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Abstract

In the context of paleoclimatology, the Antarctic ice core is a powerful archive of th&gmaist

climate because inside them are stored paleoclimatic proxy, useful tracers of the global hydrological
cycle (Dansgaard, 1964). The last interglacial period, also known as Eemiai{é2ey BP),
characterized by global temperatures and sea level higher than today, has been found in six East
Antarctic ice cores. A previous study (Masddeimotte et al., 2011) has shown that the §*°0

records obtained from these ice cores depict a quite homogeneous pattern during the present and
last interglacials. Unusually important regional differences appear in the TALos Dome ICE core,
these may be related to both elevation changes and sea-ice varidhility Dome is a peripheral

dome of East Antarctica, located in the Ross Sea sector where a deep ice core has been retrieved. Tc
reconstruct the past climate it was widely utilized the stable isotopic compa$t@mandsD of

water molecules recorded in the ice cores samples, while the deuterium eke#3s-(8*9°0)

contains information about climate conditions of source regions of Antarctic precipitation. In this
thesis work we present a new deuterium excess record obtained from the TALDICE ice core
analysing the high resolution samples obtained from the 5 cm cuttings between 1384 and 1414 m,
corresponding to the 115-131 ka BP period. This new isotopic record will be compared to other
isotopic records from EPICA Dome C ice core as well as to high resolution sea-salt sodiuin (ssNa

a marine aerosol indicator) and non-sea-salt calcium (A§sCerrestrial aerosol indicator) records
obtained from the TALDICE ice core in order to understand the regional differences highbghted

this site.
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1 Introduction and objectives

The climate variability is an extremely important feature of the climate system. It is essential to
understand which mechanisms and rules are at the basis of the past environmental and climatic
changes, because the reliability of future climate prediction is dependent on our knowlduge of
past climatic evolution. In the context of the paleoclimatology, some natural archives are used to
study climate information hundreds to millions of years old. High resolution paleoclimatic data can
shed light on the past climate variations, such as the Antarctic ice cores, which are a powerful
archive of the past Earth climatntarctic surface snow is sampled along traverses from the coast

to inland stations because its oxygen and hydrogen isotope composition can be used as a
paleoclimatic proxy, since stable water isotopes are useful tracers of the global hydrologecal cycl
(Dansgaard, 1964). Since the 1950s, it has been observed that the stable isotopic composition of
precipitation in the mid- and high latitudes is related to air temperature (Dansgaard 1953; Craig
1961). Moreover, the ice cores may be congidermong the best existing tools to analyze the
climatic trend; because they provide information on many different parameters of the climate
system, such stable isotopes and both terrestrial and sea salt aerosol records, as wellp¢hat ca
used to generate continuous reconstructions of past climate, gointphasidreds of thousands of

years.

Within the TALDICE (TALos Dome ICE cores project) international project, many studies of
isotope geochemistry were done to reconstruct the past climate story archived at TalosaDome,
peripheral dome of East Antarctica, located in the Ross Sea sector. Here a deep haes deen
retrieved in order to study the response of near-coastal sites to climate changes (Sker2@ildt a

Urbini et al.,, 2006) Herce TALDICE ice core is well positioned to investigate the regional
atmospheric circulation changes and the environmental changes for the past glacial-interglacial
cycles andts relatively closeness to the coast makes it mostly susceptible to regional climate and
environmental changes (i.e. sea-ice variability). A previous study (Masson-Delmotte et al., 2011)
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has investigated the 5'°0 records of six Antarctic ice caseluring the present interglacial (PIG),

also known as Holocene, and the last interglacial (LIG), also known as Eemian. The Holocene and
the Eemian correspond respectively to the Marine Isotope Stage 1 and 5.5 in the marine benthic
8'%0 stratigraphy (Martinson et al., 1987). The LIG corresponds to ca. 129- 116 thousand of years
before present (ky BP, where present is defined as 1950) (Capron et al., 20labtecizad by

global temperatures and sea level higher than today and it is the most recent example of a major
naturally forced global climate change period (Pedro et al., 2011). Moreover, important regional
differences appear in the long term trend of the TALos Dome ICE core isotopic record tiiging
period when compared to the other East Antarctic records. In the context of this thesis we
investigate the past climate variability at Talos Dome during the LIG particulangifag on its

later pat (c.a 124-117 ky BP) by using water stable isotopes and chemical records from the
TALDICE deep ice core in order to understand which factors may explain the climatic differences

here observed during this time interval

From an experimental point of viewewanalyzed theoxygen (8*%0) and hydrogen (5D) stable
isotope composition of high-resolution samples (5 cm) from the TALDICE ice core among the
depths corresponding to the last interglacial. A combinatia@r®f and 5D measurements provides

a second order isotopic parameter, the deuterium excess. $¥hibad 5'%0 records are useful
tracers for paleo-temperature reconstructions from Antarctic ice cores, the deutecess @ =
8D-8*5'%0) contains information about climate conditions prevailing in the source regions of
precipitation and can be used as an integrated tracer of past hydrological cyclesclamge
primary purpose will be to compare TALDICE isotopecords to other East Antarctic ice core
records, in particular to the ones obtained from the EPICA Dome C (EDC) ice core intarder
provide a climatic description not only of the early LIG climatic optimum, which is a common
feature already abundantly studied, but also to investigateinhairsite differences covering the

later part of the LIG (from 124 to 117 ky BP). Additionally, in this study we presentwa.i@



deuterium excess record obtained from the TALDICE ice core. This new isotopic record will be
compared to high resolution records of sea-salt sodium {ssNaarine aerosol indicator) as well
as non-sea-salt calcium (nssCaa terrestrial aerosol indicator) obtained from the TALDICE ice

core in order to understand the climate regional variability at this site.



2 lcecores: apaleoclimate archive

In the context of global warming, paleoclimate research offers a range of tools and information that
can improve our climate variability knowledge, referable to natural or human origin, consequently
reducing the uncertainties on future predictions. During the last decades, progress has b&en made
the documentation of past climate variability based on time series from geological archives which
recorded the climate changes that occurred at the time of their formation (e.g. deep-seatsedim

ice cores, lake sediments, tree-rings, speleothemes, corals, etc.) (Wanner et al., 2008). To
understand the mechanisms responsible for these climate changes observed and improve our
understanding of the global climate system, we must consider the proxies resulting from different
types of natural climate archives. From this perspective Antarctic ice cores play an nmhpmbetan

the current global studies (Hou et al., 2p13

Fig.2.1- Section of an ice core. The Antarctic core are drilled using an ebectiranical drilling system, packed in
plastic bags and stored in insulated boxes before being transported to adtdkedrerra Nova layer (Stenni et al.,
2002).



The cores extracted from the polar ice caps (fig 2.1) represent important archives for the
reconstruction of past climate at both local and global scale. Ice cores are usually described a
unique paleoclimate archives because they provide information not only on past local changes
(temperature, accumulation) but also relevant at global scale (e.g. atmospheric green-house gas
content) (Wolff, 2006).

The Antarctic past climate variability can be documented in high resolution by iceecorels

using chemical, and physical proxies that respond to environmental conditions. These proxies can
provide information on climate variability that cannot be provided by direct observation of the
modern climate (IPCC AR4). Differing from many other archives that involve mainly biological
processes, deep ice cores provide past information based on physical processes, such past
precipitation isotopic data (Masson-Delmotte et al., 2006). In fact, different analysis can be
performed on ice cores to extract the climate proxies linked to the different component of the
climate system and reflecting the regional and global climate variability of the past: isotopic
composition oflie ice (8180 or 0D); dust content, aerosols, trace elements, greenhouse gas contents

(CO;,, CHs, N2O). For example, they allow us to go back in time and to sample accumulation rate,
air temperature and air chemistry from different periods of the past. The temperature
reconstructions from deep ice cores through the its water isotopic composition, affected lyy climat
and water cycle variability, offer the possibility to analyze the relationships between polar
temperature changes and climate forcings, and discuss past climate sensitivity (Genthon et al.,

1987).



What isan ice core?

Ice cores consist of layers of snow which are compacted under their own weight; wetsingr
depth the snow is transformed into firn and subsequaeamttlyice. In the firn, the air is still free to
move within the snow. With the full transition from snow to ice, the final closing of the pores and
the formation of air bubbles occurs (see fig.2.2). High rates of snow accumulation providengxcell
time resolution, and bubbles iietice core preserve the world’s ancient atmosphere. The ice layers

in the deeper part of the ice caps are deformed, stretched and thinned and becomesvetggre

older going towards the bedrock.

Depth Snow

Surface

Y P
01m r ¥ ]
'~ $95

1900 @,

3
e .
- ol ﬁs
S
x T\

?
>
10-25m 9 ~ . ‘
Q .
2 4.
[ 1574 /
e 2 % e
= 1 ¥ Y
=l ~ M
' v
60-110m e D
N -
b4 >3
el o
T -
3_3 s * .
Q .
Cwm|].

150 m

lce

Fig.2.2-A schematic representation of thewsfirn-ice transition. Source: www.iceandclimate.nbi.ku.dk

Across an ideal ice sheet the snowfalls accumulate in an orderly manneg @&y tnits central
parts (plateauand they are gradually compressed (vertical movement) to ice that slowly flows
towards the ice peripheral zone (horizontal movemémtihhe central part of the ice sheet (dome)

in which the horizontal movements are nearly to zero, the age of the different levels gradually

increases with depth.
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Slow horizontal ice flow at the center of the ice sheets means that the stratigraphy of the snow may
be preserved sub-horizontally there (many annual layers means higher tempgotatiom).
Therefore, domes are the ideal site on the ice shleete it is convenient to drill a vertical hdle

extract the ice coredt the ice sheet margins, the ice is flowing faster towards the ocean, as
reported in fig.2.3. When the amount of snowfall, and/or the temperature (both air temperature as
well as sea surface temperature of the ocean surrounding the ice sheet) and/or thedemtps|

the Antarctic ice sheet reacts changing both its extent and thickness.

IDEALIZED ICE-SHEET DYNAMICS
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Fig.2.3-Schematic representation of the flow of ice in an idealized ice sheetrrdtvs indicate flow direction from the
central area to the peripheral zone of ablation. Asldlyers move down through the ice sheet they get thinner and
thinner while they are stretched in the horizontal direction. Squrce: weawbsilearth.org
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2.1 TheAntarctic | ce Sheet

The polar regions of the earth play a key role in controlling the global climate systemalSeve
processes at play in polar regions are involved in climate feedbacks: dynamical treffeots;
atmospheric content of water vapour; polar cloud cover; surface snow and ice albedo; searice ex
(Masson-Delmotte et al., 2006). In particular, changes in sea-ice of polar oceansdragbdyen

to have impacts on the formation of these deep and salty waters, but also influence the hemispheric
atmospheric circulation (Dethloff et al., 2006).

Between the two polar regions, the Antarctic Ice Sheet has a highly important value in the global
climate system for a series of reasons. It is the major reservoir of freshbeaterse represent the

70% of the freshwater on Earth. Thus it has deep influence on the hydrologic cycle and on global
climate (Dansgaard, 19%4Furthermore it is considered as arthive of the Earth’s climate
because the snowfall preserved under cold conditions provides information about the past climate
and environmental changes documenting the Antarctic climate regional variability and its time
relationships with climatic changes in other regions of the Earth.

Thanks to its extraordinary environment of very low temperature, extremely low snow
accumulation rates and an ice thickness of 3-4,000 m, a wealth of paleoclimatic infori®ation
stored there allowing to go back in time to nearly one million years (Hou et al., Fat8)ermore,
thanks to its geographical isolation, due to the distance from the pollution sources, and
meteorological conditions the Antarctic polar ice sheet is a useful case study to exploterdde na
factors influencing the climate (preferred source for global climate knowledge). From thi®fpoint
view, Antarctic region can be described as a kind wftural open-air laboratory” which it may be
simpler to check the complex mechanism and chemistry governing the climate (Legrand and

Mayewski et al., 1997).
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Figure.2.1.1 illustrates the Antarctic continent which is divided the East Antarctic Ice Sheet

(EAIS) and the West Antarctic Ice Sheet (WAIS) from the Trans-Antarctic Mountains.
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2.2 Study Area: TalosDome and EPICA DomeC

Talos Dome is a peripheral ice dome, located about 290 km from the Southern Ocean and 250 km
from the Ross Sea (Frezzotti et al., 2007); for its proximity to the coast (see fig. 2.2.1)-is well
positioned to investigate the regional atmospheric circulation changes and their relationship with the
environmental changes occurring in the Ross Sea area based on climate proxigspiopts as

well as terrestrial and sea salt aerosol contents (S. Schipbach et al.,2013).

The TALDICE (TALos Dome Ice CorE) project provides a deep ice core, down to 1620 m depth,
located at Talos Dome (159°11°E, 72° 49’ S, 2315 m a.s.l.) in the Ross Sea sector of East
Antarctica in northern Victoria Land (Fig.2.2.1) (Frezzotti et al., 2007). Talos Dome, beieara
coastal site can also bafluenced by local source regions especially during warm periods
(Schupbach et al.,2013).Across the Talos Dome drainage area, the ice flows into some glaciers,
which drain into Ross Sea and into Southern Ocean (Stenni et al., 2002). The whole TALDICE ice

core provides a palaeoclimate record covering the past 250 ky.

Fig. 2.21- Talos Dome on the edge of the East Antarctic plateau. Source:www.taldice.org
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The EPICA (European Project for Ice Coring in Antarctica) ice core from DoniDC (75°06° S
123°21” E) extends 3259 m in depth and encompasses 800 ky of datable and sequential ice layers

(E.Wolff et al.,2009). It is located 1100 km far from Talos Dome. TALDICE being localized in
-1
proximity to the coast has a higher snow accumulation rate, about80 mmr wéwater

equivalent)compared to the very low one at the inland EDC, about 25 myn_lv(Stenni et al.,

2010. Consequently, in coastal areas, characterized by the higher rate of accumulation, the
paleoclimate reconstructions will be more detailed with a higher temporal resolution. Figure 2.2.2
shows some information about the main Antarctic deep drilling sites: surface elevation (upper line),
ice core depths (vertical rectangles) and thickness and relative position of the Holocene (yellow
rectangles) and last interglacial (LIG, red rectangles) periods in the ice sheet (Masson-Detlmotte
al. 2011). When compared to EDC, TALDICE is a less deep ice core, drilled in a site more closest
to the coast, therefore with a lower elevation. At TALDICE the LIG is thinner (compared to EDC)
due to its lower ice thickness (the ice layers are more stretched at the bottom) whereas time Holoce

is ticker due to its higher snow accumulation rate.
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Fig.2.22 - Surface elevation, depths, position of the Holocene and lastlatiaigoeriods for six Antarctic deep ice
cores. Source: Masson-Delmotte et al. (2011
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Table.2.2.1 reports the main geographical information for the two deep drilling sites considered in

this thesis, TALDICE and EDC, both located in East Antarctica

TALDICE EDC
Coordinates 72°49'S, 159°11'E 75°06°S, 123°21’E
Elevation/Altitude 2315 m 3233m
mean surface temperature -41°C,; —-54.5°C
snow accumulation rate 80 mm Weyr_l 25 mm Weyr-l
Ice core length 1620m 3270m

Tab.2.21- Geographical and glaciological setting of TALDICE and EDC ice cores. Altitudedgs gn m a.s.l. (above
-1

sea level), accumulation rates are given in millimeter of water equivwalent

Differences between the two sites arise from their latitude and elevation, but also distance to the
nearest open ocean, and from atmospheric heat and moisture advection (Masson-Delmotte et
al.,2011) that implies distinct regional climate fingerprint in the ice core records obtained from the
two East Antarctic sites. In order to explore the regional climate fingerprints archived in the
TALDICE ice core, the EDC ice core will be used as a reference bettdasebeen drilled on the
central East Antarctic plateau and it can be considered as representative of the meastatienaite
continental scale.

Figure 2.2.3 shows the main oceanic sectors influencing the precipitation arrivingeegrdiffites

of the Antarctic ice sheet. Talos Dome is influenced by moisture originating from the Indiam Ocea
mainly during winter while the precipitation from the Pacific sectors of the Southern @xean
homogenously distributed during the year (Scarchilli et al., 208.snowfall events originating

from the Pacific Ocean arrive at Talos Dome mainly via the RossMbese extensive presence of

sea-ice occurs.

16



Longer and cooler distillation pathways of these air mass trajectories are expected to produce more
negative 5'°0 precipitation values at TALDICE compared to the ones originating from the Indian
Ocean (Masson-Delmotte et al., 2011). Whereas EDC is influenced firstly by moisture originating
from the Indian Oceant(originates from lower latitude of the Indian Ocean sector) and secondarily
from the Pacific Ocearfigure. 2.2.4 represents the mean of 5-day air mass back trajectories over a

20-year period for some East Antarctic ice core sites including TALDICE and EDC
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Fig.2.23- The main oceanic sectors influencitige Antarctic ice sheet: Indian (IND), Pacific (PAC) and Atlantic
(ATL) ocean. Even the Ross Sea (RS) is a water vapour potential contebpezially for those sites located closest to
the coast across the Ross Sea sector. Source: Scarchilli et al. (2011)

17



o 2
ToN
C Lmo?
V4

10N 4
oM CLwoss g

Clexc

TON o~ TLO s
Clge Clags

(A)

SPEED (Km day™)

Fig.2.24-East Antarctica 5-day back trajectory for four ice cores sites are shathnabbreviated name and moisture
source origin. TALDICE (TLD) moisture sources are the Pacificanc@PAC) and Ross Sea (ROSS), whereas for
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As reported in Masson-Delmotte et al. (2011), clearly differences in the moisture origer appe
between the “highest elevation sites” (EDC) and the “lower elevation” drilling sites (TALDICE).

The fig. 2.2.5 shows the backward trajectories of East Antarctica moisture sources, calculated in
terms of the mean and standard deviation on aelgmeriod (20 days) during the winter (ASO) and
summer (JFM). In summer (fig. 2.285-TALDICE (red cross) shows the most southward moisture
origin with respect to the inland ice cores, whereas in winter (fig. 2.2.5-b) its moisture source

more similar to the other inland sites, taking as reference EDC (green cross).
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2.3l ce coresdating

From a paleoclimatic point of view it is essential comparing paleoclimatic data of different areas to
reconstruct the past climate events. This requires synchronizing palaeoclimatic records from
different ice cores to the same age scale since temporal divergences, reachingeweral
thousand years, may exist between ice cores (Veres et al., 2013). Therefore, an iess&l¢n c

when comparing different ice core records, as in our case, is the dating method arsl shelag
adopted. All records used in this study are referenced to the new and coherent timestmledieve

by Veres et al. (2013), based on a multi-site approach including both Greenland (NGRIP) and four
Antarctic ice cores (Vostok, EPICA Dome C, EPICA Dronning Maud Land and Talos Dome)
noted as Antarctic Ice Core Chronology 2012 (AICC2012).

The method for the building the AICC2012 is an improved version of Datice presented in Lemieux
Dudon et al. (2010). The aim is to combine chronological information from data (construction of
common chronostratigraphy between ice core and marine records) and model to build coherent and
precise timescales with associated estimates of uncertainty ranges (Veres et al. 2013). To do this the
tool needs several inputs such as the thinning function, the accumulation rate and the lock-in depth
in ice equivalent (LIDIE) and incorporates also independent stratigraphic markers for the ice (based
on volcanogenic sulphate peaks, tephra,’8Bd data) and gas (derived from g£&hd atmospheric

§'%0), as well as absolute or orbital age markenese numerous stratigraphic links within this new
chronology reduce its absolute dating uncertainty down to +1.6 ky over the LIG (Bazir2é1.3).,

making it the most appropriate age scale to compare ice core records. The dating has been
constructed establishing the ‘present’ as 1950, therefore all the previous years are indicated as years

before presenk{y BP).
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3 Lastinterglacial period (L1G): Why doesisit important to study?

The study of paleoclimatic data have shown that a series of oscillations between warm and cold
periods have followed over time . During cold periods, called glacial, there was an incréase of
polar ice caps, whereas warm periods, called interglacials, were characterized bgXparmsion

of the ice. Thus the past climate is dominated by the succession of huge glacial and iadterglac
periods which exhibit quasi-periodic fluctuations (fig.3.1). The alternation between relatively short,
warm interglacials and long, cold glacials during the past half-million years is attributed to a
complex set of processes that involve orbital forcing and internal interactions and feedbacks in the

climate system (Ruddiman, 2001
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In this framework the current and last interglacial periods provide useful case studies to explore
climate feedbacks (Otto-Bliesner et al., 2006). The present interglacial also called Hdlmcene
Marine Isotopic Stage 1) it has been started 11700 yrs BP. It is preceded by a period of deglaciation,
also called Termination I, corresponding to the transition from the last glacial maximum (LMG or
MIS2, c.a. 21 kyr BP) to the present interglacial. The Last Interglacial (LIG) ctheeperiod 129-

116 thousand of years BP (Capron et al., 2014), it corresponds to the Marine Isotope Stage 5 (MIS
5.5 or MIS 5e,) also known as Eemi&towever, it is part of a time slice characterized by large
climatic transitions starting with the Termination & 140 kyr BP (Bradley et al., 2013) which
represents the transition from the penultimate glacial maximum to the last intergladi&nding

with the last glacial inception (LGI) at around 116 kyr BP (Bradley et al., 2013), which reflects the

transition from the last interglacial to glacial period as documented from the ice core record

reported in fig.3.2.
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Fig 3.2-Time series 060 low resolution (100 cm bag) measurements versus age (AlQT28ken from the
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The previous interglacial period appears unusually warm in Antarctica therefoesaefs a test

bed to study the climate feedbacks in warmer-than-present high latitude regions (Capron et al.,
2014). The response of the climate system during interglacials includes a diversity of feedbacks
involving variations in Earth's astronomical parameters, such insolation, obliquity, eccentricity and
climate precession. Among these, it has long been recognized that slow change in insolation that
takes place due to variations in the Earth’s orbital parameters is a primary driver of long-term

climate variations (Milankovitch, 1941) in addition to others forcing factors such as the volcanic
eruptions, the change in solar irradiance, the atmosphere, ocean, sea-ice, vegetation iaad land
changes (Bakker et al., 2014) and the greenhouse gas contents which affect climate on even
millennial scale. Some climate forcing acting during this period are schematically reported in the
fig.3.3 with respect to the ones acting during the present interglacial period (P1G). The #ig.3.3(a
shows different incident solar radiation levels characterizing the Southern Hemisphere (Antarctica)
during the PIG and the LIG with respect to the Northern Hemisphere. However, the fig.3.3(b)
illustrates both the different concentration of greenhouse gases and mean sea level risetletween

two last interglacial periods.
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Comparison of Eemian Interglacial to Holocene Interglacial
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Fig.3.3(b)- Comparison between Holocene and Eemian GHG concentggiioh §nd sea level rise (mm/year). Source:
www.skepticalscience.com

Several studies report that the last interglacial is warmer-than-present at the high latitude regions
and it has characterized by a global men sea level (GMSL) between 5 and 10 m above the present
values (Kopp et al., 2009). Thegghilatitude temperature changes across the early LIG are not
synchronous between the two hemispheres but the peak warm occurs prior in southern high
latitudes thaim northern high latitudes (Masson-Delmotte at al., 2010)

This delay in peak warmth conditions between the northern and southern high latitudes is attributed
to the “bipolar seesaw” mechanism induced by changes in the intensity of the Atlantic Meridional
Overturning Circulation. The melting of northern ice sheets during Termination Il into the early

LIG has been suggested to delay the full establishment of a vigorous Atlantic Meridional

circulation, which coincides with peak Antarctic temperatuf@apron et al., 2014).

24



The contribution to the higher sea level may derived in part from the thermal expansion of the
ocean producing ~0.4+0.3 m of GMSL and melting from valley glaciers and small ice caps
contributing up to ~0.6+0.1 m. Moreover, it is generally agreed that the largest contribution must
have come from the major ice sheets-8.4 m from the Greenland ice sheet ar@ & from the
Antarctic Ice Sheet (Bradley et al., 2012)
Since this warming and GMSL rise cannot be explained by the climate response to #ie orbit
forcing only (Masson Delmotte et al., 2010), then in the context of this thesis wa@kalyze the
paleoclimatic record over the LIG even to point out some alternative hypothesis which could help
us to clarify its anomalous warming. Moreover, the study of the LIG offers several benefits for
comparison with the present day due to its similarity to some predictions for the next century by
current research.
As it has significantly higher temperatures in many parts of the Hemispheres compared to the
present day (IPCC AR4) and a global sea-level higher than today (correspondiregltactzon in
ice sheet area and volume), it is consistent with IPCC predictions for responses to future global
warming.
Therefore, by studying past climate changes when the Earth was as warm or warmeptbsenat
we can:
e provide insights to assess the natural variability factors which influence the climate in a
range of temperature changes comparable to projected future changes (e.g. Otto-Bliesner et
al., 2013);
e gain knowledge about natural factors affecting the climate and relate them to the recent
changes originating from anthropogenic influences, in order to improve the study of the

future climatic evolution.
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Although the similarity in the warming magnitude, the LIG is not a perfect analogue for future
climate changes because the orbital forcing is fundamentally different from human-induced forcing
and because the geographical pattern of LIG temperature changes strongly differ from those
expected in the future (Masson-Delmotte et al., 2PDINanetheless, it lets to assess the effect of a

warmer period on climate-sensitive parts of the Earth system such as the polar regions.

26



3.1Previous studies on Antarctic climate variability during L1G

A previous study of Masson-Delmotte et al. (2011) rep®i® records of six Antarctic ice cae
during the PIG and the LIG: Vostok, Taylor Dome, Dome F, EPICA Dome C, EPICA Dronning
Maud Land and TALDICE. As illustrated on figure 3.1.1 (left panel), all sites exhibit an early
Holocene maximum between 12 and 9 kyr, albeit with different amplitudes. It appears that
TALDICE early Holocene levels even stay below present-day leVhis.exception at TALDICE

could arise from changes in local elevation and/or in moisture source and pathways linked to the
opening of the Ross Sea during deglaciation (Masson-Delmotte et al., 2011). Over the last
interglacial, fig. 3.1.1(right panel), the sites exhibit regional trends with both similarities and
differences thus summarized: all records show an isotopic maximum at 128 ky BP (EDC3 age
scale), associated withpeak Antarctic warmth (Jouzel et al,.2007), thereafter the majority drops
slowly except for TALDICE.

In fact, after the common largest peak the TALDICE isotopic record highlights another peak of
lower entity followed by an unusual rapid drops (black arrow) at 118 ky BP (EDC3 agersiale)
recorded at the more inland sites. A similar trend appears alto a EDML, which is amegher
coastal East Antarctic site but facing the Atlantic Ocean sector, rather than the Indian/Paeific Oc
sectors. Therefore, among the AntarétitO records TALDICE, following EDML, reveals regional
site-specific patterns in terms of warming rates and magnitudes during the last interglacial (LIG).

As Masson-Delmotte et al. (2011) has found these differences in Antarctic ice core records, could
be related to differences in the climate evolution of the Indo-Pacific and Atlantic sectors of
Antarctica. In this thesis we are inteex$in exploring in more detail, and using more climate
proxies, the climate variability at Talos Dome (TALDICE ice core) and comparing it with respect to
EPICA Dome C (EDC ice core The TALDICE ice core is particularly well diticeexplore the
regional differences due to its relatively closeness to the coast and as such possibl\okuszepti

environmental/climate changes occurring in the Ross Sea area.
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4 Climate proxies

Information revealing the past climate conditions are contained in historical records and "proxy"
indicators. The proxy climate indicators represent the set of several evidence thatusau lbe

infer climate-related variations back in time and they have the potential to provide evidence for
large-scale climatic changes. Such proxy indicators can provide a wealth of information on past
atmospheric compositions, tropospheric aerosol loads, volcanic eruptions, air and sea temperatures,
precipitation and drought patterns, ocean chemistry and productivity, sea-level changesiclsrmer
sheet extent and thickness, and variations in solar activity. These records are particularly
appropriate for detecting the manifestation of periodic or near-periodic climate vayiabilis
possible examining a number of atmospheric proxy data sources with the perspective of explore
past climate conditions. Each type of record contains information on one or more aspects of climate.
Among these ice cores from polar region can provide several climate-related indicefading

stable isotopes, the fraction of melting ice, the rate of accumulation of precipitation, concentrations
of various salts and acids, dust pollen, and trace gases such,aadC8Q, which are proxies for
temperature, precipitation, atmospheric aerosols, atmospheric composition, and more (National

Research Council, 1995).

4.11 ce stableisotope composition of theice

Isotopes are atoms of the same element distinguishable for their masses, having the same number of
protons but a different number of neutrons. This entails that isotopes can also be defined as atoms of
the same element with different weights. Because of the differences in the mass numbers, two
isotopes of the same element have different physical properties making them some of the most
powerful tools to investigate climate change and the associated environmental responses. This
important role of isotopes in understanding past climate changes also holds the key to predicting

future changes (IAEA, 2003). Water-stable isotopes in the atmosphere are key tracers of physica
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processes within the hydrological cycle and they have a long history of use in paleoclimatology.
Since the 1950s, water-stable isotopes of precipitation and their imprint in many different natural
archives have been measured by mass spectrometry and interpreted in relation to processes
controlling evaporation and evapo-transpiration, moisture transport, and condensation (Dansgaard,

1954).
4.1.1 Oxygen and hydrogen stable isotopes

Both oxygen and hydrogen consist of a number of isotopes. Hydrogen has two stable isotopes,
whose major of mass 1'H) occurs in the hydrosphere at a mass abundance of 99.985%,
accompanied by 0.015% of the heavy isotdpepr deuterium. For oxygen the stable isotopes are

%0, 1’0 and*®0. However, of theséH, ?H, *°0 and®0 figure prominently in isotope hydrology

and are used as natural tracers, easily measurgd by mass spectrometry. THhieeefoocdecular

formula of most water molecules can be expressed, @9 Hhigher abundance), as well Bs*°0

and H'®0 although their abundance is low (fig.4.1)1.Ihe abundance ratios of these isotopic
water molecules are closely related to their origin. Since HD160 and H2180 are siegotigr
molecules than H2160, we call water with a relatively high content of these isotopic water
molecules heavy water, and that with a low content light water. The rainwater or snow that falls in

cold areas, for example the polar regions, is known to be light water (Gat, 2001)

Light water 2 Heavy water
Molecular
structure
Molecular - ,
s H,'*0 HD"O H,"*0
Mags number 18 19 50
(weight)
Abundance ratio 99.75% 0.02% 0.20%

(standard water)

Fig.4.11.1- Molecular structure, formula, mass number and abundance of wateufasléxr O and H isotopes.
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http://basinisotopes.org/basin/tutorial/measurements.html

Because of the difference in the physical properties of isotopic molecules, fractionation processes
occur at every change of the water phase. The result is a change in stable isotopic icongbosit
atmospheric vapor, precipitation and water reservoirs of the earth. These changes in isotopic

composition are at the basis of isotopic studies in the field of paleoclimatology.

4.1.2 |sotopic notation

For quantifying the abundance of an isotope in a reservoir it is favorable to introduce dbé isot

ratio R. R is calculated as the ratio of concentrations between the rare and abundant molecules.

rare isotope abundance

 abundant isotope abundance

In the specific case of water molecules, the two isotopic ratios considergéd Ahe and*°0/ *°0
respectively for the hydrogen and the oxygen. Fractionation processes, leading to isotopic
enrichment and depletion of a reservoir, can be quantified more intuitively if isotope ratios are
expressed relative to a standard.

The isotopic content of a sample is usually quantified in deltange(d %o ), notation introduced

by Craig (1961a), as defined by the following equation:

5 %o = Rsample - Rstandard « 1000
Rstandard

whered %o represents eithér?0 ordD, andRsample aNdRswndara are the isotopic ratio of the sample
and standard. Th& units is expressed in terms of the deviation of the isotope ratio in a sample
relative to the same ratio in a standard, of known isotopic ratio, which is an internatamcapted

standard. The reference standard for water is the SMOW (Standard Mean Ocean Water) which
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consists in the mean isotopic content of ocean waters, then defined as Vienna Standard Mean Ocean
Water (VSMOW), in agreement with the IAEA (International Atomic Energy Agency).

Figure 4.1.2.1 reports th& notation meaningit tells us how much the sample deviates from the
standard. If the resultar& (%0) is moved upwards, the sample is enriched in heavier isotopes

compared to the standard, on the contrary it is depleted.

+ Enriched
Heavier
Higher
Positive

0(%o)

Depleted
Lighter
v Lower
Negative

Fig. 4.1.2.1-Schematic illustration ab@ut%.) values of a samplenriched/depleted in heavier isotopes.

The partitioning of isotopes between two substances or two phases of the same substance with
different proportions of isotopes is called isotope fractionation (Hoefs, 1997). The isotopic
composition of materials contains information that can be used, for example, to reconstruct the
palaeo-environment as well as to understand the hydrological cycle and biochemical pathways
Since the various isotopes of an element have slightly different chemical and physpeaties
because of their mass differences, such differences can manifest themselves as a masg-depende
isotope fractionation effect. In the case of hydrological processes, the main processegsthat ca
isotope fractionation in water molecules are evaporation and condensation.

While condensation preferentially remove heavier isotSfe evaporation preferentially remove
lighter isotope™O as illustrated schematically in figure 4.1.2.2. Indeed, as far diféerence in

mass, the water molecules that conf4d evaporate more easily than those With, as they have

a higher vapor pressure. At the same tifi@condense more readily.
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Partitioning of Isotopes in Vapor and Precipitation

Heavy » Light

Fig.4.1.2.2- Isotopes partitioning during evaporation and condensatiaepend®n distance from the ocean and
altitude. Source:www.waterisotopes.org

Fractionation will be more pronounced the greater is the difference in mass between the two
isotopes. The temperature is an important key factor determining isotope fractionatiauldére

is temperature, mor€0O depletion (i.emore negative 5*°0) occurs, as reported in figure 4.1.2.3.

This applies both to the evaporation temperature at the ocean surface and to the temperature at the
deposition site. The dependency of the isotope fractionation processes during phase changes on
environmental variables like temperature, relative humidity and wind speed makes stable water
isotopes particularly suited for the study of complex atmospheric processes (Aemisegger et al.

2013).

Warm s——— Co|d

Low elevation High elevation
Low latitude High latitude
-34%0
18 -26%o
0 O 10%, =17% -20%o

Fig.4.1.2.3-Schematic representation ofdH© depletion from the warmer temperature to the colder.

33



Isotope fractionation can originate from both kinetic and equilibrium effects. The Kkinetic
fractionation occurs in unidirectional (irreversible) reactions, reactions that are hoatye
equilibrium or during diffusion due to the different diffusivities of the water isotopes, B H
DH'0 and H'®0 in the air (Merlivat and Jouzel, 1979). The reaction products are depleted in the
heavy isotope relative to the reactants because the lighter isotopes form chemical bondakhat br
more easily than those of heavy isotopes, reacting more quickly. In the water thgclkmain
process that occurs in a non-equilibrium conditions is the evaporation, where the remaining
seawater is enriched in the heavy isotopes and the vapoedasrget progressively more depleted
The equilibrium fractionation occurs in equilibrium reactions if the system is in chemical
equilibrium or in phase changehe temperature dependent equilibrium fractionation faetpr (
describes the different distribution of the isotopes in phase changes. It relates the isotopéheatio of
condensate Ryiq to the isotope ratio of the vapour phasg,Rras expressed in the equation:

R liquid
a=——-
R vapor

Where R is the ratio between the higher and the lighter isotopes: If, no fractionation, it >1,
more heavy in product, it <1, more heavy in reactant. In the water cycle, the main process

occurring at "equilibrium" is the condensation in which the liquid phase (rain) is enriched in the

heavy isotopes than the vapor.

4.1.3 $'0 and 8D: atemperature proxy

Since the 1950s, it has been observed that the stable isotopic composition of precipitatiomdn the
and high latitudes is related to air temperature (Dansgaard, 1953). By measuring thefratios
different water isotopes in polar ice cores, we can determine how the temperature lgasl chan
the past. Snow deposited during warm conditions has less negHtivend D values than snow

deposited during cold conditions.

34



Since paleo-temperature reconstructions rely mainly on variations in theiismtps ¢*°0 and

dD) (Jouzel et al., 2003) preserved in snow and ice, they can be cedsideéhe most valuable and
applicable proxy-based temperature. They are classically used to estimate continuously past
temperature chamg because thénal loss of heavy water molecules is at first order controlled by

its degree of cooling. The main factors controlling the stable isotope content in precipitation include
temperature effect, latitude effect, elevation effect, continental effect, moisture origin and transport
paths (Dansgaard, 1964) across the water cycle. The water cycle begins with thetiemapbra

water from the ocean surface. The humid air masses are formed over the oceans, mainly in the inter-

tropical belt between 30 ° N and 30 ° S, where solar energy acts with greater intensity.

Near the poles, atmospheric water vapor
is increasingly depleted in O.

Heavy, "*O-rich water
condenses over
micHatifudes.

Warm sub-fropical waters.

Fig.4.1.31- Moisture origin and transport paths resulting in changé%® composition from the Tropics toward
Antarctica due to isotopic fractionation during evaporation and condensatioro(it) process. Source:
www.earthobservatory.nasa.gov

From an isotopic point of view, the vapour masses are depleted in heavy isotopes than the ocean
from which they form due to the difference in saturation vapor pressure of the diffeotoyic
molecules (Fig.4.1.3.1). Through the global atmospheric circulation system, water vapor containing

light oxygen moves pole ward into colder regions leading to a gradual loss of heavy isotopes as
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condensation processes are occurring. The remaining moisture in the air becomes depleted of heavy
oxygen, as well as the rain or the snow forming from it (rain out process)

Therefore, across the globe, 0 anddD of precipitation vary as a result of evaporation and
condensation processes , and because of the effects of temperature and altitude.

Consequently, precipitation in each location has its own isotsigature’ or ‘fingerprint’ and

both §*%0 anddD, as tracers of the water cycle, they testify the story suffered by theasr from

its formation to the deposition (see fig. 4.1.4.1).

The factors influencing the spatial variability of the isotopic composition of Antarctic surface snow

(Masson-Delmotte et al. 2008) are the following:

e Temperature effect
The spatial distribution of stable isotopes in Antarctica is highly associated with the condensation
temperature and the mean annual temperature at each sites. Cooling leads to a decrégse in iso
values of precipitations. Figure 4.1.2.3 shows that &f© of precipitation decreases with
temperature. In facthe spatial variations of 80 and 8D are strongly correlated to the spatial
variation of temperature. Assuming that this relationship remains valid over tima]ithetion (o-
Temperature gradient) could be used as“@wotopic thermometer” t0 quantify past changes in
temperature from deep ice cores (Masson-Delmotte et al. 2008). Howe\v&iT slopes may vary
significantly from one site to another. MassbBelmotte et al(2008) exploring 5-T relationship at
continental and regional scales found a spatial slope equal t€0@0+ 0.01 for §*°0 and

6.34%0/°C £ 0.09 for 6D as reported in the figure 4.1.3.2.
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Fig.4.1.32- The&"%0 %o and 8D %o - T spatial relationships. Source: Masson-Delmotte et al. (2008).

e Geographical factors
The altitude, latitude and shortest distance to the coast influence the oxygen and hydrogen stable
isotopes variability. In fact, isotopic values for the interior sites of East Antarctica (e.g©)pane

more negative than those for the coastal area facing the Southern Ocean (Dahe et al. 1994

e Altitude effect: site elevation appears as the first driver fora{® and 8D spatial
variations. Thé(%o) of precipitation decreases with increasing altitude;

e Latitude effect: a depletion df*°0 and 8D values appears from mid to high latitude
because of the increasing degree of "rain-out”;

o Different moisture origins and transportation paths at coastal versus inland locations may
account also for regional variability §°0 and d-excess distribution. Isotopic values for
the interior sites of the East Antarctic ice, such as Dome C, are more negativeeztbmpar
to the coastal sites (fig.4.1.3.3);

e Continental effect: the stable isotopic ratio is strongly related to the distance from the

open oceary™®0 and 5D decline from the coast to the inland Antarctica;
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Fig. 4.1.33-Air masses and ice sheet surface depletion in heavy isotopes from the Amtaastial area to the plateau.

Therefore, according to what has just been said on the water isotope temperature relationship in
Antarctica, the continuous'®0 and 5D measurementsbtained from the deep ice cores, may be
related to past temperature changes but also to changes in the seasonality of precipitation (Sime and
Wolff, 2011), changes in moisture source origin (Stenni et al., 2010) and trajectories, or changes in
ice-sheet topography (Bradley et al., 2012). Precipitation falling in a target region ovectidata
usually receives moisture from several different oceanic source regions. Different moisture origins
at coastal versus inland locations should influence the distribution of stable water isotopes and their
relationships to local climatic parameters. The isotopic composition of precipitation from all over
the world may be plotted in a diagram that relates the isotopic composition of oxygen (8180) and
hydrogen (8D or & ?H) to each other. The linear regression which they form, known as Global
Meteoric Water Line (GMWL) reported in fig.4.1.3.4, can be described by the following equation

(Craig, 1961) :

6D = 8% 6180 + 10
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Fig.4.1.34- The Global Meteoric Water Line (GMWL) for precipitation worldwide. Tlifedences in stable isotope
compositions between the warm and cold regions are highlighted. SoozandRi et al. (1993)

The GMWL has a slope of 8 whighthe ratio of the hydrogen and oxygen fractionation factors (at
equilibrium) between the liquid and the vapour phases. This high correlation coefficient and the
close linear relationship reflects th&O anddD in water molecules are intimately associated:;
consequently, the isotopic ratios and fractionations of the two elements are usually discussed
together. The y-intercept value of 10 is the term associated with kinetic fractionation during
evaporation at the ocean surface. Craig (1961) found that the global mean meteoric water is
enrichedof 10%o in 8D, indicating that the atmospheric water vapour is generally out of equilibrium
with the ocean and the mean relative humidity of air at the evaporating ocean sufa06% (F.

Aemisegger et al., 2013). This term is called the deuterium®xces
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4.1.4 Thedeuterium excess. a moisture sour ce proxy

Recovering what is expressed by GMWL, when thermodynamic equilibrium prevails (i.e., for
saturated conditions), thariability of 6D in natural waters is approximately 8 times larger than the
variability in 5'°0 due to the differences in the saturation vapour pressure of the two heavy isotope
water molecules HDO and 0. The slope of 8 is the equilibrium fractionation coeffigient
temperature dependent. The non-equilibrium fractionation occurring in unsaturated conditions,
results from differences in the diffusivity of the different isotopes. To quantify the deviation from
thermodynamic equilibrium during phase changes, a second-order isotope parameter deuterium

excess has been introduced by Dansgaard (1964):

deuterium excess = 8D — 8 * §*€0

where 8D and 5'°0 denote the deuterium and oxygen-18 abundance relative to VSM@hna
Standard Mean Ocean Water. Without large changes in temperature (which can alter the slope of 8
due to the temperature dependence) d-excess is preserved along the distillation path because
changes in d-excess are dominated by kinetic fractionation.

The d-excesss particularly sensitive to the effect of kinetic factors in correspondence to the
moisture source region. Throughout the evaporation of water from the ocean surfacetanestr

in 8D occurs due to the difference in diffusion between water heavy and light molecules. Physically,
the deuterium excess reflects the slower movement of the;¥30 molecule during diffusion, leading

to a relative enrichment of the HDO molees{Pfahl et al. 2014).

Accordingly, d-excess variations in ice cores depend largely on past changes in the moistge
region (Jouzel et al.,, 1982) and on kinetic factors affecting it, such as sea surfacatiamper
(SST), relative humidity, stable isotopic composition of ocean water and wind speed. Among the

factors that most influence this parameter is the relative humidity. The relative humidity increases
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as the temperature decreases (because the saturation pressure also decreases), tireredesed a
originate from coldest areas, for example in proximity of Antarctica, the relative humidity is higher
and thus d-excess has lower values whereas if air masses originate from warmer arasivime rel
humidity is lower and thus d-excess has higher values. However also condensation temperature, the
super-saturation of vapor and post-depositional processes at precipitation site influenced the d-
excess values. Gradual decrease in condensation temperature during the moisture transport from the
sourcesregions towards Antarctica results in the increase of d-excess in vaper.kinetic
fractionation is more vigorous as temperature decreases, resulting in increase of d-excestt, As re

d-excess is considered as a good tracer for moisture origin (Jouzel and Merlivat, 1984).

The snow in Antarctic coastal region exhibits a distinct difference in d-excess than the ateas loc
above 2000 m: the d-excess values change little in the coastal regions, while they increase towar
the Antarctic interior, with the highest values over the East Antarctic plateau (Masson-Delmotte et
al. 2008).Figure 4.1.4.1c shows the d-excess spatial distribution in Antarctic surface Bnew
discrepancy in its distribution between coastal and inland regions reflects, at least partly, their

difference in moisture sources. Antarctic coastal regions receive moisture mostly fgber hi

latitudes, whereas in Antarctic interior, moisture originates mostly from lower lati{Sdetemann

et al., 2003. Thus it is possible that geographical differences in moisture origin could be

responsible for regional features of the real deuterium excess distribution (Simmonds et al. 2003) in
addition to elevation effect because higher d-excess values are expected on the higimar-eleva

parts of the ice sheet.

Since changes in the moisture source conditions or locations are associated to reorganization of the
atmospheric circulation, the d-excess measured along an ice core may provide information past
changes of moisture transport/precipitation and magsctories considering the deuterium excess

anintegrated tracers of hydrological cycle changes (Stenni et al., 2010).
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4.2Sea salt Sodium and non sea salt Calcium

Ice cores can play a further important role in paleoclimate studies, becausertheyez other
aspects of Earth system change, through the varying deposition of trace chenpgeald trathe

snow layers. Such records concern chemical ions, mainly aerosol and gas phase species which
contain a wealth of information about the atmospheric composition in the past and environmental
processes (Legrand and Mayewski, 1997) improving the possibility to document the past climate
variability. For example, the atmospheric dust and the marine aerosol in the Southern Ocean are key
proxies of the southern high latitude climate system. One possibility to assess past changes in these
two parameters are aerosol records along the length of the Antarctic ice coresnd®gatrate on
interpreting patterns of the major ions non-sea-salt calcium (fi9s@a sea-salt sodium (ssNa

fluxes at centennial resolution along the TALDICE ice core. Sin¢d i@iaAntarctica has both a
marine and continental sources, non-sea-salt Ca (fi3s€fers only to the terrestrial contribution.
Conversely, Nahas a mainly marine source but it can also have some terrestrial contribution and,
thus sea-salt Na (ssNarepresents only the contribution of marine orightormally over the
glacial/interglacial cycles, warm interglacials are characterized by highet asNanssC3 fluxes

due to the fact that the snow accumulation rate incsaasesiderably (see fig 4.2.1) compared to

cold periods (Shupbach et al., 201BJoreover, detailed investigation of climate and atmospheric
chemistry records can be achieved only in sites with a sufficient accumulation raten{Legd
Mayewski, 1997), thus the coastal areas, such Talos Dome, owing to its greater accumulation rate,
represents the most suitable.

The non-sea-salt calcium record is a natural markers useful to investigate past changes in the
terrestrial dust and we can thus consider it as a terrestrial dust proxy. The main salusetof
Antarctica is the southern part of South America (Delmonte et al. 2010) but the composition of the

dust arriving in Antarctica may vary with time, hence it is possible that other source regions
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contribute during interglacials. Rothlisberger et al. (2010) suggest that during the interglacials there
was a response of dust sources and transport relative to Antarctic temperature.

Variations in nssCa flux reflect also changes in the dust source regions, changes in the transport
from the source to Antarctic sites, or in the amount of deposition between the source and Antarctica
as well as changes in the climate of the source regions (Wolff et al., 2009). A large incckase in

may be interpreted as increased production in the dust source region and/or a more vigorous
transport (Wolff et al., 2006).

The sea-salt sodium (ssNas a marine aerosol proxy related to sea-salt concentration. The bubble
bursting and wave crest disruptions on the open ocean provide the largest flux of sea-salt aerosol
particles (sea spray aerosol) to the marine atmosphere (Wagenbach et al.,1998). Some
meteorological conditions, such wind speed, influences the sea-salt particle flux at the source region
(open ocean surface) (Fischer et al., 2007) as well as the transport from there to the site.core
Furthermore, tine and “frost flower” formation (Rankin et al., 20003nd “blowing snow”, i.e. the

snow lying on sea ice, rich in salts and easily lifted into the air (Yang et al., 2008), could be relevant
ssNd aerosol sources (Wolff et al., 2003) in Antarctica. Across the Antarctic ice sheet, the
atmospheric sea-salt loads is strongly influenced by sites specific aspects which iaoiptiegs

site position with respect to the coast line and surface wind pattern (Wagenbach et)allin1998
particular, for the Talos Dome area, the sea-salt source may be the Ross Sea sector, as yndicated b
back trajectory calculations (Scarchilli et al., 2011) and by the limited atmospheric lifetime of the
sea-salt aerosol (Fischer et al., 2007b).

Some recent studies (Shupbach et al., 2013; Severi et al., in preparation) suggest that the sea-salt
input/production in Antarctica could be related even to the presence of sea-ice in the adjacent ocean
source areas. Sea-ice plays an important role in the formation of deep waters in the ocean, and
therefore in global ocean circulation. Sinhe formation of high salinity “frost flowers” and brine

on sea-ice surfaces represent ssiMarosol sources, then the sea-ice formation has significant

influence on the sea-salt aerosol budget in Antarctica which could be used to quantify sea-ice
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variations (Wolff et al., 2006)Therefore, some authors (Severi et al., in preparation) have been
proposed the suitability of ssNas a proxy for past sea-ice conditions. However, the interpretation

of the ssN& as a sea ice proxy is still under debate and more studies will be needed to better
understand the mechanisms at play in the past at the different time scales (intra-seasonal, inter-
annual, decal/centennial, millennial and glacial / interglacial).

Concentrations of CG& and N& from the TALDICE ice core discussed in this thesis have been
previously determined by Shupbach et al. (2013) using ion continuous flow analysis (CFA)
techniques. The fig.4.2.1 shows the’Cand Nd concentrations records (ng')gon a logarithmic

scale, as well as the 8*%0 and accumulation rate profiles, for a depth interval between 300 and 1450

m, corresponding to the last 150 kyr BP (Shupbach et al., 2013).
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Fig.4.2.1-The 50, accumulation rate, Ca2+ and Na+ concentrations profiles along the Talas iB®more. Both
Ca2+ and Na+ concentrations are reported on a logarithmic scale. Black lines indicateabnvalues, grey lines
indicate 10 cm mean values, both calculated from the high-resolutiord@@ASource: Shupbach et al., 2013.
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Assuming a C@/Na’ ratio of 0.038 for marine aerosols {)Rand 1.78 for average crust R

(Bowen, 1979), it was calculated the sea saft&al the non sea salt € shrough these equations:

Na" — (nss — Ca*")
Rt

ssNa" =

+ +
2* — Rm = ssNa

nss Ca’" = Ca
Dust and sea salt records from polar ice cores have been widely used to infer pget dha
atmospheric circulation and climatic conditions in the source region as well as in the Antarctic ice
sheet (Wolff et al., 2006; Steig et al., 2000). In this study we will discuss aerosol flux records,
which are more representative of atmospheric aerosol concentrations becaudeetivdy &ccount
also the accumulation rate. The total deposition flg) @ an ice core site can be calculated by

multiplying the measured ice concentratigg. @ith accumulation rates (A).

Jtot = Cice * A

(given inug m2yr %
Generally chemical concentrations are higher during glacial period and the snow atonmatea
is estimated to be more than a factor of two higher in warm interglacials than in the coldest glacial
(Wolff et al., 2006).
The joint use of nssGaand ssNaflux records from East Antarctic plateau allows for an estimate
of changes in dust transport as well as for the identification of regional differences gmathalts

aerosol source (Fischer et al., 2007) and conditions, useful to reconstruct climate evolution.
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5. Material and M ethods

5.1. Icecoresamples (material)

Measurements of oxygen and hydrogen stable isotopes from the TALDICE ice core were conducted
on high-resolution samples with a length resolution of 5 cm. The isotopic analysis was carried out
for '%0 and 8D for each sample. We analyzed the TALDICE ice core samples from a depth of

1385 to 1417 m, corresponding to a time interval ranging from 115573 to 131269 yrs BP last

interglacial period (LIG) and to sample resolution ranging between 17 and 37 years.

5.2. Isotopic analysis and instruments

The oxygen and hydrogen isotope composition of the ice core samples were measured by means of
an isotope ratio mass spectrometer (IRMS) (Thermo-Fisher Delta Plus Advantage) usinti-the we
known CQ-Hj/water equilibration technique (Epstein and Mayeda, 1953). When the sample
amount was less than 5ml, the measurements were performed using a cavity ring-down
spectroscope (CRDS) from PICARRO, which only requires 1 ml of water. All the isotopic data are
reported in d units (%o) versus the Vienna Standard Mean Ocean Water (V-SMOW); internal
standards, which are calibrated every two years against IAEA standards, are used for cahlgrating
isotope measurements.

The obtained 5'0 values were compared with the analyses carried out for the same samples in
France at LSCE. The final data were selected among all the 'O values available (form our new
analysis, from the repetition of our analysis and data from LSCE) choosing those with a smaller
stanard deviation. Starting from selected 880 values and 8D (only analyzed in this thesis for the

first time) we calculated the deuterium excess. Moreover, by averaging the 880 and 8D values for

20 highresolution samples (each of 5cm) we obtained the 8'%0 and 8D mean values corresponding

to one bag sample (Ilength: 100cm). The high-resolution samples have a temporal resolutign rangin
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from 17 to 37 years, while the bag samples have a resolution ranging from 342 to 736 years over the

LIG. These resolutions were estimated using the AICC2012 chronology.

5.2.1 Mass spectrometer

The isotope ratio mass spectrometer (IRMS) technique is used to measure the relative deviations of
isotopic abundance ratios (in our ca%/'°0 and D/H) in a sample gas relative to the same ratios

in a standard gas
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Fig.5.2.1.1-Ratio Mass Spectrometer component

The IRMS components (fig.5.2.1.1) include an inlet system for handling the pure gases without
isotopic fractionation, contamination, or memory, an electron ionization source (IE), an analyzer
system consisting in a flight tube and a collector system which detects simultaneous ion current in
an array of Faraday cups positioned along the image plane (Ghosh, and Brand, 2003) and a
computer-controlled data acquisition system. The water (5 ml) obtained from melting of the ice
samples is introduced into a glass vessel which is attached to an equilibration unit (HDO device)
consisting of 24 vessels, on-line with the mass spectrometer. The water samples, as well as the
water standards, that will be used for calibrating the data, are equilibrated with ultra-pure gasses (H
for 8D and CO, for §'%0),following the below reactions until the equilibrium is reached
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H,'%0+C"°0, > H,*0+C'*0™0 for CO,

HDO+H, > HD+H,O for H,

The equilibration time is of 2 hours for hydrogen (in a presence of a platinum catalysts) and 10
hours for CQ in a shaken thermostatic bath at18°C. The pumping system creates a high vacuum
inside the analyzer system causing the residual gas molecules to be less than 1% compsred to ga
molecules introduced for analysis. The common method used for gas source is dual-inlet (DI-
IRMS) in figure 5.2.1.2. The dual-inlet advantage, compared with continuous flow systems, is its
highest precision technique. Both sample and reference gas reside in separate variable volume
which allow the gas pressure to be adjusted such that identical amounts of sample ane& igdsrenc

are alternatively introduced into the ion source. The alternating flow of samplefarehoe gas at

nearly identical pressure is decisive for high precision isotope ratio measurement.

The gas equilibrated with the water sample (or water standard) is injected into the ion source of the
mass spectrometer where the gas molecules are ionized through the interaction with an electron
beam, produced by a white-hot tungsten filament. The ions are focused and accelerated by a high
voltage toward a magnet field. Because of the presence of the magnetic field, ions are deflected on a
circular path. Since the curvature radius depends on tlketoraharge ratio and the charge has a
unitary value, ions with different masses take different trajectories. Therefore, the magieetic fie
allows to separate ions according to their massharge ratio. The strength of the magnetic field

and the accelerating voltage determine the trajectory of the ions, that will enter the Faraday cups
(collectors). The ions with the same mass-charge ratio impact on the same collector. The&urface
the Faraday cups emits an electron for every trapped ion; the electrons are amplified 4ed detec

a current. Therefore, the stable isotope relative abundance of molecular species can be calculated
through the current associated to the specific isotopologue. Finally, the results are processed by a

computer linked to the mass spectrometer and the ratio output is reported compared to the reference

49



standard, in terms of isotopic composition and d values. All the measurements are reported against
V-SMOW international standard and calibrated using internal standards.

The CQ/H, — water equilibration technique coupled with a dual-inlet mass spectrometer provides
an analytical precision of +0.05%o for 8'%0 and +0.7%o for 8D, with a final precision on the

calculated deuterium excess of £0.8%o.
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Fig.5.2.1.2-Diagram of an isotope ratio mass spectrometer (IRMS)rdpisted with both continuous flow and dual
inlet system. Source: www.gwadi.org
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5.2.2 Cavity Ring-Down Spectroscope (CRDS)
In order to analyze 8D and 8'%0 composition of small amount (1 ml) water samples, the Cavity
Ring Down Spectrometry (CRDS) (fig 5.2.2.1) represents an alternative to the Isotopic BRasio M

Spectrometry (IRMS)

Fig.5.22.1- The Picarro L1102-Cavity Ring Down Spectrometer (CRDS)

Cavity ring-down spectroscopy is a laser absorption technique that has the potential for the
guantitative detection of atomic and molecular species with high sensitivity. This technique has
lower instrumental and running costs compared with IRMS methods (Brand et al., 2009). Another
advantage is the small sample amount required for this analytical techniqué {30@l). This
technique is characterized by a precision of £0.1%o and +0.5%0 for 8'%0 and D, respectively. In

CRDS, an infrared laser is used to detect the different isotopologues of water, enabtliingathe
measurement df"¥0 andsD. A laser pulse is emitted in a high-finesse optical cavity containing the
sample, where it is reflected thousands of times by high-reflectance mirrors, coveratly af

more than 10 km; the pulse decay is monitored with the aid of a detector that measures the intensity

of light transmitted through one of the mirrors (Zalicki et al. 1994).

51



The laser absorption techniques is based on the Lambert-Beer law equation, meaning the light
intensity decreasing through a medium is associated to the interaction with the medigfii:

where p andl are the light intensities before and after crossing the mediusrithe absorption

coefficient and x is the path length. The absorption rate depends on the sample concentration and on
the optical path length.

The CRDS technique is based on the different absorption peaks of each water isotopologue, given
by its specific vibrational modes determined by its shape and by the masses of its atoms.

CRDS is based on the measurement of the decay rate of the light intensity in a high &wiggse c
rather than the change of intensity due to absorption. The absorption time is calculated in presence
and absence of the sample, and the difference between the two times is used to calculate the
absorbing species concentration.

In the Picarro L1102-i liquid water analyzer used for this study, the water samples ededatt

through an auto-sampler into the vaporization chamber which vaporizes them at temperature set at
110°C; the vaporized sample then reaches the cavity, where a short laser pulse of a specific infrared
wavelength is emitted by a diode.

After reaching a threshold, the laser is turned off and the light bounces back and forth into the
cavity using three high-reflectance mirrors (fig.5.2.2.2). A photo detector, placed behintithee
mirrors, measures the beam exponential decay. The ring-down time for the light to decay is
shortened by the presence of any species that absorbs the laser wavelength @)g.B&ch.

sample is analyzed eight times (eight consecutive injections), in order to and minimize thgg memor
effect, typically affecting just the first injections after switching samples. Each dpasses
through an outlier test: the average value of the 8 repetitions is computed and each datumffalling of
thetlo interval is discarded, while the remaining values are averaged and then calibrated using the

line given by the “true” and the measured values of the internal standards used for the analysis.
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5.3 Statistical analysis

The original time series are very irregular. Furthermore, the raw data refer to several climate
proxies with different measurement scales associated to differences in both the regional position of
the ice core and the chemical nature of the proxy. Since our purpose is to study the time series over
an extended time period corresponding to the last interglacial, we are interested to isolate the
irregular component in way to highlight the trend of the series using suitable statistical methods.
The statistical analysis of the isotopic raw data was performed through R (R Core Team, 2016), a
software environment for statistical computing and graphics, with a twofold purpose. The first
purpose is to compai®0 and deuterium excess records from TALDICE ice core with the
corresponding records from EDC. The second purpose of the statistical analysis is studying the
relationships of sea-salt Sodium (s§\@on sea-salt Calcium (nssGgand dust records from

TALDICE with stable isotopes records. The statistical analysis discussed below use smoothing and

scaling operations to remove data irregularities and scale effects.
5.3.1 Smoothing

Smoothing techniques are used to reduce the effect of variations and irregularities in the data in this
way highlighting the signal. Among many possible choices of the smoother, we will use penalized
cubic splines as implemented in the mgcv package (Wood, 2011). We choose package mgcv for
two reasons of convenience: numerical stability and automatic selection of the smoothing parameter
Cubic regression splines divide the x-axis into a number of intervals4ft],[t1,t],...,[t k-1 = 1,1k

= n] whose extremes are called nodes (knets: 1., t ), in each interval it is estimated a

polynomial of order three to describe the dependence of the response from the predictor; the
resulting curves are "connected" each other in way to form a single continues curve using a suitable

penalty.

5.3.2 Rescaling
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Since the proxies assume values in very different ranges, then we rescale the time series to the unit
interval (between 0 and through the transformation:

, x — min (x)

~ max(x) — min (x)

wherex’ is the rescaled value of the proxyis original value of the proxynin(x) andmax(x) the
minimum and the maximum value for the proxy, respectively. Therefore, we will use the above
transformation to rescalé®0 and deuterium excess values from TALDICE and EDC ice cores to
the unit interval, in way to remove the scale effects due to the different stable isotopes
compositions related to their geographical position. Scaling to the unit interval will be considered

also for the chemical proxies that will be compared with the isotopic profiles.

5.3.3 Slot correlation

We use the slot correlation technique to analyze possible associations in paleoclimate time series
characterized by irregular time sampling. Proposed by Mayo (1978) and further elaborated by
Edelson and Krolik (1988), slot correlation estimates the correlation between two time series
subdividing the available data into blocks. The observations within the time series only contribute
to the correlation function at a given lag if their observation time difference deviates less than half
the lag bin width from the considered lag (K. Rehfeld et al., 2011). The slot correlation weights the
contribution of pair of observations using a kernel function. Among the various possible choices for
the kernel function, we adopt the Gaussian kernel function because it is considered the most reliable
and suitable kernel for application to paleoclimate data (K. Rehfeld et al., 2011). Fig.5.3.3.1
illustrates the principles of slot correlation estimation between two time series: panel A shows the
classical correlation estimator, whereas panel B shows the slot correlation estimator for irregularly

sampled time series.
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6 Results

6.1 Isotopic dataresults

Here we present & %0, 8D and new deuterium excess results extracted from the TALDICE ice core
analyzing the high resolution samples obtained from the 5 cm cuttings covering the last 131.5-115.7
ka BP (thousands of years BP) corresponding roughly to the Last Interglacial (k¢@ddin the
framework of this thesis we repeat the 5'°0 measurements that were already carried out in France at
LSCE but at the same time we provide new dD data since the hydrogen isotope composition was

not previously measured on the whole 5cm cuttings. These co-isotopic analyses allowed us to
calculate the secondary isotopic parameter, deuterium extes { 8*5'%0), as defined in section

4.1.5. The raw data obtained from the analysis of the 5cm cuttings of the TALDICE ice core over
the (LIG) are reported in the fig. 6.1.1 versus depth (m). The 5cm samples analyzed frahat de

1385 to 1417m of the ice core correspond to a temporal resolution between 17 and 37 years,
respectively from the upper layers to the deeper of the ice core. The TALB®{OWalues lies in a

range betweers37.80 %o and -33.93 %o, with a mean value of -36.03 %o; 6D values range between -

298.4 %o and -266.2 %o, with a mean value of -283.0%o. The obtained deuterium excess profile, also

reported in the fig.6.1.1 against depth, skawhaximum value of 6.9%o, a minimum of 1.0%o., and

a resulting mean value over the last interglacial of 4.3%o.
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Fig.6.1.1 - The TALDICE"0, 8D and d profiles (raw data) versus depth (m).

In order to validate our high resolution data obtained from our measurements we compare them
with t the values obtained from the low resolution samples. In the fig. 6.1.2 are illustraté8the
profiles of the high (5cm cuttings, red dotted line) and low resolution samples (bag samples, 100cm
length, black line) obtained overlapping the two against the official AICC2012 age scale. The two
records appear in good agreement and highlight some the variability previously not observed fr
only low resolution profile. In fact, between 118-116 ky BP the high resolution recorddmighli

more details in the isotopic profile which is an added value in our reconstruction. The high
resolution samples allow us to characterize better the glacial inception at TALDICE, vaibinugoh

transition observed at 117.5 ky BP.
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Fig. 6.1.2-The TALDICE stable isotope profile3f°0) at high (5cm, red dotted line) and low (100cm, black line)
resolution versus age (AICC2012) over the LIG.

By averagingd'®0, 8D and d-excess values obtained from the analysis of 20 samples of high
resolution series and comparing them with the bag mean series (table 6.1.1) (Stenni et al., 2011) we
obtained the differences reported in the table 6.1.2. It was considered that the average value of 20
samples of 5cm each (in total 200cm) should have the same values of one bag (100cm). The table
6.1.2 highlights deviations ranging from.08 to 0.07 %o, with a mean of -0.01%o for 8*°0; from -

1.64 to 0.47%o, with a mean of -0.45%o for 6D; from -1.03 to 0.41%o with a mean of -0.41%. for d-

excess, which is a combination of the others two stable isotopes*®hehows a lower deviations

from the bag, even because #180 analysis is more precise than &t one.
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20 samples mean Bag mean
§%0 -36.02 -36.05
oD -283.78 -284.48
d-excess 4.35 3.88

Tab 6.1.1- Thé'®0, 5D and deuterium excess bag mean values.

Min deviation (%) Max deviation (%o) Mean deviation (%o)
§'°0 -0.08 0.07 -0.01
oD -1.64 0.47 -0.45
d-excess -1.03 0.41 -0.41

Tab 6.1.2- Thes*?O, 8D and deuterium excess deviation of 20 samples mean from the bag.

To frame the ice core records in a temporal context common to others natural archives itfg better
plot the raw data against the official AICC2012 age scale (yrs BP), as reporteglGHie3. Both

oxygen and hydrogen profiles exhibit an increasing trend exiting the last deglaciatiomn@ten

Il) and peaking in an early LIG optimum at about 129 ky BP. Aftestf@ (and similarly theésD)

values are decreasing up to a minimum at about 125 ky BP and then from 126 ky Blreasgnigc

again up to a second peak reaching maximum values around 117.5 ky. Afterwards a progressive
depletion in 5'%0 and 8D (%o) occurs in proximity of the glacial inception. We have already

mentioned in Section 3.1 that the peak in the early LIG is a common feature in others sites of the
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East Antarctic ice sheet (Masson-Delmotte et al.,2011) whereas the second one become evident
only in the oastal TALDICE. In this study we will consider only the 'O variability but similar
conclusions can be drawn from tBB, as appears from the striking similarities between the two
records (fig. 6.1.1 or fig 6.1.3). The new obtained deuterium excess profile is reportedig the

6.1.3 against age. It shows generally a growing trend over the early LIG, with relativeahigh

between 122 and 123 ky BP, followed by a decreasing trend at the end of the interglaudal per

(starting of the glacial inception).
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Fig. 6.1.3- The TALDICE'®0, 6D and d-excess profiles (raw data) obtained from the high tésolsamples (5cm)
reported versus age (AICC2012, yrs BP).
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nssCa flux (pg/m :.“:1)

6.2Chemistry data

The following figures, respectively fig 6.2.1, fig 6.2.2, fig 6.2.3, report the raw data profiles for non
sa-salt Calcium (nssGH flux, a proxy for terrestrial dust, the sea-salt Sodium(§sNax, a

proxy for sea salt aerosol, and the mineral dust content (parts per billion, ppb) that is the net amount
of dust patrticles, split in different dimensional classes, deposit over Talos Dome area. The data have
been obtained from the high-resolution mineral dust measurements performed by Baccolo et al.
(submitted) while for the nss€aand ssNaprofiles we have used the data published by Schiipbach

et al. (2013). Both nss€aand ssNafluxes have a temporal resolution of 100yrs (re-sampled),

whereas the dust has a temporal resolutions ranging from 343 to 1208 yrs.
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Fig 6.21- The non sea-salt Calcium 100 yr flux (ug/a) on a logarithmic scale from the TALDICE ice core reported

against age
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Fig 6.2.2- The sea-salt Sodium100 yr flux (ugahon a logarithmic scale from the TALDICE ice core reported against
age.
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Fig 6.2.3- Dust records from the TALDICE ice core reported agj@ge. The figure reports three different size classes
for mineral dust data: 0.6-1 (ppb) refers to fine dust for longudée transport; 0.6-5 (ppb) refers to the sum of all the
fine particles that includes even possible local transport; 5-10 (ppb) tefgrsss dust for local sources.
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6.3Statistical data results

In this section we present the results of the statistical analysis carried out with R softveatécaim
extract the general trend and rescale the water stable isotopes and chemical time séviasutéta
interval. As seen in Section 5.3, the graphical devices in fig. 6.3.1, fig. 6.3.2, fig. 6.3.3, fig. 6.3.4 are
obtained smoothing the raw data from TALDICE and EDC ice cores over the LIG with cubic
regression splines. The plots also include 95% confidence bands. The isotopes dataset is used to
analyze the temporal and spatial variations of the oxygen and hydrogen isotopes composition,
investigated by comparing sites located in different geographical areas of East Antarctica.

Figure 6.3.1 an@.3.2 report smoothed 5'°0 and deuterium excess profiles versus age (AICC2012,
yrs BP) for TALDICE and EDC ice cores. The cubic regression splines are computed widmthe g
function of the mgcv Package (Wood, 2011).

Since oxygen isotope composition of the ice cores is a proxy for the local temperature, both
TALDICE and EDC3'®0 records suggest the common local temperature changes (at least in their
long-term trends) occurred at each coring site over the first part of the last interglacial, while in the
later part of the LIG the two records are diverging. As appears from fig.@&AILDICE §'%0

record presents an increasing long-term trend from 124 to 118.5 ky BP as wed@mdary peak
around 118.5 ky, which is shifted with respect to that identified id'fl@ raw data (fig.6.1.2). This

evidence does not appearstfiO profile from EDC ice core.

64



d180

d180

=355

-36.5

-37.5

50 49 -48

-1

Fig.6.32- The smoothed recordsith 95%o confidence bands for the EDG*?0 and deuterium excess.

',".'f-:_“_. s | o, s _' L
il 0 : —. 1\1 v
1 \ g | e
il TR X < iy
& h\:\'&-- e ‘:' \ o Jl
o] ‘:/ SR TeIa ek *\\K—__ “: 2 |
i o~
I I I I I I I
115000 120000 125000 130000 115000 120000 125000 130000
Age (AICC 2012) Age (AICC 2012)
Fig.6.3.1- The smoothed recordsth 95%o confidence bands for the TALDICE %0 and deuterium excess.
| S,
4 = oS NG e
", - - NN
- P ,
-] @
3 " o 4
S
N ] o5
I T T T II T T T :
115000 120000 125000 130000 115000 120000 125000 130000
Age Age(AICC2012)

In the following fig.6.3.3 the high-resolution chemical proxy data spanning the last interglacial for

non sea-salt calcium (nssCpand sea-salt sodium (ssare plotted. They are obtained from the

TALDICE ice core. Smoothed series with 95% confidence bands plotted versus age are displayed in

the plot (AICC2012, yrs BP).
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Fig. 6.3.3 - Chemical measurements from the TALDICE ice core, @gaiscale. Data came from Schiipbach et al

(2013). The ssNaand nssC& are reported as 100 yrs flux (ud/a).

The fig. 6.3.4shows mineral dust smoothed records at TALDICE. The available dust data (Baccolo

et al., submitted) have a low resolution and refer to both fine and the gross particles.
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Fig. 6.34 — Smoothed dust records from TALDICE ice core, on an age dReleords refers to three different size
classes: dust 1 corresponds to the fine dust 0.6-1 (ppb); dust @ sarthof all the fine particles, 0.6-5 (ppb); dust 3
corresponds to gross dust, 5-10 (ppbateCfrom Baccolo et al. (in preparation)
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7 Discussion

The TALDICE and EDGS*®0 records: long-term trends to comparison

Since the ice preserved in the Antarctic ice sheet represents the precipitation of the past, the glacial
archive can be considered as an important tool to explore the climate of the past exitdiffes

scales. Our purpose is to infer the climate-environmental changes in East Antarctica during the last
interglacial (LIG, c.a.129-116 ky BP), which is characterized by warmer temperaturésghed

global mean sea level than the present. These have been estimated between about 2 and 5°C (Jouz¢
et al.,, 2007) and 5.5 and 10 m (Kopp et al., 2009) above the present day values, respectively.
Masson-Delmotte et al. (2011), as already mentioned in the Section 3.1, suggested a divergence in
climatic pattern at TALDICE with respect to EDC over the LIG. In order to achieveupose,

we will provide ice-core reconstructions at Talos Dome, which, being a near costal site could be
potentially more sensitive than inland sites (e.g. Dome C) in recording climate and emviadnm
changes in coastal area. Although both sites are located across the East Antarctic plateau,
TALDICE is closer to the coast and consequently more sensitive to climate variability linked to the
sea-ice dynamics (particularly those stands out in the Ross Sea sector) and to the past variations of
the peripheral parts of the ice sheet. Conversely, EDC (900 km from Talos Dome and 1200 km
from the coastal edge) has a more negative isotopic composition (a colder site than Talos Dome)
and climate characteristics more representative of the mean conditions of the East Antarctic Plateau.
The LIG high-resolutiors'®0 and the new deuterium excess records, obtained in this study from
TALDICE ice core, are plotted in Fig.7With EDC isotopic records versus the common age

AICC2012.
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Fig.7.1- TALDICE and EDC isotopic profiles during the LIG. ERIDome C data source:Stenni et al. (2010)

Examining figure 7.1both TALDICE and EDC ice cores show steady ris&'f® record to reach a
sustained peak at ~129 ky B&s previously mentioned, high8t°0 may be mainly interpreted as a
warming period due to the strong relationship existing between the stable isotopic composition of
precipitation in Antarctica and temperature (Dansgaard 1964; Masson Delmotte et al.,2008)
Indeed, a temperature increase results in higher proportion of heavier isotopess wrapsaature
decreases in a lower one (therefore a depletion in heavier isotopes or an enrichment in lighter

isotopes).
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The early warming of the LIG also called the early climatic optimum, which is a common feature
between these two sites as well as to other East Antarctic sites (occurring duringnnorthe
hemisphere deglaciation), may be related to the warming associated the so called bi-palar see-s
effect as proposed by Masson-Delmotte et al. (2010). Moreover, Bradley et al. (2012) dhggests
part of this warming could be also linked to an elevation effect. Following this early peakistaere
rapid decrease of tHg®0 (that means a cooling) between ~128 and 126 ky BP. Towards the end of
the last interglacial there is clear difference indH© pattern between the two sites. From ~124 ky

BP TALDICE and EDC records visibly diverge showing an opposite trend: one moves to more
positive3'%0 values (TALDICE) highlighting an increasing long-term trend and the other moves to
increasingly negative values (EDC) highlighting a slow decreasing long-term trend. Thusistowar
the end of the LIG, EDC isotopic values start to decrease more slowly entering the glacial inception,
while TALDICE exhibits a secondary maximum/peak at c.a. 118 ky BP, followed by a sharp
decline (i.e. a fast isotopic decrease). However, the divergence between TALDICE and EDC and

the peak appear more evident in the figure that displays smoothed and rescaéD ice core

records.
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Fig.7.2- Smoothed and rese&alTALDICE and EDC §'°0 record. The y-axis reports normalization indices for the
scaled §'°0.
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Figure 7.2 highlights the time interval (marked by the black line) equivalent to divergencerbetwee
isotopic records of TALDICE and EDC. The secondary peak at TALDICE results shifted around
~118.5 ky BP (corresponding to the black line on the left) then in fig.7.1. Since we are interested on
the long-term trend of the isotopic records, then for the discussion we fix the secondary peak at
~118.5 ky BP. This graphical analysis allow to identify the plausible factors/ mechanisms and
regional site-specific features driving the highlighted inter-site variability imprinted at TAEDIC
from ~124-118.5 kyBP as well as the secondary peak, starting from the response of the isotopes to

these factors.

The asynchrony between TALDICE and EDC isotopic records

In order to clarify the TALDICE asynchrony behavior in comparison with EDC and investigate
which regional differences may have influenced its unusual trend during the last interglasial,
convenient to compare the last interglacial record with that of the Holocene (the present interglacial,
PIG). Figure 7.3. shows th® records, at TALDICE, for the periods including the two respective
deglaciations (transition periods from a glacial maximum to a subsequent interglacial) and
interglacial periods. In both records is evident the higher peak corresponding to the eatg clim
optimum (~129 ky BP). Although the last two interglacial records depict rather similar long-term
trends, the early LIG optimum (black line) appears systematically stronger than the aadgrté
maximum (red line), leading to a larger deglacial amplitude during Termination Il thargdurin
Termination | (periods corresponding to the deglaciation for the last and present interglacial
respectively) (Masson Delmotte et al., 2011). Following this maximum there is a gradual diecline o

the LIG record to values close to present day.
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Fig.7.3- ThedD records from TALDICE ice core over the last 20 kyr (red line) gned118-139 kyr BP period (black
line), corresponding to the Holocene + Termination | and the last inter gladiafmination Il, respectively. From
Bradley et al. (2013). The data reported in this figure refer to pesitnd negative anomalies respect the long term
mean calculated over the interglacial periods.

Since the LIG and PIG records have similar long-term trends from 126/ 8 ky BP onwards (Fig.7.3)
the same factors influencing the climate variability at Talos Dome may have acted. Since the stable
isotope composition of one interglacial may differ in magnitude between one another, we quantified
the '%0 and the d-excess mean values for the two given interglacial periods (table 7.38)Crhe
values are higher (abo0t30%.) during the LIG than during the PIG. Even deuterium excess is

(1%o) higher during the LIG.

TALDICE isotopic mean value for thg TALDICE isotopic mean value for thg

LIG (116-130 ky BP) PI1G (0-11700 ky BP)
30 (%o) -36.11 -36.46
d-excesg%o) 4.6 35

Tab.7.1- Means values of oxygen stable isotope composition atetideuexcess (d-excess) for TALDICE ice core
during the last and the present interglacial.
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Figure 7.4 shows th&'®0 and d-excess records at Talos Dome over the LIG with highlighted the
mean levels as calculated in Table 7.1 for the present (PIG, red lines) and the last interglacial (LIG,

yellow dotted lines).
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Fig 7.4-5"®0 (%o0) and d-excess%.) records at TALDICE during the LIG. The mean values for the(lastow line)
and the present interglacial (red line) are also shown.

Although TALDICE exhibits different mean climatic levelad '%0 values reported in table 7.1
and amplitudes (in the climatic optimum at the early LIG) it has similar long-term patterns &om th
mid-PIG/LIG to the end (Fig.7.2). This suggests that some similar regional factors could have acted

at Talos Dome during the two periods.

Some differences in the isotopic composition between the PIG and LIG records are evident also
from EDC ice core records. We evaluate the water stable isaibj@snd deuterium excess mean
values from EDC ice core over the PIG and LIG (Table 7.2). Even in this cas&@hmean value

is higher (about 1.1%.) during the LIG than during the PIG as well as the deuterium excess is

(0.9%0) higher during the LIG.
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EDC isotopic mean value for the LIG EDC isotopic mean value for the PI(

(116-130 ky BP) (0-11700 ky BP)
37°0 (%) -49.53 -50.64
d-exces$%o) 9.9 9

Table.7.2- Means values of oxygen stable isotope and deuterium ékepsess) for EDC ice core during the last and

the present interglacial. Data came from Stenni et al.(2011).

By comparing the magnitude of the LIG climatic optimum at EDC to that during the PIG (as
reported in figure 7.5 the last interglacial peak appears higher than the one observed in the present
interglacial as already seen at TALDICE. Since the water stable isotope composition obtained from
the ice cores are reflecting mainly local climate temperatures, the tiBher 5*°0 values reflect

warmer temperature during the LIG at both sites but with a higher magnitude at Donhd %o

compared to the PIG) than Talos Do6.30 %o compared to the PIG) (Table 7.1 and.7.2).

Fig.7.5-ThedD records from EDC ice core over the last 20 kyr (red line)taedl18-139 kyr BP period (black line)
corresponding to the Holocene + Termination | and the last interglacial +iaion Il, respectivelyData reported in
this figure refer to positive and negative anomalies respect the long termcalealated over the interglacial periods.
Source: Bradley et al. (2013).
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Some recent studies have compatiedl Holocene §'°0 at TALDICE and EDC suggesting that
much of the isotopic difference between the two records at the early Holocene could be attributed
part to local elevation change effects (Stenni et al., 2011). In fact, Talos Dome, in analogy with
similar conditions in other Antarctic coastal areas, at the beginning of the Holaoaltkestill have

100 £ 50 m higher elevations than present day. In analogy, we suppose that even during the last
interglacial the differences in the ice core stable isotope records might be in papoases to
surface elevation changes.

An alternative to explain this difference could be the moisture source and air pathways dtange
TALDICE, maybe also linked to the grounding line retreat after the deglaciation (Stenni et al.,
2011). Therefore, we suppose that the potential contribution of these factors may have influenced
TALDICE §'®0 record even during the last interglacial leading to the regional differences observed

with respect to EDC between 124 and 118.5 ky BP as well as the secondary peak at 118.5 ky BP.

The possible causes of the asynchrony at TALDICE
This study will focus on two hypotheses which are worth highlighting in driving the obs&fi@d
pattern a Talos Dome with respect to other East Antarctic sites towards the mid-latertpart of

LIG:

1) This pattern may be linked to surface elevation changes as response to ice sheeit retrea
Talos, a peripheral dome of Antarctica, due to a partial collapse of the WAIS as recently
suggested by Steig et al. (2015) or due to changes in Wilkes sub-glacial basin in the East

Antarctic ice sheet as suggested by Bradley et al. (2013).

2) This pattern may be linked to sea-ice or a related marine process due to an atmospheric
circulation changes over the Southern Ocean and the Ross Sea at the end of the Termination

Il maybe due to the retreat of the Ross Ice Shelf.
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The surface elevation effect hypothesis

Now we will explore the possibility that elevation surface-dri$éiD signal might be associated
firstly to changes in the evolution of the East Antarctic Ice Sheet (EAIS) and secondly she We

Antarctic Ice Sheet (WAIS) over the last interglacial.

In order to investigate elevation change across the EvdSjuantified the 5'%0 relative anomaly

from TALDICE and EDC ice cores. Firstly, it was necessary to forei&6tsmoothed values of
TALDICE at the time of EDC thought the R software to have the same number of observations. For
each ice core record we calculai®JO mean value for the LIG period. Talos Dome has’®

mean value around -36.%dwhereas EPICA Dome C around -4%41For each ice core-site, the

8'®%0 mean value was subtracted from e&tlD value at time t throughout the LIG. This allows to
guantify the isotopic anomalies occurring at each site with respect to a mean reference value.
Finally, starting from these anomalies data we have calculated the differences between them,
subtracting EDC anomalies from TALDICE ones. We may suppose than one of the factors leading
to the inter-site variability could be the relative surface elevation changes between the twb sites. |
we now suppose that at Dome C there have not been significant surface elevation changes, as
suggested by several authors (Bradley et al., 2012; Masson-Delmotte et al., 2011), dutingethi

we could ascribe the difference in the anomalies only to changes of the elevation at EAKDIC
percentage difference of 0% means that TALDICE anomaly is equal to the EDC anomaly. A
negative §*80%o anomaly (as at the early LIG in figure 7.6) corresponds to colder conditions at
TALDICE and as such to higher relative elevations there, wherpasitive §'°0%o anomaly (as at

the end of the LIG in figure 7.6) corresponds to warmer conditions and as such to lower relative
elevations there. In fact, as an ice sheet retreats, the peripheral zone is ¢chedaoyedecreasing

land surface elevation due to ice flow dynamics (Bradley et al.,)2012

75



The TALDICE and EDGS'°O anomaly records are illustrated in the fig théough black and red

line respectively along with their difference (green line). TALDICE appears e hanegative
anomaly differences (up to a minimum dfo) around the early LIG optimum (c.a. 129 kyr BP)

and, conversely, aopitive anomaly differences (up to a maximum of +1.25%o) in proximity to the
glacial inception. Interpreting these differences in term of surface elevation changesjggegts

that at the early LIG Talos Dome was at higher elevation, whereas at the end of the LIGpcloser

the glacial inception, was at lower elevation.
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Fig.7.6- Thed'%0 anomaly profiles at TALDICE and EDC along with their anomaly diifiees profile during the
LIG.
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In order to quantify thes'®0 anomaly at Talos Dome in term of surface elevation it requires
convertingthe 5'°0 signal into surface elevation changes (m). As briefly mentioned in the Section
4.1.3 Masson-Delmotte et al. (2008) examining Antarctic isotope surface data, calculated a spatial
80 %o lapse rate for all sites above 2000m, corresponding'for to -0.860/100m.

Therefore, the3'®0 anomaly of TALDICE ranging from % and +1.2%. reflects a relative
surface elevation increases/decrease about +100 m. Here, we focus our attention on the period
between ~124-118.5 ky BP when the long-term trends of TALDICE and EDC are clearly diverging
with TALDICE suggesting a progressive elevation reduction of about 150m. The reasons of the
lower relative surface at TALDICE, associated with its anomalous isotopic pattern, may be linked
to changes in EAIS topography during the later LIG as suggested by Bradley et al. (2018) du
higher sea levels at this time. Thus the coastal areas of the EAIS could be susceptible to mass loss
and size reduction, as a result of the ocean-ice sheet interactions at the grounddhgitige
periods of higher sea level stand and sea surface temperatures.

The areas located within the Wilkes and Aurora sub-glacial basins, as TALDICE, may bave be
affected mostly by this effect. The sub-glacial basins region is highlighted by the red line in the
figure7.7. Across this region, where the ice is grounded below the sea level, the overlyingice she

is more vulnerable to the impact of changes in ocean temperBradi€y et al., 2013) typical of an

interglacial.
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Fig.7.7 The bedrock topography/surface elevation (m) and the location &f s@ntores sites. The red line highlights
the location of the sub-glacial basins. Source: Bradley et al. (2013).

Because of its position, Talos Dome is affected by ice flow changes from either side of the dome:
the glacier along Wilkes Land and Ross Sea. Therefore ice thinning reduction along the marine-
based Wilkes and Aurora sub-glacial basins could have led to a fall in surface elevation explaining
the long term increase 6#%0 composition toward the later part of the last interglacial (Bradley et
al., 2013). Therefore, the first hypothesis explaining the TALDS® anomalous signal resulting

in an increasing long-term trend with respect to EDC over the mid-later LIG could be related to the

high sensitivity of Talos Dome to the ice dynamitshis sector of the EAIS.
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An alternative contribution to the anomaldi8O pattern at TALDICE could be the partial collapse

of the West Antarctica, an ice sheet located near the Ross Sea sector, as vigibie7rv. Some

recent studies suggest that during the last interglacial period, also named Marine Isotope Stage
(MIS) 5e, the West Antarctic Ice Sheet (WAIS) could have partially collapsed rgdtgsize. The
lowered WAIS topography, with a consequence reduction in ice sheet volume, could have induced
changes in regional climate sufficiently large to be detectable in ice cores, especially in those
closest to the Ross sea.

The lowered WAIS size may have contributed to surface temperature changes, |da@ghestands

(due to the increase in the freshwater input) and produced anomalous cyclonic circulation with
increased flow of warm, maritime air toward the South Pole and cold-air advection from the East
Antarctic plateau (Steig et al., 2015). Halloway et al.(2016) has clarified that not a complete
removal of the WAISnay entail a positive 8*°0 response over the East Antarctic ice sheet, as could
be occurred in our case at Talos Dome, but rather a remnant flat WAIS about 200m. In fact, reduced
elevation increases surface air temperature at a rate roughly proportional to the lafm®uatk

6 °Ckm '), which in turn enriches the isotopic composition of local vapour. These dynamics could
explain the light warming and positive oxygen isotope anomalies recoverable from TALDICE ice
core record between ~124 and 118.58&y

In this framework Steig et al. (2015) has tried to simulate the WAIS collapse using general
circulation models (GCM) in order to simulate its influence on the Antarctic topography. The
climate model experiment was done at varying levels of complexity, comparing the watulice

core records that extend through MIS 5e. Figure 7.8 reports the simulation results fronpeiis pa
elevation changes occurred in the major East Antarctic drainage basins, with reductions of more
than 100m extending inland.igere 7.8(A) shows the modern Antarctic topography, with
geographic features (blue circles: ice-core locations; blue cross: South Pole; contours show
elevation above sea level; contour interval 250m; red contour: 200@muje f7.8(B) shows the

WAIS collapse topography simulation (for the experiment West Antarctic sector (shaded)o

-



zero elevation, and East Antarctic elevations are unchanged); figure 7.8(C) showenciife
between the Antarctic topography and WAIS collapse topography (red contour indicates 1000
elevation change and gray contour the 100m elevation change). Freafiguees it is apparent
that TALDICE (blue circle) is located in a region that has undergone a change in altitudeast a

of 100m.

A

B

Fig.7.8- Antarctic topography used in the GCM simulations. From Steig (@0415).
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The ice surface temperature response to the partial WAIS collapse, simulated by StéRp&bal.

is reported in the figure 7.9 showing the temperature change arid®ehange (%o) between
WAIS-collapse and control simulations as obtained with the ECHAMA4.6 wiso general circulation
model with a slab ocean. A warming temperature changes (°C) and higher '%0 changes are evident

over the parts of the East Antarctic ice sheet adjacent to West Antarctica and alsmajothiee
drainage basins where TALDICE ice core is located. The largest temperature increades and t
higher positive 5'%0 changes occur in correspondence with reduced surface elevation area reported

through the gray contour in fig.7.8C.

EE & e
54-3-2-1012 3 435
8'%0 Change (%o)

8 6 4 -2 0 2 4 6 8
Temperature Change (°C)

Fig. 7.9- Surface temperature abtfO change between WAIS-collapse and control simulations of the ECHAMA4.
general circulation model.
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However, Steig et al. (2015) does not specify the time interval (ky BP) corresponding to the WAIS
partial collapseThus the possibility that the anomaldif8O behavior at TALDICE could be due to

the WAIS collapse is, in our opinion, not completely satisfactory. The hypothesis reported by
Holloway et al. (2016) suggests that the West Antarctic ice sheet loss coincides with the peak
Antarctic temperature (~129 ky BP3,common feature of many Antarctic ice cores records as
studied by Masseelmotte et al.(2011). Therefore, the WAIS partial collapse appears non
temporally synchronous with the lomgm increasing 5'°0 values at TALDICE between 124 and
118.5 ky BP here investigated. However, we have to consider that a process of this magratude a

partial collapse of an Ice Sheet could have brought noticeable effects not immediately.

The atmospheric circulation effect hypothesis

Now we will explore our second hypothesis concerning the atmospheric circulation changes.
Differences in precipitation air masspaths and moisture origins could be at the origin of the
TALDICE 80 increasing trend between 124 and 118.5 ky BP as well as its secondary positive
peak at about 118.5 ky BP. With respect to the interpretatidi®ef record, shorter distillation
pathways of air mass trajectories arriving at TALDICE would contribute to more postfi@e
precipitation values. This implies that the increasing long-term trend as well as the secondary
maximum observed at Talos Dome (Figure 7.2) could be related not only to the warmer local
atmospheric air temperature but even to air masses originating, during this period, from a moisture
source closer to the Antarctic ice sheet (meaning higher latitles)ill analyze this hypothesis
combing some atmospheric circulation proxies records, such d-excess, sea-salt sodium and non sea-
salt calcium fluxes and mineral dust content. The new deuterium excess record obtained through
our isotopic analysis from TALDICE ice core is reported smoothed and rescaled in figure7.11

compared with the EDC d-excess record.
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Fig.7.11 - Smoothed and resedhew deuterium excess record from TALDICE ice core with respect tonhef
EDC. Both records are reported on an age scale (yr BP).

Both d-excess records have a similar trend during all of the LIG. Theyagmwing pattern at

the early LIG followed by more stable values in the mid part of the LIG and starting from 119 ky

BP they show a meaningful drop more important at TALDICE than EDC. Deuterium excess
changes are generally interpreted as reorganizations in the atmospheric circulation associated with
changes in the moisture source conditions or locations (Masson-Delmotte et al., 2005). In general,
lower d-excess means that air masses came from conditions of higher relative humidity (colder
area), therefore the moisture source could be located in proximity to Antarctica (higher latitudes),
whereas higher d-excess indicates that the air masses originate from conditions of lower relative
humidity (warmer area), such that the moisture source area could be located at lower latitudes. The
fair good similarity of the two deuterium excess records seems to suggest that the differences

observed in their long-ter@®0 records is not associated to a difference in moisture source origins
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at regional scale In order to understand some correspondences betwi#&d tignal observed at

TALDICE and the atmospheric dynamics we compare the d-excess witf@heecord (Fig. 7.12).
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Fig.7.12The 5'%0 and d-excess records at TALDICE. The graph shows a black tnedi24 ky (when TALDICE
3'%0 record start to diverge from EDC highlighting an increasing trend)iroorrespondence of the secondary peak at
118.5. The d-excess shows a minimum at 117 ky highlightedebgtashed line.

Figure 7.12 highlights that in correspondence ofsi® increasing long-term trend (starting from
~124 ky BP), the d-excess remains quite stable. However, shortly before to the secoallary pe
(~118.5 ky) d-excess starts to decrease slowly until reaching a minimum (dashed line at ~117 ky
BP). With respect to the interpretation of the d-excess proxy, the decreasing record in
correspondence ®%0 peak may imply that a meaningful change in atmospheric moisture sources
has taken place in this interval. This probably reflects air masses transport from proximal. sources
Furthermore, the plot highlights that the d-excess minimum value (dashed line at ~117 iky BP)

slightly out-of-phase with the positive peak of 8180 record (~118.5 ky BP).
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Following the peak (from 118.5 to 116 ky BP) alstO starts to decreas€he depleted §°0 in
combination with lower d-excess values, which would imply cooler moisture source temperature,
may reflect changes in atmospheric circulation compared to the previous period. Mainly these
change could be associated to air masses which arriving through the Ross Sea are influenced not
only to the initial conditions of the moisture sources but even by the fresh sea-ice in the Ross sea
sector (the presence of the sea-ice elongate the distance from the source) which produce longer

trajectories resulting in more negative 8'%0 values at the ice surface.

In order to clarify thee atmospheric circulation dynamics or eventually other alternative processes
as driving mechanism accountable for anomalous variability at TEREDiIve analyze the proxy-
aerosol records. They are reported in Fig.7.13 in addition to the stable isotopes and provide detailed
information on mineral dust deposition, marine sea spray aerosol, atmospheric circulation and sea-

ice changes in different regions of Antarctica (Schipbach et al., 2013).
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Fig.7.13- The isotopic and chemical records from TALDICE ice corestheer|G: (A) §'°0 record (black line); (B)
nssC&" flux record (green line); (C) ssN&ux record (red line); (D) deuterium excess record(blue line)fit® dust
record(purple line). The black lines indicate the time interval when TALDIUErges compared to EDO24118.5
ky BP). The black dashed line correspond to the maximum/minimuknfpeaach proxies.
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The smoothed nss€a flux record reported in figure 7.13B shows slight increase in
correspondence to the increasidO long-term trend (~124-118.5 ky BP). It reaches a local
maximum at around ~119 ky BP (dashed line) which results shifted compared to the TALDICE
8'%0 secondary peak (Fig.7.13B versus Fig.7.13A), however both appear in the later part of the
LIG. As nssC#' is a tracer useful to estimate the content and deposition of terrestrial dust, then we
could suggest that an increase of this proxy might be interpreted as an intensification of the
transport efficiency from dust sources. The increasing intensity in the atmospheric transport may be
related to meteorological conditions changes (such wind speed and the temperature lapse rate)
occurred in this interval. This finding is in accordance with the different size classes ofl mustra

(fine and large dust particles) concentration records. Figure7.13E reports fine dudtvraa
highlights a homogeneous pattern at the early LIG and starting from the mid patloGtli~124

ky BP) shows a light increase in their content which grows rapidly from 120 ky BP onwaels
observed higher content of dust particles towardntinetlater part of the LIG could be related to

changes in the transport efficiency.

Regarding the sea-salt sodium (s N#ux, as displays figure 7.13C, it starts to grow at the same
point of 5'%0 record at about 126 ky BP (Fig.7.13A). Then, $ste& shows some fluctuations in
correspondence to the meaningdlfio increasing long-term trend (~124-118.5 ky BP). This slight
variation may be linked to possible shift in sea-salt transport toward Talos Dome. In proximity to
the end of the LIG at about 117 ky BP, near the start of the glacial inception, thdlszNaows a

final maximum. Since sea spray aerosol for a large part is formed by wave crest disruptions on the
open ocean and by brinednfrost flower” formation (fresh sea-ice), then air masses coming from

the ocean reaching Antarctic sites include a significant amount ‘ofHdavever as reported in the
Section 4.2, the wind speed and consequently the swell, the sea-ice extent, the atmospheric
circulation and meteorological conditions are all controlling factors which directly influence the

ssNd concentration and the flux recorded in Antarctic ice cores. Due to the limited atmosphe
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lifetime of the sea-salt aerosol, as suggested by Schiupbach, we can interpréussiafunction

of the distance between the moisture source area and the Antarctic deposition site: in first
approximation short distance implicates higher $sBiax values, long distance lower ssNa
However, an increase in the transport efficiency could equally be invoked. Moreover, if tHésssNa
interpreted in terms of sea-ice changes, an increase ‘oEdlgd also be related to an increase in
sea-ice extent. Depending on the interpretation that we want to assign to this proxy, which is still in
discussion, the progressive s$Nacreasing trend from 126 ly BP would suggest that probably
decrease in sea-ice cover extent occurs resulting in the formation of more lochlssahas.
Therefore thes'®0 increasing long term-trend from 124 and 118.5 ky BP at TALDICE might be
associated to the retreat of Southern Hemisphere sea-ice extent (Ross Sea sector). A-io@jor sea
retreat could enrich 5'%0. The water vapour becomes relatively enriched in heavy isotopes in
response to the evaporative input from new water surfaces exposed by the retreatcef sea
Furthermore, reduced distance between evaporation source and precipitation site for atmospheric
water vapor tends to enrich 8'%0 (Noone, 2004). This would evident especially at TALDICE
(fig.7.2) because the coastal ice cores are expected to be more influenced than the inlapd sites

what is occurring in the surrounding sea ice and ocean areas.

Further clues became evident from the comparison betweessMd flux and d-excess records.

From figures 7.13C and 7.13D we note an interestipgpsite trend between ssNux and d-

excess from 122 ky BP onwards. In particular the maximum flux of'saplaears in phase with the
minimum value of the d-excess at ~117 ky BP. In figure 7.14 rescaled and smoothed d-excess

record is plotted versus sea-salt sodium flux record.
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Fig. 7.14-The rescaled and smoothed $$Na record along with deuterium excess record. Black lines corrgspmon
the interval 124-118 ky BP, dashed line to ~117 ky.

It is evident that from 122 ky BP till to the end of the LIG the records show an anti-phase trend:
when d-excess decrease sSHiax increase. The observed anti-related behavior, betweer iska

and d-excess records, might confirms some significant changes in sea-salt input on the East
Antarctic plateau linked probably to the regional atmospheric circulation changes occurring at Talos
Dome in proximity to the5'®0 secondary peak (~118.5BP) observed in figure 7.2. Lower d-
excess matching with higher ssNaalues could reflect in first approximation a plausible
intensification in atmospheric circulation and/or a moisture source closer to TALDICE.
Furthermore, at 117 ky BP (already at the glacial inception) the opposite trends are very
pronounced. On the other hand, the peak of §$Na& at 117 ky BP could be also associated to
both a short distance of the sSN@aurces and to an increase in the percentage of air masses routing
over the sea ice cover of the Ross Sea sector, which is an active source for Talos DérimpssNa

as suggested by Schiupbach et al (20ARernatively, if we consider the sea-salt sodium as a
potential marker for reconstructing the sea-ice concentration in the Ross sea sector where
TALDICE is located, the final flux maximum obtained in proximity to the late LIG could indicate a

higher sea-ice extent (deple&d0).
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Moreover we note some correspondence also for the time interval followirii}®epeak. This
correspondence is particularly evident in the high-resolution data profile (fig.7.15) rather than in the

smoothed profile.
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Fig.7.15-The 80, 5D and d-excess records observed at TALDICE. The graph reports a black medlat 117 ky
BP when 5'%0 (equally D) highlights an abrupt decrease.

After 117 ky BP the TALDICE high-resolutiost®0 record (fig.7.15) exhibits a fast drop which is

not been observed in other inland ice cores but only in another near coastal record located on the
Atlantic ocean sector (EPICA Dronning Maud Land, EDML). This relative fast transitiéHan

values, corresponding to an air temperature decrease, is in line with a clear defctlieaskexcess

and ssNa (fig.7.14) reflecting possible changes in air masses sources and trajectories (maybe a
departure of the moisture sources from TALDICE) during the late LIG and probably matching the

start of the glacial inception.
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Slotted correlation (slotting approach is presented in the Section 5.3 ) is performed to estimate the
correlation between the paleoclimate proxies at TALDICE during the LIG already aesnpar
through the graphical devices in figure 7.13. We analyze correlations between the isudioghie a
chemical records obtained from the TALDICE ice core for all over the LIG in additidheto
records from 124 ky to 118.5 ky BP, corresponding to the TALDICE $'®0 increasing long-term

trend with respect to EDC. The estimators obtained through the use of the kernel Gaussian function

are reported in the table 7.6.

Slotted estimator value over the Slotted estimator value
LIG between 124 and 117.5 ky B
d-excess and ssKa 0.23 -0.26
d-excess and nss€a -0.025 -0.051
%0 and nssCa 0.14 0.25
§"°0 and ssNa -0.45 -0.10

Tab.7.3- Slotting correlation estimator estimates with the Gaussian kernel fumetioeen the climate proxies used.

The negative estimator value (-0.26) between d-excess andl ssttads with respect to a positive
correlation during overall the LIG confirms that a strong opposite/anti-phase trend is evident from
124 to 118.5 ky BP, particularly when looking at the long-term trends. Since both are proxies
related to the atmospheric circulation, then this negative evidence may reflect reorganization in the
moisture source areas or/and in the air mass trajectories leading to differehflssNaaching

Talos Dome in correspondence to different d-excess values.

Also the positive correlation (0.2%etween theés*®0 and nssCa may reflect some atmospheric
circulation changes as the driving factor leading topistive 8'®0 anomalies over the mid-later

part of the LIG. In fact, enhanced®0 values and higher nsstdlux reflect shorter distillation



path. We can conclude that graphical analysis in combination with slotted correlation between
isotopic and chemical proxies at TALDICE allows to suppose that a reorganization in atmospheric
circulation which consist in air masses local origin, shorter pathways and changes in transport
efficiency could be one plausible hypothesis to explain mainly the secondary interglacial optimum

at 118.5 ky BP rather than increasing long-term trend.
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8 Conclusion

This study has examined the stable isotopes pattern observed at the near coastal TALDICE ice core
during the mid-late part of the last interglacial (c.a 124-117 ky BP), which appears to masom

with respect to the other central East Antarctic records. We take as referenceGiAe xirhe C

ice core for its “average” isotopic (and thus climate) behavior that could be representative of the
climate at continental scale. As the water stable isotope composition of the precipitation changes
with air temperature, it can be used as a local temperature proxy. Therefore, vitdraveted the

water stable isotope records mainly in terms of temperature variations. One primary aim of this
study was to investigate which factors may have influenced the increasing trendsttxtsignal
recorded in the TALDICE ice core between 124 and 118.5 ky BP and the secoealagt118.5

ky BP.

We consider two hypothesds explain the anomalies observed at Talos Dome: one takes into
account the ice sheet-ocean interaction at the grounding line; the other takes into account
atmospheric circulation changes at regional scale.

The potential contribution of the ice sheet can be considered in term of surface elevation changes in
response to a retreat of marine-based ice in the Wilkes and Aurora sub-glacial basins (Bradley et al.,
2013). A significant retreat of the marine-based ice in these East Antarctic subglacial bagins, ma
cause a change of the elevation leading to a disiii€t signal at TALDICE ice core site. An
alternative hypothesis, suggested by Steig et al. (2015), consider a partial mass loss of yhe nearb
West Antarctic ice sheet during the LIG resulting in a size reduction contributing to surface
temperature changes. However, if the timing of this collapse is confined to the early LIG, as
suggested by Halloway et al. (2016), this hypothesis appears not synchronized with the time interval
that we are analyzing here without considem@tgne delay of the ice sheet to the climate forcing.
Therefore, the increasing long-term trend of the oxygen isotope composition observed at TALDICE

starting from 124 ky BP could be more likely related to an elevation effect linked to the ice flow
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dynamics in the East Antarctic drainage area. ¥11® anomaly could correspond to an overall
elevation decrease of about 150m.

However, atmospheric circulation changes can also be invoked as a driving factor to explain the
%0 anomalous pattern at Talos Dome. Changes in the distillation pathways of the air mass arriving
at Talos Dome or changes of the relative contribution of local (high latitudes) versus remote (lowe
latitudes) moisture sources, are expected to produce a parallel changesifOttend deuterium
excess of the precipitation recorded in the ice cores. In order to investigate this effectewe ha
considered several atmospheric circulation proxies (d excess, ssNa and nssCa fluxessatustell a
content). Looking at both d-excess &t records, the stability of the d-excess between 124 and
118.5 ky BP, suggest that in correspondence of5tf@ long-term trend no major changes in
atmospheric moisture sources has taken place. However, in this time interval small amplitude
variations in ssNaand nssC& fluxes (proxies for marine and terrestrial aerosols), at TALDICE
could be linked to an increase of the transport efficiency or to some cyclonimidgnen the
surrounding ocean. On the other hand, some major atmospheric circulation changes seem to occur
in correspondence and after #1180 secondary peak (at about 118 ky BP in the smoothed profile).

At 117 ky BP the TALDICE high-resolutiod'®0 record exhibits a fast drop which is not been
observed in other inland ice cores. This relative fast transitié"’ values, corresponding to an

air temperature decrease, is in line with a clear decrease of the d-efleesmgepossible changes

in air masses sources and trajectories during the late LIG and probably matching the start of the
glacial inception. This evidence is also confirmed by the chemical proxie$ asMassC4d which

both show a different pattern after 118 ky BP. Particularly the ssNa appears in aetiwtiathe
deuterium excess. This make us hypothesize a plausible intensification in atmospheric circulation at
this time.

Alternatively, if we consider the sea-salt sodium as a potential marker for reconstructieg-ibe s
concentration in the Ross sea sector where TALDICE is located, the final increase (maximum

around 117ky) obtained in proximity to the late LIG could indicate a higher seaterg éepleted
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8'%0). This can be in agreement with respect to&#® record which shows a decreasing trend
after 118.5 ky in proximity to the glacial inception.

In conclusion, from the climate proxies analyzed, we suggest that the increasing long-term trend
observed from the TALDICB"O record between 124 and 118.5 ky BP, which correspond to the
interval of divergence with respect to EDC, may be linked to local elevation changesnacm

this peripherical area of East Antarctica. Conversely, the secondary peak in the tatéthmat IG

might reflect both changes in source regions/pathways with an increase in the importance of local

high latitudes moisture sources and in transport efficiency.
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9 Appendix: R commands

Figures 6.3.1 and 6.3.2

##Loading data

edc <- read.csv("Bag_EDC.csv", sep =";")

taldice <- read.csv("dettagli_taldice.csv", sep =";")

## Loading mgcv package

require(mgcv)

## Spline model of d180 with respect to age

taldice.gam <- gam(d180 ~ s(age), data = taldice)

## Graphical devices reporting the smoothed series with 95% confidence bands
par(mfrow = c(1, 2))

predict.taldice <- predict(taldice.gam, se.fit = TRUE)

plot(taldice$age, predict.taldice$fit, type = "I", xlim = range(taldice$age), xlab =
"Age(AICC2012)", ylab = expression(d180))

lines(taldice$age, predict.taldice$fit - 2 * predict.taldice$se.fit, Ity = "dashed")
lines(taldice$age, predict.taldice$fit + 2 * predict.taldice$se.fit, Ity = "dashed")
## Spline model of d with respect to age

taldice.gam <- gam(d ~ s(age), data = taldice.ok)

## Graphical devices reporting the smoothed series with 95% confidence bands
par(mfrow = c(1, 2))

predict.taldice <- predict(taldice.gam, se.fit = TRUE)

> plot(taldice.ok$age, predict.taldice$fit, type = "I", xlim = range(taldice.ok$age), xlab = "Age",
ylab ="d")

> lines(taldice.ok$age, predict.taldice$fit - 2 * predict.taldice$se.fit, Ity = "dashed")
> lines(taldice.ok$age, predict.taldice$fit + 2 * predict.taldice$se.fit, Ity = "dashed")
## Spline model of d180 with respect to age

edc.gam <- gam(d180 ~ s(age), data = edc)
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## Graphical devices reporting the smoothed series with 95% confidence bands
par(mfrow = c(2, 2))
predict.edc <- predict(edc.gam, se.fit = TRUE)

plot(edc$age, predict.edc$fit, type = "I", col= "red", xlim = range(edc$age), xlab = "Age's ylab
expression(d180))

lines(edc$age, predict.edc$fit - 2 * predict.edc$se.fit, Ity = "dashed")
lines(edc$age, predict.edc$fit + 2 * predict.edc$se.fit, Ity = "dashed")

## Spline model of d with respect to age

edc.gam <- gam(d~ s(age), data = edc)

## Graphical devices reporting the smoothed series with 95% confidence bands
par(mfrow = c(2, 2))

predict.edc <- predict(edc.gam, se.fit = TRUE)

plot(edc$age, predict.edc$fit, type = "I", xlim = range(edc$age), xlab = "Age", ylab =
expression(d))

lines(edc$age, predict.edc$fit - 2 * predict.edc$se.fit, Ity = "dashed")

lines(edc$age, predict.edc$fit + 2 * predict.edc$se.fit, Ity = "dashed")

Figure 6.3.3
### Loading data

ssNa.l <- read.csv("ssNa_taldice.csv", sep =";")
nssCa.l <- read.csv('nssCa_taldice.csv", sep =";")

dust.1 <- read.csv("'Dust_diverseDimensioni.csv", sep =";")

ssNa <- na.omit(ssNa.1)
nssCa <- na.omit(nssCa.1)

dust <- na.omit(dust.1)

## Spline models with respect to age
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ssNa.gam <- gam(ssNa ~ s(age), data = ssNa )

nssCa.gam <- gam(nssCa ~ s(age), data = nssCa)

dustl.gam <- gam(dustl ~ s(age), data = dust)

dust2.gam <- gam(dust2 ~ s(age), data = dust)

dust3.gam <- gam(dust3 ~ s(age), data = dust)

## Graphical devices reporting the smoothed series with 95% confidence bands
par(mfrow = c(2, 2))

predict.nssCa <- predict(hssCa.gam, se.fit = TRUE)

plot(nssCa$age, predict.nssCasfit, type = "I", xlim = range(nssCa$age), xlab = "Age", ylab =
expression(nssCa))

lines(nssCa$age, predict.nssCa$fit - 2 * predict.nssCa$se.fit, Ity = "dashed")
lines(nssCa$age, predict.nssCas$fit + 2 * predict.nssCa$se.fit, Ity = "dashed")
predict.ssNa <- predict(ssNa.gam, se.fit = TRUE)

plot(ssNa$age, predict.ssNa$fit, type = "I", col ="red", xlim = range(ssNa$age), xlab = "Age", ylab
= expression(ssNa))

lines(ssNa$age, predict.ssNa$fit - 2 * predict.ssNa$se.fit, Ity = "dashed")

lines(ssNa$age, predict.ssNas$fit + 2 * predict.ssNa$se.fit, Ity = "dashed")

Figure 7.2
## Loading data

edc <- read.csv("Bag_EDC.csv", sep =";")

taldice <- read.csv("dettagli_taldice.csv", sep =";")
## Loading mgcv package

require(mgcv)

## Spline models with respect to age

edc.gam <- gam(d180 ~ s(age), data = edc)
taldice.gam <- gam(d180 ~ s(age), data = taldice)

## Graphical devices reporting the smoothed series with 95% confidence bands
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par(mfrow = c(2, 2))
## EDC
predict.edc <- predict(edc.gam, se.fit = TRUE)

plot(edc$age, predict.edc$fit, type = "I", col="red", xlim = range(edc$age), xlab = "Age", ylab =
expression(d180))

lines(edc$age, predict.edc$fit - 2 * predict.edc$se.fit, Ity = "dashed")
lines(edc$age, predict.edc$fit + 2 * predict.edc$se.fit, Ity = "dashed")
## Taldice

predict.taldice <- predict(taldice.gam, se.fit = TRUE)

plot(taldice$age, predict.taldice$fit, type = "I", xlim = range(taldice$age), xlab =
"Age(AICC2012)", ylab = expression(d180))

lines(taldice$age, predict.taldice$fit - 2 * predict.taldice$se.fit, Ity = "dashed")
lines(taldice$age, predict.taldice$fit + 2 * predict.taldice$se.fit, Ity = "dashed")

## Rescaling

edc <- within(edc, d180.scaled <- (d180 - min(d180)) / (max(d180) - min(d180)))
head(edc)

taldice <- within(taldice, d180.scaled <- (d180 - min(d180)) / (max(d180) - min(d180)))
head(taldice)

edc.scaled.gam <- gam(d180.scaled ~ s(age), data = edc)

taldice.scaled.gam <- gam(d180.scaled ~ s(age), data = taldice)

## Graphical devices which report the rescaled series

par(mfrow = c(1, 1))

predict.edc.scaled <- predict(edc.scaled.gam, se.fit = TRUE)

predict.taldice.scaled <- predict(taldice.scaled.gam, se.fit = TRUE)

plot(taldice$age, predict.taldice.scaled$fit, type = "I", xlim = range(taldice$age), ylim = c(0, 1),
xlab = "Age (AICC 2012)", ylab = bquote(paste('Scaled ", d180)))

lines(taldice$age, predict.taldice.scaled$fit - 2 * predict.taldice.scaled$se.fit, Ity = "dashed")
lines(taldice$age, predict.taldice.scaled$fit + 2 * predict.taldice.scaled$se.fit, Ity = "dashed")

lines(edc$age, edc.scaled.gam$fit, type ="I", col = "red")
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lines(edc$age, predict.edc.scaled$fit - 2 * predict.edc.scaled$se.fit, Ity = "dashed"”, col = "red")
lines(edc$age, predict.edc.scaled$fit + 2 * predict.edc.scaled$se.fit, Ity = "dashed", col = "red")

legend("topleft”, col = c("black”, "red"), Ity = c(1, 1), legend = c("Taldice", "EDC"))

Figure7.13
##Reading data

taldice.l <- read.csv("dettagli_taldice.csv”, sep =";")
ssNa.l <- read.csv("ssNa_taldice.csv”, sep =";")

nssCa.l <- read.csv("nssCa_taldice.csv”, sep =";")

taldice <- na.omit(taldice.1)
ssNa <- na.omit(ssNa.1)

nssCa <- na.omit(nssCa.1)

## Loading mgcv package

require(mgcv)

## Spline models with respect to age

taldice.0180.gam <- gam(0180 ~ s(age), data = taldice)

taldice.d.gam <- gam(d ~ s(age), data = taldice)

ssNa.gam <- gam(ssNa ~ s(age), data = ssNa )

nssCa.gam <- gam(nssCa ~ s(age), data = nssCa.1)

##Graphical devices reporting the smoothed series with 95% confidence bands
par(mfrow = c¢(3, 2))

predict.taldice.0180 <- predict(taldice.6180.gam, se.fit = TRUE)

plot(taldice$age, predict.taldice.61808fit, type = "I", xlim = range(taldice$age), xlab = "Age", ylab
= expression(6180))

lines(taldice$Sage, predict.taldice.51808$fit - 2 * predict.taldice.51808se.fit, Ity = "dashed")

lines(taldice$Sage, predict.taldice.61808$fit + 2 * predict.taldice.51808se.fit, Ity = "dashed")
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abline(v=124000)
abline(v = 118500)
predict.taldice.d <- predict(taldice.d.gam, se.fit = TRUE)

plot(taldice$age, predict.taldice.d$fit, type = "I", col ="Bluelim = range(taldice$age), xlab =
"Age", ylab = expression(d))

lines(taldice$age, predict.taldice.d$fit - 2 * predict.taldice.d$se.fit, Ity = "dashed")
lines(taldice$age, predict.taldice.d$fit + 2 * predict.taldice.d$se.fit, Ity = "dashed")
abline(v=124000)

abline(v = 118500)

predict.ssNa <- predict(ssNa.gam, se.fit = TRUE)

plot(ssNa$age, predict.ssNasfit, type = "I", col ="red", xlim = range(ssNa$age), xlab = "Age", ylab
= expression(ssNa))

lines(ssNa$age, predict.ssNas$fit - 2 * predict.ssNa$se.fit, Ity = "dashed")
lines(ssNa$age, predict.ssNas$fit + 2 * predict.ssNa$se.fit, Ity = "dashed")
abline(v=124000)

abline(v = 118500)

predict.nssCa <- predict(hssCa.gam, se.fit = TRUE)

plot(nssCa$age, predict.nssCasfit, type = "I", col = "gteeim = range(nssCa$age), xlab =
"Age", ylab = expression(nssCa))

lines(nssCas$age, predict.nssCasfit - 2 * predict.nssCa$se.fit, Ity = "dashed")
lines(nssCa$age, predict.nssCasfit + 2 * predict.nssCa$se.fit, Ity = "dashed")
abline(v= 124000)

abline(v = 118500)

Figure7.14
##Reading data

taldice.l <- read.csv("dettagli_taldice.csv”, sep =";")
ssNa.l <- read.csv("ssNa_taldice.csv”, sep =";")

nssCa.l <- read.csv("'nssCa_taldice.csv", sep =";")
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abline(v=124000)

abline(v = 118500)

taldice <- na.omit(taldice.1)
ssNa <- na.omit(ssNa.1)

nssCa <- na.omit(nssCa.1)

## Loading mgcv package

require(mgcv)

## Spline models with respect to age

taldice.0180.gam <- gam(6180 ~ s(age), data = taldice)
taldice.d.gam <- gam(d ~ s(age), data = taldice)

ssNa.gam <- gam(ssNa ~ s(age), data = ssNa )

nssCa.gam <- gam(nssCa ~ s(age), data = nssCa)
##0verlapping ssNa- d trends between 131-115 ky BP
age.seq <- seq(115000, 131000, length=100)

pred.d <- predict(taldice.d.gam, newdata=list(age=age.seq))
pred.Na <- predict(ssNa.gam, newdata=list(age=age.seq))
pred.d.stand <- (pred.d - min(pred.d)) / (max(pred.d) - min(pred.d))

pred.Na.stand <- (pred.Na - min(pred.Na)) / (max(pred.Na) - min(pred.Na))

(AICC 2012)", col = "blue", main ="")
lines(age.seq, pred.Na.stand, col = "red")

legend("topleft”, col = c("blue”,"red"), Ity = c(1, 1), legend = c("d-excess","ssNa"))

Talke7.3
##Calculating slot correlation between ssNa-d

isotopes.1 <- read.csv("dettagli_taldice.csv", sep =";")
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chemicals.1 <- read.csv("Chemicals_ssNa_nssCa.csv", sep =";")
isotopes <- na.omit(isotopes.1)

chemicals <- na.omit(chemicals.1)

age.isotopes <- isotopes$age

age.chemicals <- chemicals$age

d <-isotopes$d

ssNa <-chemicals$ssNa

## function for computation of slotted correlation

slotcor <- function(x, tx, y, ty, type = c("uniform”, "Gaussian")){

type <- match.arg(type)
X <- as.vector(scale(x))
y <- as.vector(scale(y))
d <- outer(tx, ty, "
delta <- max(mean(diff(tx)), mean(diff(ty)))
w <- switch(type,
uniform = (abs(d) <= 0.5 * delta),
Gaussian = dnorm(d, mean = 0.0, sd = 0.25 * delta)

)

sum(outer(x, y) * w) / sum(w)

x <-d

tx <- age.seq

y <- ssNa

ty <- age.chemicals

## uniform kernel
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slotcor(x, tx, y, ty, "u")

## Gaussian kernel

slotcor(x, tx, y, ty, "G")

## Slotted correlation (124-117.5 ky BP)
set.x <- (tx > 117500 & tx < 124000)
set.y <- (ty > 117500 & ty < 124000))

slotcor(x[set.x], tx[set.x], y[set.y], ty[set.y], "G")
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