimates ranging between 8.5 and 11.5 **C ka BP (e.g.
Kellogg et al., 1979; Licht et al., 1999; Licht et al., 1996; McKay et al., 2016; McKay et al.,
2008; Shipp et al., 1999). Ramped PyrOx “C dating targets young labile organic material
contained in the sample through thermochemical separation of components (Rosenheim et al.,
2008). Recent studies have shown its applicability to dating Antarctic sediments from a wide
variety of settings (Rosenheim et al., 2008; Rosenheim et al., 2013b; Subt et al., 2016; Subt et
al., 2017). In carbon-poor settings with low sedimentation, such as sub-ice shelf environments,
advanced techniques can be applied to the Ramped PyrOx approach to more accurately date
these sediments (Subt et al., 2017).

The behavior of ice sheets is inherently linked to climate and water mass conditions,

though our understanding of the extent and timing of its response to environmental changes is
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still limited. Ice sheet instability may have been the result of climate and water mass conditions,
which are known to be an important driving mechanism for ice dynamics due to basal melting
(e.g. Pritchard et al., 2012). Although ice core reconstructions have provided insight into past
atmospheric temperature fluctuations, ocean temperatures proximal to Antarctica’s ice sheets
are largely unknown because most paleothermometers depend on the availability of biogenic
carbonate. The TEXgs (TetraEther indeX of tetraethers consisting of 86 carbon atoms)
paleothermometer is based on relative abundances of glycerol dialkyls glycerol tetraethers
(GDGTSs), membrane lipids from the pelagic marine archaea, Thaumarchaeota, and has shown
promising results for reconstructing Antarctic-margin sea surface temperatures (SSTs) (e.g. Kim
et al., 2008; Kim et al., 2010; Liu et al., 2009; Schouten et al., 2002; Shevenell et al., 2011;
Tierney and Tingley, 2014; Tierney and Tingley, 2015). To determine the effects of ocean
temperature on ice dynamics in the Drygalski Trough during the last glacial cycle, this we
reconstruct upper ocean temperatures using TEXgs paleothermometry. Results provide insights
into the timing of ice retreat and suggest a role for the intrusion of warm waters into the trough
as a potential cause of observed glacial instability in the western Ross Sea during the LGM and

deglaciation.

4.4 Methods

4.4.1 Geologic Setting

The Drygalski Trough, which is adjacent to the Drygalski Ice Tongue (DIT), in the
western Ross Sea is one of seven cross-shelf glacially sculpted troughs in the Ross Sea, which
formed over remnant bathymetric lows from extensional tectonics that led to the formation of

the modern Ross Sea (Lawver et al., 1991), leaving a path for ice streams to flow through
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preferentially (Anderson and Andrews, 1999; Cooper et al., 1991). Its maximum depth is ~1500
m within the trough near the Drygalski Ice Tongue (Brambati et al., 1997), making it the
deepest trough and the site of the thickest grounded ice in the Ross Sea during the LGM
(Anderson et al., 2014). During the LGM, the region was fed by merging ice streams from EAIS
outlet glaciers north of Ross Island (Anderson et al., 2014; Licht et al., 1999), and the David
Glacier from the WAIS. The David Glacier is one of the major outlet glaciers of the modern Ross
Sea embayment (Licht et al., 1999), making it an important location for constraining ice extent
and regional response to climate forcing. Previous research conducted in the western Ross Sea
seeking to understand post-LGM deglaciation was hampered by the limited availability of
carbonate microfossils for 1*C dating and regions where bulk AlO **C dates show only minimal
effects (usually in the form of older C ages than from other sources) from the incorporation of
older carbon (e.g. Anderson et al., 1991; Licht et al., 1996; McKay et al., 2016).

High-resolution multibeam swath bathymetry generated during the 2015 R/V Araon
expedition (Figure 4.1) shows glacially-scoured seafloor at these sites, including mega-scale
glacial lineations (MSGLs) running parallel to the Drygalksi Trough (Figure 4.1.C), indicating that
a large ice sheet flowed in a north-south direction, and the depth of these flow lines indicates
fast ice flow in this region. Grounding zone wedges (GZWs) perpendicular to flow lines indicate
past ice sheet extent. A GZW is visible just south of the study sites (Figure 4.1.C), suggesting
ice was grounded proximal to the study sites. The bathymetry of this region will be more

thoroughly discussed in future publications by Lee et al. (unpublished).

4.4.2 Sediment Core Descriptions
Cores DG12-BC06 and -GC06, and RS15-GC16B were collected onboard the R/V Araon

during the 2012 and 2015 Korea Polar Research Institute (KOPRI) expeditions, respectively, and
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subsequently stored and sampled at the KOPRI repository. Cores BCO6 and GC06 (75° 39.5684’
S, 165° 23.8382’' E) are a box core (.34 m) and a gravity core (3.96 m), respectively, both
collected at 859 m water depth. Core GC16B (75° 39.57' S, 165° 29.4282' E) is a gravity core
that is 5.56 m long and was taken at 848 m water depth. The sites of GC06 and GC16B are only
272 m apart (Figure 4.1). These three cores were collected from two sites adjacent to the
Drygalski Ice Tongue and display similar lithology, where samples were taken from key
lithologic features of glacial retreat from each of these cores. Cores GC06 and GC16B both
display interbedded diatom ooze and diamicton units.

Sediment analyses for water content, grain size, X-radiography, and magnetic
susceptibility were conducted at the Korea Polar Research Institute to identify lithologic units
within each core (Figure 4.3). The upper 3 cm of core BCO6 consist of dark gray mud with high
water content and smaller grain sizes. From 3-34 cm, a diatom mud and ooze layer shows
constant high water-content, larger grain sizes and lower magnetic susceptibility. The upper 88
cm core-depth of core GCO6 contains the highest water content and % TOC, smallest grain
sizes, and lowest magnetic susceptibility in the core. Sediments in the underlying unit (from 88
to 127 cm core-depth) consist of sandy diatom mud and contain slightly lower water content
than the overlying diatom ooze, as well as generally increasing magnetic susceptibility,
increasing grain sizes, and rapidly decreasing % TOC. Underlying this layer is a dark gray mud
(127 to 172 cm core-depth), which contains even lower water content than the overlying
diatom mud, larger grain sizes, slightly higher magnetic susceptibility and the lowest % TOC
found in this core. A muddy gravel layer (172 to 362 cm core-depth) nearly identical in water
content and % TOC underlies the dark gray mud and shows decreasing grain size, and
decreasing magnetic susceptibility. Due to the similarity of the dark gray mud and muddy gravel

layers and the lack of visible stratigraphic difference between them (Figure 4.4.A), we identify
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these two units together as diamicton, which is mostly stratified due to varying content of

volcanic materials. From 362 to 393 cm core-depth in GC06, a second diatom mud and ooze

DG12-GC06 RS15-GC16B RS15-GC16B

unit shows relatively high water-content,
159-189 cm 216-244cm  244-274cm

small grain sizes, low magnetic
susceptibility, and relatively high % TOC.
The upper 130 cm of core GC16B
consists of diatom mud and ooze, and
sediments from 130 to 150 cm core-depth
consist of diatomaceous mud, which we
assume coincide with the corresponding
units in core GCO6, given the proximity of
the two cores, and the similarity in water

content, magnetic susceptibility and %

TOC trends. From 150 to 225 cm core- . : . ;
Figure 4.4. Select x-radiograph images from cores DG12-

GCO06 and RS15-GC16B. A. Transition of dark gray mud to
muddy gravel in core GCO6 show indistinguishable
lithologies interpreted as diamict. B and C. Thrust-like
unit with low water content, %TOC values, deformation at basal contact diamict ~251 cm core-depth.

depth, sediments consist of a diamicton

and magnetic susceptibility. Laminated diatom mud and ooze layers containing occasional
pebbles are interbedded with diamicton layers from 225 to 367 cm core-depths. The basal
contact of one of these diamictons shows a thrust-like deformation consistent with a proximal
grounding line or slump deposits (251-253 cm core-depth; Figure 4.4). Ramped PyrOx 4C
analyses of samples in this core above and below this contact were used to test if it was
deposited in situ or transported. Whereas sediments deposited in chronological order are likely
deposited in situ, slumps or other deformational processes would likely result in age reversals or

large contamination of relict organic material.
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4.4.3 Chronology
Samples taken from each core contain insufficient carbonate microfossils for C dating or 620
measurements. To compensate in such a situation, the bulk AlO fraction of the sample is
typically used for dating instead, but this approach is not reliable for dating in highly detrital
settings such as the western Ross Sea, where pre-aged organic material can bias or even
overwhelm the age of sediment from transitional ice shelf and grounded glacial sediments (e.g.
McKay et al., 2008). A more accurate dating tool is Ramped PyrOx *C dating, which separates
organic carbon from different sources based on their thermochemical characteristics
(Rosenheim et al., 2008). Preliminary AlO “C ages were analyzed by Beta Analytic Radiocarbon
Dating Laboratory, and were used to determine the proportion of syndepositionally-aged carbon
in the sample (fsa) using equations described by Subt et al. (2017), wherein a two-endmember
mixing model was used to predict the proportions of labile and relict components within each
sample (Table 4.1, Appendix C1). It is typically assumed the relict component is devoid of *C,
or C-dead. Here, to ensure the highest possible accuracy in the ages was achieved,
conservative estimates of the age of the labile component were based upon the lithology and
character of each sample. Samples from key lithologic units were then targeted for more robust
conventional Ramped PyrOx *C dating: for those samples where fsa values resulted in less than
10% of the total AIO carbon, composite Ramped PyrOx “C dating was also applied to sample
ultra-small splits of labile organic carbon and offset the effects of very high proportions of relict
organic carbon. However, it should be noted that fsa values can only be considered estimates of
the proportion of the thermochemically labile component in any given sample and thus rely
upon robust assumptions of the ages of labile and relict components of the sample. For cores

BCO6 and GCO06, samples from the upper 172 cm, where lithologies ranged from diatom ooze
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and sandy diatom mud to dark gray mud, the age of the labile component was assumed to be
10 C years. This is a highly conservative estimate, even for a core-top age, due to additional
effects on organic carbon from old reservoir ages in Antarctic waters, as well as potential
reworking of sediment. In samples from lower diatomaceous units, the age of the labile
component was assumed to be equivalent to the lowest-temperature conventional RP *C age of
the nearest up-core sample (—8800 “C y). This same assumption was used for all dated
samples from core GC16B, where no preliminary dating was applied. Additionally, the AIO 4C
age of these samples was assumed to be older than the oldest-dated sample from core GC06
(—40,000 “C years) as an additional conservative estimation for fsa. The temperatures of
reaction for fSA, T1, were calculated for samples analyzed using RP, and are listed in Table 4.1

(see Appendix, C2).

Table 4.1. Sample preliminary data for cores BC06, GC06 and GC16B. AlO 4C ages for samples from BC06 and
GCO06 were measured at Beta Analytic while those from GC16B are estimations based on core GC06 and previous
research.

Core Depth (cm) 9% TOC AlO Age (**Cy) * fsa T1 (°C)
DG12 BCO6 0 1.38 3910 30 0.6154 484.3
DG12 GCO6 20 5280 30 0.5189
DG12 GCO6 40 6620 30 0.4392
DG12 GCO6 60 1.09 7190 30 0.4091 425.7
DG12 GCO6 80 7950 30 0.3722
DG12 GCO6 100 9640 40 0.3016
DG12 GCO6 119 0.44 14130 50 0.1724 354.4
DG12 GCO6 127 0.45 12060 50 0.2231 370.2
DG12 GCO6 172 30140 170 0.0437
DG12 GCO6 370 0.92 35650 280 0.0353 259.6
DG12 GCO6 376 32500 220 0.0523
DG12 GCO6 383 1.08 39250 410 0.0226 242.0
RS15 GC16B 240 0.79 40000* 0.0186 248.9
RS15 GC16B 253 0.74 40000* 0.0186 246.8
RS15 GC16B 306 0.69 40000* 0.0186 239.7
RS15 GC16B 365 0.71 40000* 0.0186 240.9

* AlO “C age was not measured for these samples. Reported age is assumed based on previously-dated samples
and conservative estimates.
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It is important to account for the different sources of uncertainty for *C dates in this
study. Blank contamination (the mixture of contaminant CO- in the sample during analysis) was
corrected for using the equations derived by Subt et al. (2017) for both conventional and
composite Ramped PyrOx analyses. The total modern carbon in one Ramped PyrOx analysis is

2.5 + 1.4 ug. A proportion of this amount was integrated over the time required to collect each

aliquot and applied to each individually. The total dead blank, which is not time-integrated, is

1.8 + 1.5 pg and was applied whole to each aliquot (Fernandez et al., 2014). There is an

inherent bias in any C dates of sediments incorporating some amount of relict organic material
due to the mixture of components from different regions and time periods. The effects of
diagenesis can preferentially impact the labile organic component targeted for Ramped PyrOx
14C dating. However, “C dates in this study match within error between cores, thus it is
unlikely diagenesis significantly biased these data, as these effects would likely result in widely
different measurements between two cores analyzed. Sediments deposited proximal to the
grounding line may also incorporate higher proportions of relict organic material, thus biasing
the age of the sediment. We limit the effects of this admixture by applying Ramped PyrOx to
the sediments, thus providing a more effective separation of organic components in the

sediments.

4.4.4 Paleotemperature Reconstruction

We have reconstructed regional paleotemperatures using TEXgs to investigate how
ocean temperatures may have correlated with ice dynamics in the Drygalski Trough during and
after the LGM. Freeze-dried samples were prepared according to methods established by
Schouten et al. (2007) and Huguet et al. (2010) at the University of South Florida, wherein

archaeal GDGTs were extracted through ultrasonification with dimethanol/dichloromethane
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(DCM; 1:1, v/v), repeated with DCM. The extracted supernatants were dried under a stream of
N2, rinsed 3x with DCM, dried again with N, then refrigerated. The compounds were then
filtered with a PTFE 0.4um filter in DCM solvent before being injected into an Agilent 1200 high-
performance chromatographer (HPLC) coupled to a Varian 352 Mass Spectrometer (MS),
equipped with an autoinjector and ChemStation chromatography manager software. Separation
of the GDGTs used to generate the TEXgs index was achieved on a Prevail Cyano column
(2.1x150mm, 3um), maintained at 30°C. GDGTs were eluted isocrastically with a
hexane:isopropanol (99:1, v/v) mobile phase for 5 minutes, then using a linear gradient of up
to 1.8% isopropanol for 45 minutes with a flow rate of 0.2 mL mint. GDGTs were detected
using positive ion APCI of the eluent by single-ion mode detection (SIM) on the HPLC/MS. Peak
areas from extracted ion chromatograms were manually integrated to calculate the TEXgs index

using equation 4.1 as defined by Schouten et al. (2002):

[6DGT-2]+[GDGT—3]+[GDGT—5]

TEXge = [GDGT—-1] +[GDGT—2] +[GDGT—3] +[GDGT—5]

Eq. 4.1

Due to a latitudinal bias in global calibrations, regional calibrations for polar regions are
often necessary (e.g. Kim et al., 2010; Pearson and Ingalls, 2013; Tierney and Tingley, 2014;
Tierney and Tingley, 2015). In this study, TEXgs values were converted to absolute
temperatures by applying a linear calibration developed by Shevenell et al. (2011), which
includes Antarctic samples, produces core-top temperatures similar to the expected modern
temperatures as well as a realistic range of temperatures downcore (see Appendix, C3).

The TEXss paleotemperature proxy is limited by the availability of GDGTs extracted from
the sample to resolve chromatographic differences that result in well-defined ratios. However, it
should be noted that some degeneration may occur over time; thus, it was sometimes

necessary to use very large samples from the lower diatomaceous 0oze units to extract
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sufficient GDGTs for accurate measurement. Error was determined using the calculated TEXgs
index of samples extracted and run in duplicate and triplicate.

There are several different sources of uncertainty for TEXgs measurements. Temperature
measurements from TEXgs paleothermometry may be biased by mixing components from
different sources. A number of recent studies suggest the TEXss index in the marine water
column may reflect not only changes in temperature, but also other environmental factors
(Elling et al., 2014; Elling et al., 2015; Hurley et al., 2016; Qin et al., 2015). Thaumarchaeota
alter their cell permeability with the addition and removal of cyclopentane and cyclohexane
rings (Konneke et al., 2014; Valentine, 2007) in response to environmental conditions (e.g.
Elling et al., 2014; Elling et al., 2015; Hurley et al., 2016; Ingalls, 2016; Qin et al., 2015).
However, these conditions are more likely to be consistent through time in a single location
than over a wide variability of regions. Additionally, TEXss values produce a good fit with linear
global calibrations (e.g. Kim et al., 2008; Kim et al., 2010; Liu et al., 2009; Schouten et al.,
2002; Shevenell et al., 2011), all of which produce the same trends, but vary in absolute values.
Diagenesis can also alter TEXgs indices through isomerization of crenarchaeol (Shah et al.,
2008), resulting in warmer temperature estimates. However, like C dates, TEXgs indices match
between cores within the range of uncertainty, indicating diagenetic effects are unlikely to have

significantly biased data from this study.

4.5 Results

Overall, thermograph shapes used for **C chronology were consistent within lithologic
units (Appendix, Figure C2, C3). For example, Samples GC06 0 and 60 cm were both sampled
from the upper diatom mud and ooze layer, and display almost identical shapes. Samples GC06

119 and 127 cm were both sampled from the sandy diatom mud, and are also fairly similar in
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shape, but were subject to decreasing yields with depth due to decreasing %TOC in this
sedimentary unit (Appendix, Figure C2). Moreover, all samples from the lower diatom ooze units
at both sites display very similar thermograph shapes with only some minor differences in the
distributions of components within each sample.

Core top sediments of BCO6 yielded temperatures of ~0.8 °C (~1730 “C years ago). In
the upper diatom ooze unit of core GC06 (88 to 127 cm core-depth), temperatures remain
relatively constant, with a generally decrease of < 0.5 + 0.3 °C by ~5000 **C yrs BP.
Temperatures then warm again by ~3.5 = 0.6 °C through the sandy diatom mud underlying

this unit by ~8000 **C yrs BP and cool by ~3.2 + 2.0 °C ~8740 *C yrs BP. No temperatures or

ages were measured within the diamicton due to very low %TOC. The lower diatom ooze unit
shows a significant decrease in temperatures of ~3.0 £+ 1.0 °C between ~23800 and ~21100
14C years ago. In core GC16B, TEXss was not measured within the upper diatom ooze through
diamict sequence as these were assumed to coincide with the upper diatom mud and ooze units
of core GC06. However, TEXgs was measured in lower diatom ooze layers from 225 to 367 cm
core-depths, and yielded temperatures ranging from ~2.3 to ~3.7 = 0.7 °C (—~20890 to ~26570

14C yrs BP), and well with values from the lower diatom ooze in core GCO6.

4.6 Discussion

4.6.1 Evaluating Core Chronologies

Preliminary bulk AlO “C dating applied on 12 samples from core DG12 GCO06 (Table 4.1;
Appendix, Figure C4), resulted in age reversals and large biases towards older ages, implying
some mixture of relict, detrital carbon. Subsequent conventional RP 1“C dates on 6 samples of

the same core were applied to examine the original AIO chronology (Appendix, Table C3, Figure
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Figure 4.5. Sediment analysis and core descriptions for cores DG12-BC06 and -GC06 and RS15-GC16B. 4C

ages are shown as blank-corrected, uncalibrated Ramped PyrOx ages. Temperatures are shown using a linear
Southern Ocean calibration (Shevenell et al., 2011). Uncertainty in temperature is based on duplicate and
triplicate measurements of TEXgs values. Note the core-top temperature value of BCO6 is shown also in GC06 for
simplified comparison. Magnetic susceptibility (MS) is shown in SI units (x 105).
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C4). In all cases, RP1 “C resulted in younger dates than in AIO “C. Conventional RP *C dates
in the upper 127 cm of the core, within diatom mud and ooze layers, show multiple consecutive
low-temperature splits are within error of each other- a pattern we refer to as “age plateaus.”
The presence of these age-plateaus indicates there is little mixture of detrital material in the
lowest-temperature aliquots and the RP1 ages are approaching the “true age” of the
syndepositionally-aged material. Further down-core, these ages showed evidence of being
highly detrital, as there is a large difference between the ages of the first two RP aliquots, and
the calculated AIO %C ages are very old. These bottom samples were reanalyzed using
composite RP #C dating (Subt et al., 2017). Conventional and composite RP C dates are
within 1 standard deviation of each other throughout core GC06, which implies that for these
samples, conventional RP C ages provide equal accuracy as composite RP. If the conventional
RP1 splits were subsampled, it is likely that all splits within this interval would result in ages
within error of each other. This lends confidence in the assumptions made for dating samples
within these lower diatom ooze units, not only in core GC06, but also core GC16B, where no
preliminary bulk AlO “C ages were available.

The existence of a deformational contact was evaluated using Ramped PyrOx 4C
analyses. A slight age reversal exists in the samples above and below this layer, which likely
reflects a thrust-like deformation of the overlying diamicton (Figure 4.4). Such an increase in
detrital material would bias the age of RP1 towards older ages, but have no effect on the
remaining chronology. Indeed, the age of the uppermost sample is older than the underlying
diatom ooze sediments, suggesting that sediments overlying the deformational contact were
transported, either through slump deposits or proximity to the grounding line. Laminated
sediments underlying this contact display ages in chronological order, and are in agreement

with lower diatom ooze ages from core GCO06, suggesting that sediments underlying the
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deformational contact were deposited in situ. The ages of these samples may also be biased by
bioturbation and/or reworking. However, the presence of well-preserved laminations within
these diatom ooze and mud layers (intervals between 225 and 367 cm core-depth in core
GC16B) indicates that bioturbation and reworking are not likely to have effected major changes
on the sediments. The range of ages of lower diatom ooze samples in cores GC06 and GC16B
are comparable, suggesting these ages are relatively accurate.

In a complex setting like the southwestern Ross Sea, where there is much evidence for
the inclusion of multiple sources of organic carbon in the sediments, it is important to
investigate and compare the available tools for analysis. Whereas Ramped PyrOx separates
organic carbon from different sources based on their thermochemical characteristics,
compound-specific 1*C dating exploits the heterogeneity of 1*C contents in sediments at the
biomarker level. Both approaches have shown significant improvements on bulk AIO C ages
(Eglinton et al., 1996; Ohkouchi and Eglinton, 2006; Rosenheim et al., 2008; Subt et al., 2016;
Subt et al., 2017; Wang et al., 1996). Several studies have successfully measured *C ages in
the Ross Sea and show core-top ages are generally older than the ~1730 “C y core-top age of
this study (Ohkouchi and Eglinton, 2006; Ohkouchi et al., 2003; Yokoyama et al., 2016).
Downcore ages are more difficult to compare due to variable lithologies and accumulation rates
found throughout the Ross Sea. However, the older core-top compound-specific ages suggest
that the assumption that the biomarkers used for compound-specific analysis did not exist at
the time that detrital material in these sediments was created is inaccurate. Analysis of specific
biomarkers also requires significantly larger sample sizes (up to 350 g of dried sediment;
Ohkouchi et al., 2003) than even composite Ramped PyrOx (<2 g). However, it is also

important to note that the distance between sites measured with compound specific and
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Ramped PyrOx approaches may influence this comparison, i.e. it is not a direct comparison

given the small-scale regional differences in sedimentation patterns.

4.6.2 Constraints on the Timing and Style of Ice Retreat

Changes in temperature revealed through TEXgs paleothermometry reveal interesting
patterns in relation the lithologic sequence of the cores in this study. This is most evident in
core GCO6, where TEXgs was measured through several lithologies (Figure 4.5; Appendix, Table
C2). The past ~5.0 C kyr have been characterized by generally slow warming upper ocean
temperatures in the Ross Sea (from ~-0.1 to ~0.8°C). Apparent temperatures show relative
cooling ranging from ~3.7 to ~-0.1 °C from ~8.0 to ~5.0 ka BP. These conditions were
preceded by rapid warming (from ~0.4 to ~3.7°C) ~8.7 to ~8.0 1“C ka BP, and cooling through
the preceding ~3 C ka BP. Although we were unable to measure temperatures from
diamicton stages due to the scarcity of organic material through these time periods,
temperatures are remarkably warm through lower diatom muds and oozes underlying and
interlaminated with diamicton layers, which are inferred to be periods of open-water conditions
~20.8 to 26.6 “C ka BP. In the most recent deglaciation, the warmest temperatures occur prior
to the deposition of diatom oozes, suggesting that warm temperatures played an important role
in ice retreat.

Warm temperatures in the western Ross Sea during the LGM may be linked to CDW
impinging on the continental shelf. In modern Ross Sea conditions, the strong, westward-
flowing Antarctic Slope Current (ASC) is the major division between the Antarctic Surface Water
(AASW) on the Ross shelf and the CDW on the lower continental slope (Smith et al., 2012). The
ASC limits the transport of CDW and modified CDW (mCDW) onto the shelf (Ainley and Jacobs,

1981; Orsi and Wiederwohl, 2009; Whitworth et al., 1998). Nevertheless, heat and salt
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budgets, the regional sea ice cycle, and primary productivity in the Ross Sea are all highly
dependent on CDW transport to the shelf (Smith et al., 2012). Weakening ASC, caused by
fluctuations in Southern Hemisphere Westerly Winds speed and position, could allow for greater
on-shelf CDW transport (Dinniman et al., 2012; Dinniman et al., 2011; Spence et al., 2014).
The improved chronology in these cores illustrates more dynamic ice behavior during
Holocene retreat than previously reported, supporting recent sedimentary evidence of spatial
complexity (Halberstadt et al., 2016). Reconstructions of ice sheet extent have estimated post-
LGM grounding line retreat through the western Ross Embayment reached the latitude of the
Drygalski Ice Tongue ~12,275 uncorrected **C yr BP (9,850 cal yr BP; Anderson et al., 2014;
Cunningham et al., 1999). The Drygalski Ice Tongue itself likely formed at least ~4 kyrs ago,
based on “C dates of penguin guago (Baroni and Orombelli, 1994), thus this feature was not
present at the time of deglaciation. The calculated and measured bulk AlO **C age of sediments
in the same relative stratigraphic position in this study show a similar result (12,295
uncorrected *C yr or 9,853 cal yr BP; Table 4.1, Figure 4.5). Our RP *C chronology places the
most recent retreat of the grounding line past the Drygalski Ice Tongue by ~8,740 C yr BP
(—=7540 cal yr BP after applying the standard 1200 yr reservoir-age correction for this region
applied to previous dates (Cunningham et al., 1999)). Although the reservoir age has likely
changed over time, no *C dating technique on marine sediments can resolve potential changes
in reservoir age due to the inherent bias from surrounding waters. As previous estimates of the
timing of the latest grounding line retreat rely on marine bulk AlO “C dates along the western
Ross Sea, which are known to be problematic (e.g. Andrews et al., 1999; Cunningham et al.,
1999; Licht et al., 1999; Licht et al., 1996; McKay et al., 2008), updated Ramped PyrOc 4C
dates in this study produce a more accurate chronology of retreat and offer insights into the

dynamic ice retreat style.
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Four distinct laminated diatom ooze layers were measured in core GC16B, which were
used to resolve the timing of individual retreat sequences. The bottommost two 0oze units
show no significant difference in *C dates, thus with the exception of the topmost diatom ooze
layers, which overlies a deformational contact, *C dates of laminated diatom oozes in this core
are in chronological order. The older **C age of the topmost diatom ooze layer, which also
coincides with C dates of the bottom two ooze layers is probably the result of deformation of
this layer, possibly due to slumping sediments, which would likely preserve laminations, but
result in an age reversal due to transport of sediment facies. There is no evidence that
sediments underlying the deformation contact underwent any effects from deformation or
transport, thus these sediments are interpreted to have been deposited in situ. Bulk AIO #C
dates of the same sediments showed a very different chronology, with the youngest age
occurring in the lowermost diatom ooze layer (Appendix, Table C3). However, advanced
Ramped PyrOx “C dating was able to resolve the timing of individual retreats by removing the
effects from changing proportions of relict organic material. The combined chronology and
paleotemperature record can provide a great deal of information about the dynamic Ross ice
sheet behavior through the LGM.

It has long been assumed that a stable ice sheet covering the Ross Embayment was at
its maximum thickness and extent during the LGM (e.g. Anderson et al., 2014; Halberstadt et
al., 2016; Kellogg et al., 1979; Licht et al., 1999; Licht et al., 1999; Mosola and Anderson, 2006;
Shipp et al., 1999). The existence of several retreat sequences dated between 20.8 and 26.6 ka
BP provides clear evidence to contradict this notion, of retreating and re-advancing ice during
most of the LGM. These findings are supported by a growing body of evidence for ice sheet
instability in the Ross Sea during the LGM, for which the implications have been largely ignored

or misinterpreted. Licht et al., (1996; 1999) argued that ice on the middle and outer continental
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shelf of the western Ross Sea was not grounded prior to and during the LGM. Tephra layers,

which could only occur in open-water conditions, occur near Coulman Island. As tephra layers

themselves cannot be dated, **C above and below these layers were used to determine their

deposition between 22 and 26 ka BP (Figure 4.5; Licht et al., 1999). Further south, uncorrected

14C dates of bulk organic material underlying diamict sediments along the Drygalski Trough

coincide with calculated and measured bulk AlO C ages of LGM retreat sequences in this study

(Cunningham et al., 1999). Similarly, grounding line retreat in the middle shelf of the eastern

Ross Sea sector was found to have begun ~27.5 ka BP (Bart and Cone, 2012), prior to the

LGM; however, no mechanism was offered to explain this early retreat. Ages shown in Figure

4.3 show tie-points between cores in the western Ross Sea based on both isochrons and

stratigraphic similarities. It is
evident from the ties made
between core stratigraphies
(only 272 m apart) in this
analysis that lithologies are not
laterally continuous. This may
in part be due to more
dynamic Ross ice sheet
responses to climate, sea level
and seawater conditions than
has previously been assumed
for the LGM. Variations in the
typical deglacial sequence may

also be a sign of winnowing of
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Figure 4.6. Reconstruction of grounded ice extent during the LGM. Red
and yellow dots correspond with core sites discussed in Figure 4.3 and
this study, respectively. Modern grounded ice extent is shown in dark
gray and light gray outlines show modern ice shelf extent. Reconstructed
LGM grounded ice extent is shown in blue.
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older sediments by bottom currents (e.g. Licht et al., 1999; Licht, 2004; Cunningham et al.,
1999).

The most likely scenario to explain the dynamic grounding line behavior in the western
Ross Sea during the LGM involves a grounding line that retreated to the inner shelf along the
deepest troughs prior to the LGM. Changes in water temperature and other potential forcings,
such as atmospheric temperatures and CO. concentrations or variations in Southern Ocean
circulation, caused fluctuations in the grounding line position between ~20.8 and 26.6 ka BP.
Following this period of instability, the grounding line re-advanced and reached its maximum
extent after ~13.8 ka BP (Licht and Andrews, 2002). An ice shelf formed after the grounding
line maximum extent was attained ~8.7 **C ka BP, as evidenced by a hiatus in **C dates on the
outer continental shelf (Licht et al., 1996), and sub-ice shelf sediments recovered from this
region (Licht et al., 1995). Carbonate and AlO “C dates within diamicton sediments through the
Drygalski and JOIDES troughs correspond to calculated bulk AlO dates in this study, and tend
to occur in chronological order prior to and during the LGM (Figure 4.3) (e.g. Cunningham et
al., 1999; Domack et al., 1999a; Licht et al., 1996; Licht et al., 1999; Licht and Andrews, 2002).
Previous research has shown that highly detrital sediments are much more likely to produce age
reversals and indistinguishably “old” dates due to changing proportions of labile and relict
material in the sediments (e.g. Rosenheim et al., 2008; Rosenheim et al., 2013; Subt et al.,
2016; Subt et al., 2013). Thus, the chronological ordering of these dates may also indicate
sediments in the Drygalski Trough were deposited in a sub-ice shelf environment during and
after the LGM. Had they been deposited in a true subglacial setting, these sediments would
likely produce much older or even infinite ages due to the very high proportions of relict detrital
material, which would preclude most **C dating techniques. Permanent open ocean conditions

did not occur until ~8.5 ka BP (Figure 4.6).
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An increase in temperature or intrusion of warm water can catalyze a sudden ice sheet
collapse, even during a glacial period (e.g. Jacobs et al., 2011; Rignot and Jacobs, 2002;
Schoof, 2007). Fluctuating strength and position of the Southern Hemisphere Westerly Winds
could allow for warm CDW onlapping onto the continental shelf (Dinniman et al., 2012;
Dinniman et al., 2011; Spence et al., 2014), which in turn likely influenced the stability of the
grounding line position during the LGM. The timing of the early retreat also appears to coincide
with the retreat of grounded ice from the Eastern Weddell Sea (e.g. Anderson and Andrews,
1999; Elverhoi, 1981). One or more of these events may also correspond with the Antarctic
Isotope Maximum-2 (AIM2) event that has been identified through ice core CH4 and 380
records (EPICA Community Members, 2006), which occurred between 23 and 24 ka BP and is
characterized by pronounced millennial-scale variability of warming episodes prior to and during
the LGM. Millennial-scale warming events have previously been observed in marine sediments
through IRD deposits (Weber et al., 2014; Nielsen and Hodell, 2007) and sea ice records
(Collins et al., 2012). Warmer ocean waters intruding onto the shelf in the Ross Sea may have
also caused retreat of the ice stream in the the Drygalski Trough (Waddington et al., 2006),.

It is very likely that collapse occurred only regionally as a response to warm subsurface
CDW intruding up-shelf through the deepest troughs of the Ross Sea, impacting an already
vulnerable region of the ice sheet. However, it is still prudent to explore other potential
scenarios to explain these data. One such scenario is the existence of temporary polynyas or
the complete early collapse of the Ross ice sheet during the LGM. Smith et al. (2010) described
similar lithologies, which were interpreted as seasonal or perennial polynyas that coincide with
the LGM and Marine Isotope Stage (MIS) 2 as well as middle MIS 3. Warm upper ocean
temperatures derived from this study could lead to the formation of open-ocean polynyas,

which are typically formed from upwelling of warm deep water over deeper water depths might
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have been possible if ice in the Drygalski Trough had no grounded ice sheet, allowing for a
warm water incursion. However, the sedimentary evidence is not consistent with a polynya
setting (Figure 4.5). Bathymetric data near the core sites as well as the deformational surface in
the sediments both suggest these sediments were deposited proximal to the grounding line
during the LGM, which would encumber the formation of multiple polynyas, as these form in
regions covered by sea ice and not by ice shelves. Early collapse of the Ross ice sheet is equally
unlikely, given the overwhelming evidence for grounded ice sheets through the LGM, as well as
the paucity of open-water sedimentation throughout most of the Ross Sea prior to ~8ka.

The “marine-based hypothesis” for grounding line retreat in the Ross Sea provides
strong evidence for asynchronous retreat between troughs (Figure 4.2), but relies mostly on
existing bulk AlO 4C dates to constrain the timing of the changes observed (Figure 4.3)
(Halberstadt et al., 2016). This study shows evidence in support of the “marine-based” model,
and applies an improved chronology and updated high-resolution multibeam bathymetry from
the Drygalski Ice Tongue to show that early and rapid retreat of the grounding line occurred
during the LGM (Figure 4.6). Although the maximum grounding line position in the Drygalski
Trough has been well-established north of Coulman lIsland (Anderson et al., 2014; Halberstadt
et al., 2016; Kellogg et al., 1979; Licht et al., 1999; Shipp et al., 1999), this study strongly

suggests this maximum position did not occur at the LGM as has been previously assumed.

4.7  Conclusions

The improved chronology of ice behavior during and after the LGM places the most
recent retreat of the grounding line in the Ross Embayment past the DIT ~8.7 ka BP, at least
1000 years earlier than previous estimates due to the separation of thermochemical

components in the sediments. Prior retreats of grounded ice in the Ross Sea occurred multiple
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times between 20.8 and 26.6 ka BP. Overall temperature trends suggest retreat of the
grounding line was largely caused by warm ocean waters flooding the region, which may have
been the result of warm CDW intrusions onto the continental shelf, facilitated by weakened
Antarctic Slope Current and fluctuating strength and position of Southern Hemisphere Westerly
Winds. This research challenges the assumption that ice in the Ross Sea remained grounded
and stable throughout the LGM, and instead shows evidence of dynamic ice sheet responses to

warmer water temperatures.
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CHAPTER 5:
CONCLUSIONS

Since AIO and carbonate Antarctic sediments were first 1*C-dated in the George V and
Adélie margin by Domack et al. (1989), it has been abundantly clear that traditional **C-dating
technigues are not always accurate for Antarctic marine marginal sediments. Several
inconsistencies in these first AMS C dates illustrated the difficulties of dating Antarctic
marginal marine sediments. Nevertheless, other detailed analyses of many other outlet systems
along the Antarctic margins soon followed. Gordon and Harkness (1992) examined reservoir
ages in Antarctic sediments and found high variability both geographically and with the type of
material dated, further complicating the interpretation of *C dates in these extreme regions.
Andrews et al. (1999) demonstrated additional difficulties in dating Antarctic sediments due to
regional differences, changing sediment accumulation rates, and differences in the proportions
of pre-aged organic C between samples. During the late 1990's and early 2000’s, the first
consistent AlO C dates in the Ross Sea were measured, but required large surface age
corrections (e.g. Cunningham et al., 1999; Licht et al., 1998; Licht et al., 1999; Licht et al.,
1996; Shipp et al., 1999).

Despite the increasing awareness of the many problems with #C-dating of Antarctic
sediments, there have also been many advances and improvements of dating approaches. This
progress has allowed for the expansion of the applicability of 1*C dating in many regions. One
example of this is the high-resolution chronology for Palmer Deep sediments achieved by

combining carbonate and organic carbon C dates that are in excellent agreement in a high-
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sedimentation setting (Domack et al., 2001). Indeed, highly productive regions like the Palmer
Deep pose fewer problems for dating as there is substantially less admixture of pre-aged
organic material and higher accumulation rates that limit the effects of reworking. Alternative
approaches to “C dating have also been employed for more problematic regions. Compound-
specific 1*C dating of fatty acids has been applied to sediments from the Ross Sea with some
success (Ohkouchi et al., 2003; Yokoyama et al., 2016), but this approach typically requires
very large sample sizes that limit its application. Ramped PyrOx “C dating has significantly
improved upon bulk AlO C dating since it was first developed (Rosenheim et al., 2008). It
requires substantially less sediment than CS “C dating and has produced remarkable
improvement in results. These approaches have all contributed to the growing collection of
information about Antarctic paleoceanography, but there is still much to be learned.

The first research project in this dissertation (Chapter 2) sought to examine the
applicability of Ramped PyrOx 1“C dating and compare it against carbonate *C dates of similar
or equal depths within the same core. The overarching hypothesis of this dissertation is that
dating of Antarctic sediments can be improved using alternative techniques. The findings of this
project support the hypothesis. By sampling RP1 splits at slightly lower temperatures than in
previous studies, the RP *C chronology from Lapeyréere Bay is in good agreement with
carbonate C dates of equal or similar core depths. However, with the use of smaller RP1 splits,
there is a higher cost in analytical uncertainty. This research also meets the main objectives of
this dissertation by providing improvements on the RP “C dating technique and ameliorating
the effects of pre-aged organic material in the sediments. This research also examined the
application of a reservoir correction and established that when Ramped PyrOx and carbonate
dates are similar, a reservoir age can be equally applied to both during the calibration.

However, no #C dating technique used on marine water or sediments can remove the effects of

93



old reservoir ages due to the inherent bias of the 1“C reservoir to carbonaceous material in the
ocean. Because reservoir ages through time have remained poorly constrained, reservoir
corrections applied on sediments downcore, especially where changes in setting and lithology
take place, should be applied cautiously. Additionally, this research showed that the common
core-top age correction applied to most Antarctic *C chronologies may have insidious effects on
the chronology.

The findings from the first project as well as previous Ramped PyrOx 4C analyses
suggested that by sampling increasingly small low-temperature splits, the resulting *C age
would incorporate smaller proportions of relict organic carbon. Doing so would concentrate the
labile organic component in the first split, but decreasing sample sizes would also decrease the
precision due to analytical uncertainty. In the second research project of this dissertation
(Chapter 3), we analyzed sediment samples from a site adjacent to the Larsen C ice shelf.
These sediments were found to have been deposited in a sub-ice shelf setting, and
incorporated a large proportion of relict detrital material. Based on previous Ramped PyrOx 4C
dating, it was intuitively inferred that the conventional Ramped PyrOx approach would not
sufficiently separate the relict organic component in the sample. By analyzing the ultra-small
splits required for a more accurate analysis of these samples, the analytical precision associated
with such small samples would render the results to be infinite ages. For this reason, this
research developed two different alternate techniques for Ramped PyrOx 4C dating, which
involved repeated identical analyses of the sample and/or the addition of a diluent of known
age. Both alternate Ramped PyrOx “C dating techniques provide significant improvements in
the accuracy of 1*C dates relative to other dating approaches used. Small differences between
these techniques can be explained by sample heterogeneity, blank contamination, and error

propagation. The findings from this project strongly support the overarching hypothesis. By
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applying alternate Ramped PyrOx techniques that allow for sampling ultra-small splits of
sample, we both improve the accuracy, and minimize the uncertainty. The results of this project
also meet with the objectives of the dissertation through the successful development and
application of alternate Ramped PyrOx techniques. In doing so, we have expanded the
applicability of C dating to new limits and provided the first sub-ice shelf sediment chronology.
Sediments in the Ross Sea and Antarctic Peninsula have been targeted for
paleoceanographic studies due to their accessibility and proximity to major research stations. In
this dissertation, we analyzed samples from both regions in three very different sedimentary
environments. Whereas chapters 2 and 3 focused on sediments from the Antarctic Peninsula,
chapter 4 focused on the Drygalski Through. Although constraints on the timing of grounding
line retreat was relatively well constrained for the western Ross Sea by measuring carbonates
and organic material, these estimates remained in disagreement with terrestrial estimates of ice
retreat. The third and final research project of this dissertation (Chapter 4) thus focused on
applying technigues developed and explored in Chapters 2 and 3 to sediments from cores taken
south of the Drygalski Ice Tongue in order to address this disagreement. The lithology of these
cores shows not only the most recent retreat of the grounding line, but a number of prior
retreats and re-advances that indicate open-water conditions. We applied a combination of
conventional and composite Ramped PyrOx 4C dates to the Drygalski sediments. Our results
indicated that the most recent grounding line retreat past the Drygalski Ice Tongue occurred by
~8.7 ka BP, > 2 ka earlier than past estimates had determined. The lithology of the cores
analyzed in this study suggested an unstable grounding line, which retreated several times. 4C
dates of these sediments indicated the ice sheet instability occurred between 20.8 and 26.6 ka
BP, coinciding with the LGM. When comparing conventional and composite Ramped PyrOx *4C

ages in two samples analyzed by both techniques, the results were nearly identical, indicating
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that the application of composite Ramped PyrOx may have been over-applied. That is, fewer
composites would likely have yielded the same degree of accuracy and would have been easier
to analyze. The results of this study also met the objectives of this dissertation in that we
expanded the application of Ramped PyrOx techniques to deeper sedimentary sequences that
have often gone undated due to the high amount of relict organic material that biases the age
of these sediments. To determine the possible causes of an unstable ice sheet during the LGM,
we applied TEXgs paleothermometry, and found that warm surface waters predominated during
the LGM. It is possible that an intrusion of warm CDW could have caused temporary collapses
of the ice sheet in the Ross Sea, but to determine a mechanism for this intrusion, further
research needs to be conducted to determine the extent of this intrusion.

The importance of sediment chronology cannot be overstated. The need for accurate
dating methods in polar sediments has been one of the greatest limitations for reconstructing
past events along the Antarctic margins. The research of this dissertation has demonstrating
the versatility of the Ramped PyrOx *C approach for dating these sediments through the use of
various new techniques. The availability of techniques like those described herein lessens the
limitations on geoscientists working in sediments from the Antarctic margin. Ultimately, through
innovative use of established approaches, we are now capable of accurately analyzing
sediments in sub-ice shelf, subglacial and glacial settings. Besides the utility of these techniques
in gaining a wider understanding of the Antarctic ice dynamics during the Late Pleistocene-
Holocene glacial period, the techniques described here may prove useful for other studies as
well. For example, sub-ice shelf sediments could serve as a modern analog for Cryogenian
research (e.g. Hoffman et al., 2012; Vincent et al., 2000). These techniques allow researchers

to study ice sheet behavior not only during the deglacial period, but into the glacial period as
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well. Thus, by using these techniques, we can not only date late Quaternary Antarctic marine

sediments, where highly detrital material has precluded “C dating in the past.
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APPENDIX B:

SUPPLEMENTAL INFORMATION FOR CHAPTER 3

B1. “C Blank Corrections based on 3-component mixing model of modern blank,

dead blank, and sample material

RP analysis is a versatile approach that can be used for any organic material. Thus, the
characterization of blank contaminants must be applicable for general use. Our approach for
blank correction follows the methods of Santos et al. (2007) and Fernandez et al. (2014). The
measured fraction modern (subscript M) can be written as a mixture of three components, the
unknown sample material (subscript U), the “*C-dead” blank (subscript dead), and the “*C-
modern” blank (subscript mod):

O = faeadSaeaa + fmodaOmoa + fudy Eg. B1.1
Where 8 is the fraction modern (Fm) value, as described by Stuiver and Polach [1977], f is the
fraction or proportion, and:

nofi=1 Eq. B1.2

Fm values above are written as deltas to convey the similarities of a multi-component isotopic
mixing model. If we know the mass (m) of the sample and the masses of the two blank
contamination components, the f's can be written as follows:

faeaa = “dead Eq. B1.3

Mgeadt Mmodt+ My

finod = Mimod Eq. B1.4

Mgeadt Mmodt+ My

fy = Ty Eq. B1.5

Mdeadt Mmod+ My
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Where:

ea + mo +
Z?zlfi =fdead +fmod +fU = TtdeadTBmod TR 1 Eg. B1.6

Mgead T Mmod +Mu

To solve for the unknown, we rearrange equation B1.1 as follows:

6U — (5M_fdead5d;¢:_]d_fmod5mod) Eq B1.7

We can then simplify equation B1.7 by writing all fraction terms as masses (substituting
equations B1.3 to B1.5 in for their respective fvariables in equation B1.7), and cancelling terms

that are multiplied by the fraction modern of the dead blank (o, = 0):

8y = Sy + Sy | 220 + 63y [ — Sy |t Eq. B1.8

my
From equation B1.8, we can derive an expression for the propagated analytical uncertainty as

well as the uncertainties of the masses of blank contamination from:

o2 =Y, 0 (j}f) Eq. BL.9

Where y=f(xi, X,...,X).

Substituting equation B1.8 into equation B1.9, we have:

2 2
2 _ 2 Mdead +Mmod Sm 2 M —mod
O'5U = O'5M [1 + my ] + O_md [ U] + Gmmod my +
(6modmmod 6Mmdead 6Mmmod) Eq B1.10

U
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B2. Estimation of the fraction of syndepositionally-aged material and its
temperature of combustion
We conducted a binary mixing model in which we assumed the sample consisted of two
endmembers: a *C-live endmember (five) and a **C-dead endmember (fgead). Thus:
fiive + faeaa =1 Eq. B2.1
We can calculate the fraction modern (Fm) values of the combined endmembers (&c) utilizing
the weighted averaged Fm values of the 4C-live material (8ive) and 1*C-dead material (dgead):
8¢ = fveBiive) + faeaa(Baeaa) Eq. B2.2
Here we assume that all **C-live material belongs to the fraction of syndepositionally-aged
material, the *C-dead material was detrital, and the combined endmembers were equivalent to

the measured bulk AlO “C age, where:

fiive = fsa Eq. B2.3
faeaa = faetrita Eqg. B2.4
8. = by Eq. B2.5

By substituting equations B2.3 to B2.5 into equation B2.2 and assuming Ogetita=0, this equation
can be simplified to:

Sm = fsa(6s4) Eq. B2.6
To calculate fsa for each sample, we used a conservative estimation of dsx based on the
additional assumptions of a linear accumulation rate, a reservoir age of 1600 years and an
uncorrected age of 13,000 years at 192 cm — a reasonable estimate for the deglaciation of the

northern Antarctic Peninsula.

To calculate the temperature of combustion of the estimated amount of syndepositionally-aged

material (T1), we utilized initial sample RP analyses normalized for the number of points to
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determine the CO; evolution of each sample. In every RP analysis, the CO; evolution recorded
the time, temperature and pCO- collected at any given time.

For each sample, individual pCO- values were summed to determine the area under the curve
(A):

A= 3 pC0,, Eq. B2.7
Where A = f(T). The value of fsa calculated for the sample using equation B2.6 was then
multiplied by the total area under the curve to determine the area associated with fsa.

Asp = fsa(4) Eq. B2.8

T is the temperature at which Asa has been collected.
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B3. Isotope dilution correction

All calculations for *C measurements are made using fraction modern (Fm) values, as described
by Stuiver and Polach (1977). Isotope dilution is essentially the mixture of two components
(unknown and surrogate), thus the measured Fm value (&) can be expressed by the following
equation:

Ou = foy + (1 —f)ds Eq. B3.1
where f is the fraction of the unknown relative to the total mass (unknown + surrogate), and
subscripts M, U and S are the measured, unknown and surrogate (diluent), respectively.

To correct for the addition of a surrogate, equation B3.1 can be rearranged to solve for the Fm

of the unknown (dy) as follows:

5y = W Eq. B3.2

To account for the associated uncertainty, the equation for propagation of error can be utilized

to derive the uncertainty of du:

2
o} = ¥, 0 [22] Eq. B3.3

y i=1%Y%x; axi
This equation can be expanded using the three variables of equation B3.2 into:

afu = sz [aa_f]z + J§S [6155]2 + 0§M %]2 Eq. B3.4

The complete derived equation is thus:

o2 =2 [ss;zsm]z +ad [1- %]2 +al, [%]2 Eq. B3.5
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B4. A comparison of the propagation of uncertainty for Composite and Isotope

Dilution techniques

The associated uncertainties of the composite and isotope dilution approaches are the result of
the corrections that need to be applied to each. In the case of the composite approach, the
blank correction is applicable, but in the case of isotope dilution, both the blank correction, and
the correction for the addition of a surrogate are applicable. Thus, changes in variables
incorporated into the blank correction affect both techniques. Contrarily, changes in variables
incorporated into the isotope dilution correction affect only the isotope dilution techniques.
Please note that the uncertainty associated with the composite approach when only one run has
been completed is the propagated error for a sample analyzed with the traditional approach.
The uncertainty associated with the composite technique was calculated by applying a blank
correction to the measured Fm values of each sample. Because this technique incorporates the
measured ages with the modern and dead blank contamination associated with the Ramped
PyrOx (RP) approach, the Fm value can be corrected using equation B1.8, and the associated
uncertainty can be propagated for the blank correction using equation B1.10.

Because certain amounts of modern and dead blank contamination are incorporated into each
aliquot, it is important to account for the additional blank from the combination of multiple
aliguots of the same sample involved in the composite technique. The modern blank is time-
dependent (Fernandez et al., 2014), so the fraction of the collection time for individual aliquots
relative to the total time it takes for a run to complete must be added for all combined aliquots
and multiplied by the mass of the modern blank used in equation B1.10.

The uncertainty associated with the isotope dilution technigue also involves the application of a

blank-correction, which is applied first in the same way as described above for the composite
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technique. The blank-corrected age is then corrected for the addition of a surrogate using

equation B3.3. The associated uncertainty can then be calculated using equation B3.5.

Below are several examples of how the uncertainty of a sample is impacted using both the

composite and the isotope dilution techniques when different important variables are changed.
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Figure B1. Initial assumptions made for Figure 3.8. f=0.7, 8s=1.039 (Ox-1), my=120 mg C, mod blank values
consistent with reported values in the text. It is also assumed here that the ‘Sample Age’ refers to the “actual age” of
the sample, which is assumed to be equal to the age of the sample after it has been blank-corrected, and if
applicable, isotope dilution-corrected.
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Figure B2. Effects of changes in fon uncertainty. Changes in 7 (fraction of sample relative to the surrogate) only
affect corrections for isotope dilution.

134



Composite - m, = 30 Isotope Dilution - m, =30

Efror-propagated uncartainty (1*C y)

L)
o

Sample Age

Composite - m,

= 104

a
o

il

Efror-propagated uncertainty (4C
a

107

Sample Age & 2
Numbsr of runs Number of uns

Sample Age

Compesite - m,_ = 120 E Isotope Dilution -m,, = 120
{Initial assumptions) {Initial assumptions)

3
>
=
3

B
..,
El
%

Emer-propagated uncertainty e ¥
=]
%

Efror-prapagated uncertainty (4C y)

Sample Age

Sample Age

Composite - m; =200 Isotope Dilution - my, = 200

Error-propagated uncertainty (4G y)

Sample Age Sampla Age

Number of runs Number of runs

Figure B3. Effects of changes in mass (/my) on uncertainty. Changes in mass (/) affects both composite and
isotope dilution (because it is incorporated into the blank correction.
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Figure B4. Effects of changes in d, on uncertainty. Changes in dy (the Fm value of the surrogate) only affects
isotope dilution.
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B5. Extended figures and tables
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Figure B5. 1C age offsets resulting from slight inaccuracies in the measured Fm value. Relatively small inaccuracies

in the measured Fm value (+0.01 or +0.02) can result in large discrepancies with the actual value when converted to
14C years, especially for older samples.
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Figure B6. Recent changes in the propagated uncertainty resulting from improvements in blank contamination. The
blank correction of the Ramped PyrOx system has recently been reduced from originally published Tulane values
(Fernandez et al., 2014) by replacing Teflon tubing with steel.
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Table B1. Information on all RP analyses and individual aliquots collected for each technique in this study. Bulk AIO
analyses were used as preliminary shape runs, but were not analyzed for 4C. Organic carbon recovered from each
analysis is reported as %0C. Times of collection for lowest-temperature aliquots are reported as they are required for
accurate blank contamination correction.

Depth Type Lab Date Mass T:(°C) E?f i:/OROPCl my RP1 | mu RP2 | my RP3 | my RP4 | my RP5
(cm) number (mg) (min) (umol C) [ (umol C) | (umol C) [ (umol C) | (umol C)
Bulk DB995 2014-10-19 60.55 800 155 15.88
0 Conventional DB1002 2014-11-06 380.78 288 52 0.191 15.155 13.575 46.858
DB1079 2014-12-13 380.92 319 64 0.155 12316 12.917 17.418 33.348 6.682
Bulk DB994 2014-10-19 60.52 774 146 34.027

Conventional | DB1220 2015-06-15 179.34 400 82 0.148 11.982 18.318 22.06 32.79 18.524
DB1003 2014-11-07 177.86 217 39 0.029 2.36 16.897  63.33
DB1004 2014-11-12 177.92 219 37 0.030 2.431 18.73  58.637
DB1005 2014-11-12 177.77 222 40 0.033 2.69 19.391 57.935
DB1006 2014-11-13 177.85 215 38 0.031 2.473 18.433 61.753
DB1007 2014-11-13 177.8 217 36 0.032 258 19.311  59.73
DB1009 2014-11-17 177.83 219 48 0.022 1.766 23.418 55.848
DB1013 2014-11-21 177.82 215 49 0.021 1.675 12.254 61.367
DB1018 2014-11-21 177.82 270 57 0.032 2.578
85 DB1021 2014-11-21 177.78 269 52 0.027 2.166
DB1035 2014-11-28 177.75 272 60 0.031 2.495
DB1017 2014-11-21 177.76 274 58 0.032 2.603
DB1022 2014-11-21 177.75 270 55 0.028 2.223
DB1025 2014-11-23 177.71 270 55 0.024 1.89
Isotope DB1027 2014-11-24 177.77 271 65 0.027 2.194
Dilution DB1029 2014-11-25 177.78 270 71 0.027 2.196
DB1032 2014-11-27 177.75 272 60 0.028 2.228
DB1033 2014-11-27 177.82 270 60 0.027 2.203
DB1034 2014-11-28 177.76 270 61 0.028 2.246
Ox-I DB1091 2014-12-15 0.212 196 38 4.18
Bulk DB993 2014-10-18 59.74 751 145 20.9
DB1049 2014-12-04 285.74 274 62 0.024 2.29 15.42  79.345
DB1050 2014-12-05 285.68 287 67 0.027 2.623 16.254 78.831
DB1051 2014-12-05 285.73 305 72 0.032 3.03
DB1058 2014-12-08 285.85 290 62 0.027 2.637
Composite | DB1059 2014-12-08 285.76 286 61 0.026 2.466
DB1071 2014-12-12 285.69 287 63 0.026 2.525
95 DB1072 2014-12-12 285.64 289 63 0.026 2.459
DB1073 2014-12-12 285.7 287 62 0.026 2.495
DB1074 2014-12-12 285.68 287 64 0.027 2.559
DB1080 2014-12-13 285.71 288 58 0.028 2.681
Isotope DB1081 2014-12-13 285.74 288 61 0.031 2.98
Dilution DB1088 2014-12-14 285.7 288 62 0.033 3.156
DB1089 2014-12-15 285.73 288 60 0.031 2.98 11.632 88.905
Ox-1 DB1092 2014-12-15 0.213 171 35 4.08
Bulk DB989  2014-10-11 120.79 768 149 80
Conventional | DB1221 2015-06-16 146.51 397 83 0.155 13.011 18.238 25.67 13.404 11.99
DB1037 2014-11-30 150.97 340 78 0.050 4.274 15.626 59.645
Composite | DB1038 2014-12-01 150.93 345 72 0.051 4.424
DB1039 2014-12-02 150.99 346 75 0.050 4.304
Isotope DB1036 2014-11-30 150.91 339 77 0.046 3.961 13.595 62.909
Dilution DB1043 2014-12-02 150.92 339 73 0.049 4.242
Ox-I DB1090 2014-12-15 0.441 201 39 6.9095

Composite

192
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Table B2. Fm values are reported in raw format, blank-corrected (BC) and isotope dilution-corrected (ID) where

applicable.
Depth
(cm) Type Fmraw | % (10) Fm BC + (10) Fm ID + (10)
0 Conventional RP1 0.6288 0.002 0.6320 0.0035
0 Conventional RP1 0.6518 0.0023 0.6558 0.0043
0 Conventional RP5 0.0238 0.0026 0.0173 0.0048
85 Conventional RP1 0.1339 0.0008 0.1316 0.0023
85 Conventional RP5 0.0086 0.0005 0.0060 0.0016
192 Conventional RP1 0.1171 0.0009 0.1148 0.0022
192 Conventional RP5 0.0152 0.0007 0.0114 0.0024
85 Composite RP1 0.3559 0.0013 0.3295 0.0177
95 Composite RP1 0.3013 0.0014 0.2747 0.0171
192 Composite RP1 0.1720 0.0011 0.1540 0.0118
85 Isotope Dilution RP1  0.5721 0.0016 0.5565 0.0132 0.3546 0.0187
95 Isotope Dilution RP1  0.5189 0.0014 0.5121 0.0082 0.2849 0.0118
192 Isotope Dilution RP1  0.6239 0.0019 0.6240 0.0051 0.2017 0.0105
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APPENDIX C:

SUPPLEMENTAL INFORMATION FOR CHAPTER 4

C1. Matlab ® code for the calculation of fs4 as defined by Subt et al. (2017).

function [ fSA, runs ] = altRP1( Meas14C, Modl14C, TOC)

%AItRP: This function serves to provide an estimation of the
%proportion of syndepositionally-aged carbon (carbon that was modern
%at the time of deposition). We use a binary mixing model with two
%endmembers- one modern and one dead as in the methods outlined by
%Subt et al (2017). From this, we also calculate the number of runs
%required to accumullate this proportion from this sample if each run
%uses 400 mg of sample (the maximum mass allowed for the dirt burner).
%We account for %TOC and fSA to estimate the mass that should be
%targeted for Ramped PyrOx analyses. Depending on the nature of the
%sample, this function may also provide recommendations on the best
%course of action to take to ensure the best results.

%Inputs:

%Measl4C: is the bulk AIO 14C age of the sample. This age can be
%either measured directly for sample where fSA is needed, or it can be
%assumed based on best-guess or nearest-age approximations. Care
%should be taken with assumed ages, as the proportions of relict and
%young carbon have been shown to change drastically downcore iIn some
%cases. IT the closest age approximation is from a different
%lithological unit, then it is more likely that the results from fSA
%will be inaccurate.

%Mod14C: is a best-guess estimate of the age of the sample in
%question. Although probably not 100 accurate, this age should be
%based on the most robust assumptions available and knowledge of the
%sampling region, lithologic unit, sedimentation rates, etc.

%TOC: Is the total organic carbon of the sample in units of per cent.
%Cristina Subt, University of South Florida, July, 2017

FmDead = O;

%convert inputs to Fm

FmLive = exp(Mod14C/-8033);

%create vectors

flive = 0.00001:0.00001:1;

fdead = 1-flive;

CombinedFm = zeros(1,10000);

CombinedAge = zeros(1,10000);
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AgeDiff = zeros(1,10000);
%Calculate TSA
for 1 = 1:length(flive)
CombinedFm(i) = Flive(i)*FmLive+fdead(i)*FmDead;
CombinedAge(i) = -8033*log(CombinedFm(i));
AgeDifF(1) = Measl4C-CombinedAge(i);
idx = Ffind(AgeDiff <= 0,1, "last");
TSA = flive(l,idx);
end
Tfprintf("TSA = %i\n", TSA)
%Calculate amount of modern carbon
modC = ((fSA*1.2)/12)*1000;
%Start with some basic values
runs = 1;
targetmass = 120/T0C; %this is the target mass for 100 umol C
totsamp = targetmass*runs;
%Calculate the number of runs and target mass for the sample
it modC/10 >= 1
if TOC >= 0.3
disp(["This sample contains enough for * num2str(modC/10) -
umol C in the first split of a 100 umol run and does not require
multiple analyses™])
disp(["runs = " num2str(runs)]);
disp(["Target Mass = " num2str(targetmass)]);
else
while targetmass > mass
runs = runs+l1;
targetmass = totsamp/runs;
end
disp(["This sample contains enough for " num2str(modC/10) -
umol C in the Ffirst split of a 100 umol run but requires multiple
analyses to account for very low %TOC™"]);
disp([“runs = " num2str(runs)]);
disp(["Target Mass = " num2str(targetmass)]);
end
else
if TOC >= 0.3
runs = ceil(10/modC);
disp("This sample requires multiple analyses because the
required proportion of carbon from the sample is very small®);
disp(["runs = " num2str(runs)]);
disp(["Target Mass = " num2str(targetmass)]);
else
runs = ceil(10/modC);
totsamp = targetmass*runs;
while targetmass > mass
runs = runs+l;
targetmass = totsamp/runs;
end
disp("This sample requires multiple analyses because the
required proportion of carbon from the sample is very small.
Additional runs will also be required to account for very low %TOC*");
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disp(["runs = " num2str(runs)]);
disp(["Target Mass = " num2str(targetmass)]);
end

end
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C2. Matlab ® code for the calculation of 7; as defined by Subt et al. (2017).

function [ T1 ] = T1( DBrun, p )

%This function takes a normal dirt burner run file and calculates the
%temperature at which the First split should be taken to sample the
Y%proportion given in the input (fSA).

%Inputs:

%datafile: Standard Dirtburner .txt data file containing the
following

%(unlabeled) columns:

%Temperature | Date | Time | pCO2

%fSA: This iIs a proportion of the pC02 that you wish to sample from
%the given run.

%Load Data and Results files
Data=load(DBrun);
T=Data(:,3);

CO2=Data(:,2);

%Calculate T1

C = cumsum(C02);

Amt = p*max(C);

idx = Find(C <= Amt,1,"last");
T1 = T(idx,1);

fprintf("T1 is %i.\n",T1)
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C3. Regional TEXgs calibration study

Due to latitudinal bias, global calibrations do not often produce accurate results (e.g.
Kim et al., 2010; Pearson and Ingalls, 2013; Tierney and Tingley, 2014; Tierney and Tingley,
2015). Instead, regional calibrations for polar regions may be necessary. To convert resulting
TEXss values to absolute temperatures, we applied several calibration routines and examined
their differences. Table C1 lists the calibrations used in this study, which include several linear
temperature calibrations (Kim et al., 2008; Liu et al., 2009; Schouten et al., 2002), the low-
temperature calibration of Kim et al. (2010), a Southern Ocean calibration (Shevenell et al.,
2011), and the BAYSPAR calibration routine which utilizes a Bayesian regression approach that
varies the calibration as a function of geographical location (Tierney and Tingley, 2014; Tierney
and Tingley, 2015). Table C1 also shows the equations used for each, and henceforth, we refer
to specific calibrations by the calibration numbers listed in this table. In the case of calibration
4, the TEXgs index is calculated differently for low- and high-temperature regions, thus different
calibration equations are used in each case (only the low-temperature calibration is shown in

Table 4.2 as it is directly relevant to this study). TEXss" is calculated as follows:

Eg. C3.1

GDGT-2
TEXéG = 10g10 ( [ ] )

[6DGT-1]+[GDGT—2]+[GDGT—-3]

Table C1. Sediment core-top TEXgs calibrations applied in this study. Calibrations are referenced in text by
calibration number, relative to their chronological order. Table modified from Tierney and Tingley (2014).

Number | Range Equation n r2 Inputs SST Reference
(69) data
1 0-30 TEXgs = 0.015T + 0.28 40 0.92 | 15 locations (all data) WOA98 | Schouten
et al., 2002
2 5-30 T = —10.78 + 56.2TEX¢, 223 0.94 | No Red Sea, SSTs < 5°C, WOD Kim et al.,
residuals > 10 2008
3- _ _ 1 i
3 3-30 T = 50.475 — 16.332( /TEX86) 287 0.82 | All data WOA94 I;(l;o;t al.,
4 -3-30 T = 38.6 + 68.4TEX}, 396 0.86 | No Red Sea Satellite | Kim et al.,
2010
5 -2-30 TEXge = 0.0125T + 0.3038 230 0.82 | Kim et al., 2008 data & 7 Satellite | Shevenell
sites in Antarctic Peninsula etal., 2011
SST-6 -2-30 BAYSPAR (online) 1095 N/A | All data WOAQ9 | Tierney &
subT-7 Tingley,
2015
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Temperature reconstructions
were compared using seven

different TEXgs.temperature

calibrations (Appendix,

Figure C1, Table C2). All

Age ("C ky BP)

calibrations show the same
general trends, but have
significant differences in

absolute temperatures. For

example, with the exception &

<
of calibration 4, which )

g
utilizes a different TEXgs <

30 1 1 1 1 | 1 | |
index (TEXseL), all -10 -8 -6 -4 -2 0 2, 4 6 8 10
Temperature (°C)
. . —— 1. Schouten etal., 2002 —=—4. Kimetal, 2010 = 7. Tierney & Tingley, 2015 subT

calibrations show that the —— 2. Kim et &l., 2008 5. Shevenell et al., 2011

=—a— 3. Liu et al., 2009 6. Tierney & Tingley, 2015 SST
coldest temperatures Figure C1. Temperature reconstructions for cores DG12-BC06 and -GC06

(A) and RS15-GC16B (B) according to multiple calibration routines.
Temperature is plotted against blank-corrected, uncalibrated, low-

temperature Ramped PyrOx '4C dates. Note that core-top values from
RCNA are shown with GCNA

occurred ~21,000'“C yrs ago
(DG12 GCO06 370 cm).
Calibrations 3 and 4 show the largest deviations from the overall trend, though this is caused by
different reasons. In the case of calibration 3, the overall trends remain the same as in other
calibrations, but the positive and negative changes are greatly exaggerated, as it is a nonlinear
calibration that uses inverse TEXgs values. Calibration 4 uses TEXge", which does not include the
crearchaeol regiosomer (GDGT-5) in its calculation (see equation 4.2). Despite its high
concentrations, Kim et al. (2005) found that GDGT-5 may not play an important role in the

temperature adaptation of archaea in subpolar regions. However, observations by Shah et al.
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(2008) suggest the opposite, that GDGT-5 is important for SST prediction. Moreover, the
original TEXgs equation is a more well-established and statistically robust expression of GDGT
cyclization (e.g. Schouten et al., 2002; Tierney and Tingley, 2014). Overall, calibrations 3 and 4
show the lowest resulting temperatures, and calibration 2 results in the highest overall
temperatures.

The regional applicability of these TEXss calibration routines was examined for the
southwestern Ross Sea. The archaeal distribution in the Ross Sea indicates living archaea are
most abundant at depths > 250 m water depth (e.g. Alonso-Saenz et al., 2012). Modern mean
annual water temperatures vary with depth, ranging from ~0.25 °C near the surface to ~-2 °C
at depth (Jacobs et al., 1970). Based on this range of values, calibrations 1, 2 and 4 all produce
calibrated temperatures too high or too low to be considered accurate (Figure 4.5). Calibration
3 shows a core-top temperature nearer to modern mean SSTs, but produced an unrealistically
wide range of temperatures for this time period. Although calibration 4 is recommended by its
authors for low-temperature regions, most calibrated temperatures are below freezing point (-
1.8 °C) that would impede long-term open-water conditions and are inconsistent with modern
and estimated LGM conditions. Calibrations 6 and 7 produce more realistic temperatures,
however core-top temperatures show >2°C difference from expected modern temperatures.
Calibration 5, which is a linear calibration that includes Antarctic samples, produces the core-top
temperature nearest to the expected modern temperatures as well as a realistic range of
temperatures and is therefore the most appropriate existing calibration for this set of samples,
and we use values yielded from this calibration in the text of this chapter to refer to
temperature. Although choosing an appropriate calibration is important for determining

absolute temperatures, general trends between most calibrations remain the same (with the
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exception of TEXss'), thus the use of changes in trends can be a useful tool for making

observations of changing water temperatures through time.
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C4. Extended figures and tables
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Figure C2. Thermographs of all samples analyzed for Ramped PyrOx 4C in Chapter 4.
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Figure C3. pCO; evolution along the temperature ramp for all composite RP sample analyses. Full RP analyses
were carried out to evaluate the overall replicability of analyses, and are depicted in insets for each sample.
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Figure C4. RP 1“C ages of cores DG12-BC06 and -GC06, and RS15-GC16B. Conventional RP1

40000

ages are denoted by the dashed line alongside associated composite RP ages for the bottom

two samples of core GCO6. Ages are shown in blank-corrected 14C years BP, and are reported in

Appendix Table C2.
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Table C2. TEXgs and BIT values for cores BC06, GCO6 and GC16B. Temperatures reported were calculated using the
linear calibration of Shevenell et al. (2011). Alternate calibrations were also applied and shown in Figure 4.2. Ages
reported represent the lowest-temperature splits of Ramped PyrOx “C dating.

Core Depth (cm) Date of analysis  TEXss BIT Temperature (°C) Age (**Cy BP) *
DG12 BCO6 0 2017-05-04 0.3137 0.0934 0.7920 1730 60
DG12 GCOo6 25 2017-03-25 0.3154 0.3644 0.9254
DG12 GCO06 50 2017-03-05 0.3091 0.3522 0.4243
DG12 GCO06 60 2017-05-05 0.3111 0.2146 0.5821 5000 90
DG12 GCO6 60 2017-06-20 0.2993 0.2201 -0.3601
DG12 GCO06 84 2017-05-04 0.3289 0.2375 2.0075
DG12 GCO6 84 2017-05-08 0.3283 0.1708 1.9613
DG12 GCO6 84 2017-06-12 0.3167 0.2921 1.0358
DG12 GCOo6 110 2017-05-05 0.3438 0.3052 3.1966
DG12 GCO06 110 2017-06-20 0.3552 0.3201 4.1134
DG12 GCO06 119 2017-05-05 0.3039 0.2120 0.0077 8560 100
DG12 GCO6 119 2017-06-12 0.3325 0.2931 2.2938
DG12 GCO6 127 2017-05-05 0.2914 0.2150 -0.9900 8740 150
DG12 GCO6 127 2017-06-12 0.3265 0.3614 1.8127
DG12 GCO6 370 2017-03-25 0.2839 0.1457 -1.5935 21240 850
DG12 GCO06 376 2017-05-04 0.3117 0.1373 0.6331
DG12 GCO06 376 2017-06-12 0.3419 0.3195 3.0482
DG12 GCO06 383 2017-05-04 0.3179 0.2042 1.1282 24660 2220
DG12 GCO06 383 2017-05-08 0.3254 0.2353 1.7255
RS15 GC16B 240 2017-05-05 0.3537 0.2501 3.9937 25410 2570
RS15 GC16B 240 2017-05-08 0.3315 0.2180 2.2181
RS15 GC16B 240 2017-06-12 0.3384 0.2789 2.7643
RS15 GC16B 253 2017-03-05 0.3450 0.3565 3.2972 20890 1640
RS15 GC16B 306 2017-03-05 0.3329 0.3656 2.3283 26570 3260
RS15 GC16B 365 2017-05-05 0.3438 0.2448 3.2035 26550 2820
RS15 GC16B 365 2017-06-20 0.3563 0.2708 4.1996

152



Table C3. Radiocarbon ages from multiple dating techniques for Drygalski samples. Ages are reported in blank-
corrected 'C years BP and were measured using Ramped PyrOx 4C dating. Bulk AlO *C ages were calculated using
the weighted mean of all Ramped PyrOx 4C ages of each sample. Table 4.1 shows preliminary bulk AlO **C ages.

Core Depth (cm) split 6°C umol CO. Compositeruns Fm + Age (“CyBP) * BulkAlOAge (*Cy) =
DG12 BCO6 0 1 -25.05 19.955 1 0.8064 0.0054 1730 60 2442 22
DG12 BCO6 0 2 -22.74 18.789 1 0.8039 0.0056 1750 60
DG12 BCO6 0 3 -23.64 24.756 1 0.7667 0.0045 2130 50
DG12 BCO6 0 4 -23.84  39.927 1 0.7282 0.0027 2550 30
DG12 BCO6 0 5 -24.21 36.571 1 0.6651 0.0027 3280 35
DG12 GCOo6 60 1 -25.32 12.459 1 0.5369 0.0059 5000 90 6303 27
DG12 GCO6 60 2 -25.07 28.941 1 0.5059 0.0027 5470 45
DG12 GCO6 60 3 -24.81  22.769 1 0.4676 0.0031 6110 60
DG12 GCOo6 60 4 -25.43 25921 1 0.4547 0.0028 6330 50
DG12 GCO6 60 5 -24.4 33.419 1 0.3874 0.0021 7620 45
DG12 GCO6 119 1 -27.04  14.067 1 0.3444 0.0042 8560 100 12265 97
DG12 GCO6 119 2 -26.39 16.289 1 0.3023 0.0034 9610 100
DG12 GCO6 119 3 -25.45  25.757 1 0.2375 0.0023 11550 80
DG12 GCO6 119 4 -25.49 16.81 1 0.2065 0.0030 12670 120
DG12 GCO6 119 5 -21.17 12.448 1 0.0745 0.0041 20860 440
DG12 GCOo6 127 1 -27.69 9.552 1 0.3371 0.0060 8740 150 12295 48
DG12 GCO6 127 2 -26.67 16.789 1 0.3263 0.0034 9000 90
DG12 GCOo6 127 3 23.983 1 0.2572 0.0024 10910 80
DG12 GCOo6 127 4 29.327 1 0.2174 0.0021 12260 80
DG12 GCO6 127 5 29.092 1 0.1276 0.0018 16540 120
DG12 GCOo6 370 1 -29.01 14.903 1 0.0673 0.0034 21680 410 30856 478
DG12 GCOo6 370 2 -28.5 22.826 1 0.0196 0.0024 31610 980
DG12 GCO6 370 3 -27.11 22.67 1 0.0134 0.0024 34650 1450
DG12 GCO6 370 4 -28.82  28.477 1 0.0150 0.0019 33710 1040
DG12 GCOo6 370 5 -23.87 8.788 1 0.0423 0.0062 25420 1180
DG12 GCO6 370 1 -27.45 10.021 3 0.0711 0.0075 21240 850 30543 427
DG12 GCO6 370 2 -27.67 14.305 1 0.0577 0.0036 22920 510
DG12 GCOo6 370 3 -28.1 29.374 1 0.0189 0.0020 31870 860
DG12 GCOo6 370 4 -27.93 38.084 1 0.0212 0.0017 30950 640
DG12 GCO6 370 5 -28 26.787 1 0.0112 0.0022 36060 1560
DG12 GCOo6 383 1 -29.32 16.064 1 0.0542 0.0032 23420 480 31749 498
DG12 GCOo6 383 2 -29 25.025 1 0.0203 0.0022 31300 870
DG12 GCO6 383 3 -28.09  26.625 1 0.0110 0.0021 36210 1510
DG12 GCOo6 383 4 -28.23  24.545 1 0.0149 0.0022 33770 1210
DG12 GCOo6 383 5 -27.37 15.15 1 0.0233 0.0035 30210 1210
DG12 GCO6 383 1 9.789 5 0.0464 0.0128 24660 2220 34106 755
DG12 GCO6 383 2 -29.05 13.361 1 0.0144 0.0040 34050 2230
DG12 GCOo6 383 3 -28.18 30.986 1 0.0210 0.0019 31040 740
DG12 GCO6 383 4 -28.19  42.472 1 0.0074 0.0016 39460 1730
DG12 GCO6 383 5 -28.59  32.792 1 0.0166 0.0019 32910 900
RS15 GC16B 240 1 -28.42 11.032 6 0.0423 0.0135 25410 2570 29807 606
RS15 GC16B 240 2 -28.69 12.488 1 0.0276 0.0042 28830 1220
RS15 GC16B 240 3 -27.72  32.409 1 0.0390 0.0019 26070 390
RS15 GC16B 240 4 -27.75 36.74 1 0.0170 0.0017 32750 820
RS15 GC16B 240 5 -27.91 59.313 1 0.0210 0.0013 31050 510
RS15 GC16B 253 1 -27.89 9.616 6 0.0742 0.0151 20890 1640 31696 541
RS15 GC16B 253 2 -28.76  14.417 1 0.0309 0.0037 27940 960
RS15 GC16B 253 3 -28.01 29.304 1 0.0208 0.0020 31100 780
RS15 GC16B 253 4 -28.23  35.114 1 0.0105 0.0018 36620 1370
RS15 GC16B 253 5 -28.47  21.305 1 0.0190 0.0026 31820 1100
RS15 GC16B 306 1 -28.62 10.164 6 0.0366 0.0148 26570 3260 34370 847
RS15 GC16B 306 2 -28.76  11.172 1 0.0235 0.0047 30120 1600
RS15 GC16B 306 3 -28.33  34.966 1 0.0182 0.0018 32180 790
RS15 GC16B 306 4 -28.38 54.582 1 0.0102 0.0014 36850 1090
RS15 GC16B 306 5 -27.8 27.177 1 0.0101 0.0021 36870 1710
RS15 GC16B 365 1 -28.66 11.665 6 0.0367 0.0129 26550 2820 26986 625
RS15 GC16B 365 2 -28.99 15.583 1 0.0432 0.0034 25240 640
RS15 GC16B 365 3 -27.95 9.531 1 0.0417 0.0054 25520 1040
RS15 GC16B 365 4 -27.7 37.253 1 0.0299 0.0017 28180 460
RS15 GC16B 365 5 -28.46 51.197 1 0.0346 0.0015 27020 350
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