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Abstract

From orbital (10 to 100 thousand years or kyr) to millennial (1 to 10 kyr) timescales, the

Southern Ocean is thought to substantially modulate global climate and ocean variabil-

ity. Most critical factors include the Southern Ocean’s impact on surface, intermediate,

and deep-water circulation affecting global heat, salt, and nutrient distribution and the

processes influencing storage and outgassing of atmospheric CO2. This PhD thesis is fo-

cused on the reconstruction of past climatic variability in the Southeast Pacific spanning

the past 800,000 years, based on the analysis of different organic paleoclimatic tracers, in

a sedimentary archive from International Ocean Discovery Program (IODP Site U1542,

situated on the southern Chilean margin. This work has generated a series of millennial-

scale resolution paleoclimatic records of sea surface temperature (SST), bottom current

velocity, accumulation of terrestrial organic compounds from leaf waxes and soil bacteria,

and ice-rafted debris. Results show that SST covaries with the strength of the Antarctic

Circumpolar Current (ACC). The millennial-scale variability appears to be a persistent

and inherent feature of the climate over the last eight glacial cycles. The recurrence of

millennial-scale events is independent of the glacial state, but the amplitude increases

when the glacial state lasts longer. The sediment record at Site U1542 underlines a per-

sistent close link between millennial-scale climatic events from both hemispheres and

that the millennial-scale fluctuations of the ACC covary with atmospheric CO2 release

over the past 800,000 years. In a second application of the proxy datasets, the location

of Site U1542 near the former Patagonian ice sheet (PIS), enabled the reconstruction

of the past variability of the PIS on multiple glacial cycles using terrestrial proxies leaf

waxes compounds and ice-rafted debris. The timing of terrestrial sediment deposition

aligns notably with the extent of PIS moraines. These data reveal a close connection be-

tween sediment export and SST in the Southeast Pacific, suggesting that the PIS extent

is controlled by ocean temperature forcing. The third study of this thesis aims to explore

the meridional sea surface changes of the Southern Ocean using a biomarker tracer for

polar water masses. A compilation of Southern Ocean records highlights a long period

of retreated polar water between 410 and 310 kyr, following the Mid-Brunhes Transi-

tion. This retreat notably mirrors low atmospheric CO2 concentrations, emphasizing the

role of the Southern Ocean in the global carbon budget. Overall, the records developed

from the sedimentary archive Site U1542 provide an unprecedented picture of orbital

and millennial-scale Southern Ocean variability over the past 800,000 years, highlighting

the close atmosphere-ocean-cryosphere interactions of Earth’s climate.
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Zusammenfassung

Es wird angenommen, dass der Südliche Ozean das globale Klima und die Variabilität

der Ozeane auf orbitalen (10 bis 100 Tausend Jahre oder kyr) bis hin zu millenni-

alen (1 bis 10 kyr) Zeitskalen erheblichbeeinflusst. Die wichtigsten Faktoren sind die

Auswirkungen des Südlichen Ozeans auf die Zirkulation von Oberflächen-, Zwischen-

und Tiefenwasser, die die globale Verteilung von Wärme, Salz und Nährstoffen beein-

flussen, sowie die Prozesse, die die Speicherung und Freisetzung von atmosphärischem

CO2 beeinflussen. Diese Doktorarbeit konzentriert sich auf die Rekonstruktion der kli-

matischen Variabilität im Südostpazifik in den letzten 800.000 Jahren, basierend auf der

Analyse verschiedener organischer paläoklimatischer Tracer aus den Sedimenten eines

Kerns des International Ocean Discovery Program (IODP Site U1542), der sich am

südlichen Rand Chiles befindet. In dieser Arbeit wurde eine Zeitreihe paläoklimatischer

Aufzeichnungen mit millennialer Auflösung von Meeresoberflächentemperaturen (SST),

Bodengeschwindigkeiten, Akkumulation terrestrischer organischer Verbindungen von

Blattwachsen und Bodenbakterien sowie eisgeschlepptem Schutt erzeugt. Die Ergeb-

nisse zeigen, dass SST mit der Stärke des Antarktischen Zirkumpolarstroms (ACC)

korreliert. Die millenniale Variabilität scheint ein dauerhaftes und inhärentes Merk-

mal des Klimas über die letzten acht Glazialzyklen zu sein. Das Wiederauftreten von

Ereignissen im millennialen Maßstab ist unabhängig vom glazialen Zustand, aber die

Amplitude nimmt zu, wenn der glaziale Zustand länger andauert. Die analysierten Sedi-

mente an Site U1542 unterstreicht eine anhaltend enge Verbindung zwischen klimatischen

Ereignissen im millennialen Maßstab aus beiden Hemisphären und dass die Schwankun-

gen des ACC im millennialen Maßstab mit der Freisetzung von atmosphärischem CO2

in den letzten 800.000 Jahren korrelieren. In einer zweiten Anwendung der Proxy-

Datensätze ermöglichte die Lage von Site U1542 in der Nähe des ehemaligen Patago-

nischen Eisschilds (PIS) die Rekonstruktion der vergangenen Variabilität des PIS über

mehrere glaziale Zyklen mithilfe terrestrischer Proxies, Blattwachskomponenten und eis-

geschlepptem Schutt. Der Zeitpunkt der terrestrischen Sedimentablagerung stimmt be-

merkenswert gut mit dem Umfang der PIS-Moränen überein. Diese Daten zeigen eine

enge Verbindung zwischen Sedimentexport und SST im Südostpazifik und deuten darauf

hin, dass das Ausmaß des PIS durch den Ozeantemperaturzwang gesteuert wird. Die

dritte Studie dieser Arbeit zielt darauf ab, die meridionalen Veränderungen der Meere-

soberfläche des Südlichen Ozeans mithilfe eines Biomarker-Tracers für polare Wasser-

massen zu untersuchen. Eine Zusammenstellung von Aufzeichnungen des Südlichen
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Ozeans zeigt eine lange Periode zurückgezogener polarer Wassermassen zwischen 410

und 310 kyr nach dem Mid-Brunhes-Übergang. Dieser Rückzug spiegelt bemerkenswert-

erweise niedrige atmosphärische CO2-Konzentrationen wider und betont die Rolle des

Südlichen Ozeans im globalen Kohlenstoffhaushalt. Insgesamt bieten die Aufzeichnun-

gen aus dem sedimentären Archiv Site U1542 ein beispielloses Bild der Variabilität des

Südlichen Ozeans auf orbitaler und millennialer Skala in den letzten 800.000 Jahren und

heben die engen Wechselwirkungen zwischen Atmosphäre, Ozean und Kryosphäre des

Erdklimas hervor.
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• AASW = Antarctic Surface Water;

• ACC = Antarctic Circumpolar Current;

• AL = Agulhas Leakage;

• AMOC = Atlantic Meridional Overturning Circulation;

• C37:4 = tetra-unsaturated C37 alkenones;

• CDW = Circumpolar Deep Water;

• DBD = Dry Bulk Density;

• DP = Drake Passage;

• DO events = Dansgaard-Oeschger events;

• DSDP = Deep Sea Drilling Program;

• G/IG = Glacial/Interglacial;

• GDGT = Glycerol Dialkyls Glycerol Tetraethers;

• IRD = Ice-Rafted Debris;

• ITCZ = Intertropical Convergence Zone;

• IODP = International Ocean Discovery Program;

• Ka = ’thousands of years ago’ as a unit of age or time before present;

• Kyr = ’thousands of years’ as a unit of time;

• LR04 = Lisiecki and Raymo’s 2004 benthic oxygen isotope stack;

• LSR = Linear Sedimentation Rate;

• Ma = ’millions of years ago’ as a unit of age or time before present;



viii Abbreviations

• MAR = Mass Accumulation Rate;

• MBE-MBT = Mid-Brunhes Event/Transition;

• MIS = Marine Isotope Stage;

• MPT = Mid-Pleistocene Transition;

• Myr = ’millions of years’ as a unit of time;

• NADW = North Atlantic Deep Water;

• NB = Northern Boundary;

• ODP = Ocean Drilling Program;

• PDW = Pacific Deep Water;

• PF = Polar Front;

• PIS = Patagonian Ice-Sheet;

• R/V = Research Vessel;

• SACCF = Southern ACC Front;

• SAF = Subantarctic Front;

• SAMW = Subantarctic Mode Water;

• SAZ = Subantarctic Zone;

• SO = Southern Ocean;

• SS = ’Sortable Silt’ fraction of the terrigenous sediment, following McCave et al. [1995];

• SST = Sea surface temperature;

• STF = Subtropical Front;

• SWW = Southern Westerly Wind;

• Uk
37, U

k′
37 = unsaturated ketones indices;

• WSI = Winter Sea Ice;



Preface

Since the first civilizations, the climate has been marked by a series of abrupt events,

primarily cooling periods or long-lasting droughts, which are recorded in the Northern

Hemisphere climatic records and often coincide with important societal changes in hu-

man history. For instance, in Mesopotamia, the collapse of the Akkadian empire may

have been induced by a dry spell of several centuries occurring 4.2 thousand years before

present (kyr BP), (Gibbons , 1993). The decline of the late Bronze Age occurring in the

late thirteenth and twelfth centuries B.C. (∼2.2 kyr BP), is closely related to social, po-

litical, and economic decisions made by Eastern Mediterranean civilizations which likely

originated from changes in precipitation that significantly affected agricultural produc-

tivity (Kaniewski et al., 2008; Weiss , 1982). The pandemic plague outbreaks affecting

Roman Italy during the Late Antique Little Ice Age were amplified by local climate con-

ditions (Zonneveld et al., 2024). Lastly, both the agricultural revolution in Great Britain

from the mid-18th century onwards and the succession of bad harvests that stimulated

the social crisis at the dawn of the French Revolution at the end of the same century were

probably triggered by the Little Ice Age (Fagan, 2019; Le Roy Ladurie, 2011). Although,

by this time, anthropogenic activity such as agriculture and conquests was already af-

fecting the climate (Ruddiman, 2017), these millennial-scale climatic events, whether an-

thropogenically enhanced or not, were triggered by reduced solar activity and volcanic

eruptions. For instance, Gerard Bond found in Northern Hemisphere deep-sea cores

that these millennial-scale climate events fluctuated in association with variations in so-

lar output through the Holocene, with potential feedback from ocean circulation (Bond

et al., 2001). Hodell et al. [2001] linked century-scale variability in Yucatan droughts

and solar forcing. They argued that some of the maxima in the 208-year drought cy-

cle corresponded with discontinuities in Maya cultural evolution, suggesting that the

Maya were affected by these bicentennial oscillations in precipitation and that they ulti-

mately precipitated their downfall. Given the impacts of natural abrupt climatic events

on human activity and civilizations over the past several millennia, it is worth consid-

ering that modern-day civilization could be comparably affected. Moreover, modern

anthropogenic impacts on climate cannot be quantified and addressed without first dis-

tinguishing them from natural events. From this perspective, it appears crucial to better

understand the origin of natural millennial-scale climate variability to comprehend the

influence of climate on modern civilization.



Contents

Abstract iii

Zusammenfassung v

Abbreviations vii

Preface ix

1 Introduction 1

2 Earth’s system and paleoclimate background 7

2.1 A brief overview of climate over the past one million years . . . . . . . . 7

2.2 Modern Earth’s system configuration . . . . . . . . . . . . . . . . . . . . 11

3 Material, the sedimentary archive Site U1542 17

3.1 The International Ocean Discovery Program Site U1542 . . . . . . . . . . 17

3.2 Oceanography . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17

3.3 Sedimentology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19

3.4 Construction of the composite Chilean margin record . . . . . . . . . . . 20

4 Biomarkers 23

4.1 n-Alkanes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24

4.2 Alkenones . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25

4.3 Glycerol Diakyl Glycerol Tetraethers . . . . . . . . . . . . . . . . . . . . 26

4.4 Paleotemperature . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28

4.5 Sampling strategy, preparation, and methods . . . . . . . . . . . . . . . . 29

5 Persistent interhemispheric link of the Antarctic Circumpolar Cur-

rent millennial-scale oscillations over the last 800 kyr 35

5.1 Abstract . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35

5.2 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36

5.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38

5.4 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43

5.5 Material & Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52



CONTENTS xi

6 Patagonian Ice-Sheet dynamic controlled by local sea surface tem-

perature 59

6.1 Abstract . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59

6.2 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60

6.3 Study area . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64

6.4 Material & Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65

6.5 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69

6.6 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71

6.7 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85

7 Polar water retreat during the Mid-Brunhes climate transition 87

7.1 Abstract . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87

7.2 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88

7.3 Study Area . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89

7.4 Material & Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 90

7.5 Results & Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 92

7.6 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99

8 Concluding remarks and outlook 101

9 Declaration of Authors’ Contribution 105

10 Appendix: Supplementary figures for Chapter 5 107

Acknowledgements 155



xii CONTENTS



Chapter 1

Introduction

In the last million years of Earth’s history, evidence in the geological record indicates a

cyclical pattern of massive glaciations interspersed by warmer periods (Emiliani , 1955).

The alternation between glacial stages (Agassiz et al., 1840) and brief warm periods (in-

terglacials) define the Quaternary glaciations. The last glacial period (71-11.7 thousand

years or kyr), was marked by pronounced (amplitudes between 9 and 13°C; Kindler et al.,

2014) and rapid alternations between cold (stadial) and warm (interstadial) climate con-

ditions (Dansgaard et al., 1993). Historically described in Greenland ice cores for the

last glacial period, these millennial-scale fluctuations, called Dansgaard-Oeschger (D-O)

events, were later identified in North-Atlantic sediment cores (Bond et al., 1993). More

recently, D-O-type variability has been found at low latitudes from monsoonal regions

such as the Brazilian margin (Arz et al., 1998) and in the Asian-monsoon speleothems

records (Cheng et al., 2016), as well as in the Southern Ocean (Euler and Ninnemann,

2010; Kanfoush et al., 2000) and northwest of the Drake Passage (DP) (Lamy et al.,

2015).

Despite extensive documentation in terrestrial, marine, and ice records, D-O events

continue to pose a challenge in terms of identifying a coherent triggering mechanism

(Li and Born, 2019; Petersen et al., 2013; Zhang et al., 2014). Early in the study of

millennial-scale variability, Gerard Bond found in Northern Hemisphere deep-sea cores

that these millennial-scale climate events fluctuated in association with the variations in

solar output throughout the Holocene (Bond et al., 1997, 2001). He further identified a

1470 ± 500-year cyclicity in the occurrence of these events, although this latter point is

debatable (e.g., Obrochta et al., 2012; Schulz et al., 1999). There is no consensus on solar

output as a unique forcing (Paul and Schulz , 2002), and Bond and co-authors further

suggested potential feedback from ocean circulation. The state-of-the-art explanation

involves the weakening/collapse of Atlantic Meridional Overturning Circulation (Clark
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et al., 2002), likely triggered by freshwater input (e.g., Ganopolski and Rahmstorf , 2001;

Rahmstorf , 2002; Zhang et al., 2014). In addition to freshwater input, the Southern

Ocean is thought to play a major role in AMOC stability (Marshall and Speer , 2012),

and consequently, D-O events (Oka et al., 2021). For instance, changes in the meridional

overturning circulation are controlled by two inter-basin gateways; the Agulhas leakage

(also called the warm-water route) and the Drake Passage (DP) throughflow (the cold-

water route) (Knorr and Lohmann, 2003). The former connects the Indian Ocean to the

Atlantic Ocean and shows significant variability (Bard and Rickaby , 2009; Beal et al.,

2011). The latter connects the Pacific and the Atlantic Ocean and shows significant

millennial-scale correlation with Northern Hemisphere D-O events (Wu et al., 2021).

These authors show an acceleration of the DP throughflow during the Antarctic Isotope

Maximum (AIM), the Southern Hemisphere counterpart of D-O events (Blunier et al.,

1998; EPICA Community Members , 2006).

Beyond the last glacial cycle and the reach of Greenland ice cores, sediment records

covering several glacial cycles documenting millennial-scale climatic changes are rare,

particularly in the Southern Hemisphere. For instance, a review by Lang and Wolff

[2011] compiles 37 ice, marine, and terrestrial paleoclimate high-resolution records cov-

ering the last 800 kyr, yet includes only three records south of 5°S. These include two

sediment records (Site 1123 and Site 1090) and the well-known ice core drilled at EPICA

Dome C (EDC). More recent studies can be added to this global review, such as the

Dongge Cave speleothem record (Cheng et al., 2016) and the very recent sedimentary

archive Site U1385 (Hodell et al., 2023), both located in the Northern Hemisphere. In

the Southern Hemisphere, sediment cores such as the composite records GeoB3375-1-

GeoB15016 (Lamy et al., 2019), Site U1476 (Nuber et al., 2023), or an accumulation

rate record of the planktic foraminiferal species Globorotalia menardii from the Agulhas

leakage (Caley et al., 2012) exist but lack millennial-scale resolution. Antarctic ice core

records are good candidates for monitoring millennial-scale variability in older glacial

stages. However, the continental isolation and low accumulation rates limit the ability

of Antarctic records to fully capture abrupt global climatic events (Jouzel et al., 2007).

Moreover, an important drawback arises in the deeper parts of the ice cores where the res-

olution decreases due to compaction of the ice (Barker et al., 2011; Jouzel et al., 2007),

leaving the Southern Hemisphere devoid of a millennial-scale resolving record cover-

ing multiple glacial cycles. Consequently, our understanding of millennial-scale climatic

events in the Southern Hemisphere remains limited.

To address this problem, a millennial-scale resolving record covering multiple glacial

cycles is necessary to understand the Southern Ocean’s role and response to the D-O

events. On July 5th and 6th 2019, the drilling vessel JOIDES Resolution successfully

recovered a 250-meter sedimentary sequence on the Chilean margin during the Interna-
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tional Ocean Discovery Program (IODP) Expedition 383 (Lamy et al., 2021). Situated

in a strategic position, the drilling site subsequently designated as Site U1542, repre-

sents a climatic record of the northernmost part of the Antarctic Circumpolar Current

(ACC) reaching the Drake Passage (see section 3.2 for further details). This presents

an opportunity to investigate the role of the Antarctic Circumpolar Current (ACC),

and particularly the DP throughflow, in millennial-scale climatic events. Thus, a first

question can be formulated:

Research Question 1: How does the Antarctic Circumpolar Current and

particularly the Drake Passage throughflow condition meridional overturn-

ing circulation, a key feature of global millennial-scale climates events

across multiple glacial cycles?

Chapter 5 addresses the aforementioned questions using two different proxies1 :

the grain-size parameters to infer paleo-flow speeds of near-bottom currents and the

alkenones unsaturation index, a biomarker-derived sea surface temperature proxy (see

Chapter 4 for further details). These new records are compared on an orbital and

millennial-scale with North Atlantic records to better understand the interhemispheric

teleconnections induced by the global overturning circulation, as well as the atmospheric

CO2 record to assess the role of the ACC in atmospheric-ocean exchanges.

On these time scales, mid-latitude ice sheets play a dynamic role by amplifying, pac-

ing, and driving local to global climate changes, notably by processes such as sea level

rise and decline, albedo effect, and sediment production (Clark et al., 1999). For in-

stance, the Patagonian ice sheet (PIS), the largest mid-latitude ice sheet, significantly

impacts global climate by exporting soluble iron (Fe) to the Fe-deficient Southern Ocean

which stimulates net primary production and carbon sequestration, thereby contribut-

ing to up to 40 ppm atmospheric CO2 drawdown during ice ages (Brovkin et al., 2007).

Understanding the forces that drive and shape the Patagonian ice sheet is thus crucial

to better comprehend atmosphere-ocean-cryosphere interactions. Previously, the geo-

graphic maximum extent of the ice sheet was mainly determined through continental

ice-derived sedimentary sequences on land, dated by radionuclides. Unfortunately, older

glaciations are often eroded by the more recent glacial advance, resulting in an incom-

plete picture. Based on the sedimentary record Site U1542, the second part of this thesis

aims to produce the first detailed, continuous history of the Patagonian ice sheet at or-

bital and sub-orbital times scales over the last million years, with a focus on the second

question of this thesis:

1Paleoclimate proxies are indirect data from materials preserved in the various environmental records
(marine sediment in our case) that are associated with different climate variables and can be analysed
to provide information on past climates.
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Research Question 2: What forces drive the Patagonian ice sheet across

glacial/interglacial timescales and how has its evolution impacted Earth’s

global climate?

Chapter 6 aims to reconstruct the history of the Patagonian Ice Sheet over the past

790 kyr using ice-rafted debris and terrigenous accumulation rates, as well as terrestrial

biomarkers. Biomarkers are molecular proxies with numerous applications in paleoclima-

tology (see Chapter 4 for further details). 3 different groups of well-establish biomarkers

are used: the alkenones unsaturation index as a proxy for sea surface temperature in

Chapter 5, while Chapter 6 focuses on the n-alkanes from terrestrial plants together with

the ubiquitous Glycerol Diakyls Glycerol Tetraethers (GDGT) to reconstruct continen-

tal changes. All these biomarkers are derived in this work from a single sample extract,

providing a wealth of information from various indices.

Due to the diversity of the molecules, the field of biomarker research is versatile and

continually evolving, offering new answers to complex challenges as highlighted by Tim-

othy and Geoffrey Eglinton “The utility and applications of biomarkers may only be

limited by our imagination” (Eglinton and Eglinton, 2008). Among biomarker indices,

the tetra-unsaturated alkenone was historically avoided due to uncertainty regarding its

source (Rosell-Melé et al., 2002). Often associated with annual mean sea ice concentra-

tions(e.g., IP25; Wang et al., 2021), polar diatom and dinocysts (Horikawa et al., 2015),

and ice-rafted debris (Bard et al., 2000), the tetra-unsaturated alkenone appears to be

a tracer for high latitude surface polar water (Mart́ınez-Garcia et al., 2010; McClymont

et al., 2008), hence relevant for the broader aim of this thesis consisting in understand-

ing the role of Southern Ocean in orbital to millennial climate variability. Chapter 7

aims to precisely focus on the tetra-unsaturated alkenone and shed light on the third

question of this thesis;

Research Question 3: Which paleoenvironmental conditions control the

tetra-unsaturated alkenone ratio and how has this ratio varied across the

previous eight glacial cycles in the Southern Ocean?

Chapter 7 explores the significance of the tetra-unsaturated alkenone signal by com-

paring it with commonly associated proxies from various Southern Ocean records. In the

second part, a stack of Southern Ocean tetra-unsaturated alkenone data is developed to

provide a broader context of climatic variability such as atmospheric CO2 concentrations.

The remainder of the thesis is structured as follows; a brief overview of the spatial and

temporal context will be given in Chapter 2, beginning with the last 800 kyr of Earth’s

history, continuing with the past and present Southern Ocean specifically, and finally

focusing on the Southeast Pacific. Chapter 3 aims to describe the sedimentary archive
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Site U1542, the principal material of this work. Chapter 4 introduces the biomarkers

and describes the methods used to extract them from the sediment archive Site U1542.

Following this, Chapter 5, Chapter 6, and Chapter 7 aim to address the three afore-

mentioned questions respectively. These chapters are manuscripts in review or will be

submitted to academic journals and can thus be read independently from each other,

which explains the slight repetition between chapters. Lastly, this thesis will conclude

with a discussion of the findings and their implications in Chapter 8.



6 Introduction



Chapter 2

Earth’s system and paleoclimate back-

ground

2.1 A brief overview of climate over the past one

million years

Cesare Emiliani published in 1955 a revolutionary study, considered as pioneering in

the field of Palaeoceanography, which established a relationship between stable isotopes

in sediment cores and environmental variables (Emiliani , 1955). Emiliani investigated

oxygen isotope ratios (18O/16O, δ18O) in foraminifera shells, which reflect the tempera-

ture at which these foraminifera grew. By analysing these foraminifera shells all along a

one-million-year sediment record, he realised that ice ages are part of long-term cyclic cli-

mate change. This strongly supported Milankovitch’s visionary work, which suggested

that variations in Earth’s orbits, induce variations in high northern latitudes insola-

tion, driving the waxing and waning of Northern Hemisphere ice sheets (Milankovitch,

1941). This theory was revisited by Hays et al. [1976] who confirmed the periodic nature

of Quaternary ice ages through statistical analysis of δ18O records measured in marine

sediment cores. Their findings matched the changes in Earth’s orbit and axis, hence

confirming Milankovitch’s theory and establishing orbital changes as a “pacemaker” of

climate variability.

Orbital control of global climate

The variations in Earth’s orbits are led by three astronomical parameters known as

eccentricity, obliquity, and precession responsible for variations in insolation (Fig. 2.1)

(Laskar et al., 2004). The eccentricity is related to the shape of Earth’s orbits varying
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around the sun between nearly circular to elliptic due to gravitational forces between

the nearest planets (Jupiter, Mars, and Venus) and the Earth. In a more elliptic orbit

(i.e., high eccentricity), the Earth receives more unequal solar radiation during a year,

leading to hotter but shorter summers. In turn, a circular orbit (i.e., low eccentricity) will

create longer, but cooler summers (Berger et al., 1992). The eccentricity cycles present

periodicities of 100 kyr, 413 kyr, and roughly 2 Myr (Laskar et al., 2004). The obliquity

involves changes in the tilt of the earth’s axis. The tilt’s angle varies between 22.4° and
24.5° on a regular 41-kyr cycle. This parameter controls mainly the seasonality, where a

strong tilt leads to higher insolation in summer and lower insolation in winter, whereas

a weak tilt causes less variability between summer and winter, of a particular influence

in high latitudes (Laskar et al., 2004). The last parameter, precession, impedes the

rotational axis to describe a circular motion, or “wobble”, and is particularly influencing

the insolation at lower latitudes since the “wobble” motion is largest around the equator.

A precessional cycle is completed at either 19 kyr or 23 kyr.

Figure 2.1: Eccentricity, precession, and obliquity are the 3 main orbital parameters

controlling changes in insolation (Laskar et al., 2004 LR04 stack from Lisiecki and Raymo

[2005] shows the glacial cycles characteristic of the Quaternary period. On the right are

spectral analyses of each component. Insolation at 65°N is often plotted as it strongly

correlates with global climate. North Hemisphere ice sheets have a strong influence on

global climate.
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However, the compilation of benthic marine δ18O records, providing perhaps the clear-

est overview of Quaternary climate (Lisiecki and Raymo, 2005), suggests that climate

fluctuations since 800 kyr alternates between glacial and interglacial states are rather

asymmetric, with a gradual build-up followed by rapid abrupt termination of ice ages as

shown in figure 2.1.

The glacial cycles are paced with a ∼100-kyr cycle, sharing common spectral power

with eccentricity even though its involvement in insolation changes is rather weak (Berger

and Loutre, 1991). This unknown mechanism linking glacial cycles to eccentricity corre-

sponds to the well-known feature of the “100-kyr problem” (Hays et al., 1976). Several

theories, using independent dating methods to circumvent circular reasoning, suggest

that the 100-kyr cycle regulating the Quaternary ice ages since the Mid-Pleistocene

Transition1 is rather a combination of multiple obliquity cycles (Huybers and Wunsch,

2005; Imbrie and Imbrie, 1980), together with the additional influence of precession pac-

ing the glacial-interglacial transitions (Cheng et al., 2016).

The role of CO2

Figure 2.2: Changes in atmospheric temperatures (green) and atmospheric

CO2 concentration (orange) from EPICA Dome C Antarctic ice cores (Jouzel et al.,

2007; Lüthi et al., 2008.

Yet, if internal feedbacks, such as the ocean circulation (Toggweiler , 2008), or ice-

albedo (Hays et al., 1976) are thought to play a role, the importance of atmospheric CO2

concentrations in triggering, amplifying, and modulating changes in glacial-interglacial

climate during the Pleistocene is commonly accepted as demonstrated by the close co-

1The Mid Pleistocene Transition relates the gradual changes of glacial cycles from a 41 kyr cycle into
a 100 kyr cycle, starting 1.2 Ma and ending 800 ka, hence earlier than the scope of this thesis.
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variation between air temperature and the partial pressure of CO2 in the atmosphere

(pCO2) measured in Antarctica ice-cores (Fig. 2.2).

For instance, the transition from MIS 12 to MIS 11 in the middle of the Brunhes

Chronozone shows a global climate shift toward warmer interglacials (Jouzel et al., 2007),

with higher concentrations of pCO2 (Lüthi et al., 2008), resulting in increased amplitude

of G/IG variability (Jansen et al., 1986). The origin of this “Mid-Brunhes” Event or

Transition (MBE - MBT) is thought to be linked to changes in the Southern Ocean

ventilation and deep-ocean temperature (Yin, 2013) and is discussed in more detail in

Chapter 7.

Millennial timescales

The close relation between global climate and pCO2 prevail on millennial timescales

(between 103 and 104 years) (Ahn and Brook , 2008). Millennial-scale variability is char-

acterized by rapid Dansgaard-Oeschger (D-O) events in the Northern Hemisphere, and

Antarctic Isotope Maximum (AIM) in the Southern Hemisphere, presenting more grad-

ual millennial changes with smaller amplitudes (Blunier et al., 1998; EPICA Commu-

nity Members , 2006). The interhemispheric comparison presented in figure 2.2 shows an

antiphase of Greenland (D-O Events) and Antarctic (AIM) δ18O changes (primarily rep-

resenting high latitude atmospheric temperatures) during the last glacial period. The

bipolar seesaw concept explains the observed antiphase in interhemispheric temperature

variations at millennial time scales by sudden changes in the thermohaline circulation,

distributing heat in the polar regions. During Heinrich Event, the Atlantic Overturning

Circulation (AMOC) turns down via enhanced freshwater influx (during Heinrich Events)

to the North Atlantic. This leads to a cooling in the Northern Hemisphere warming in

the Southern Hemisphere, explaining the asynchronicity (Knutti et al., 2004). Once the

AMOC turns on again, the poleward heat transfer resumes, and the Northern Hemi-

sphere warms while the Southern Hemisphere cools down.

To sum up, the Earth’s climate over the past one million years presents a long-term

glacial/interglacial variability superimposed by millennial-scale variability. While the

long-term pattern is paced by changes in orbital parameters, the millennial-scale forcings

are more complex, though it is generally assumed that the global ocean circulation plays

a major control. In the following section, I give a brief overview of the global oceanic

circulation, with special attention on the Southern Ocean.



2.2 Modern Earth’s system configuration 11

Figure 2.3: interhemispheric timing of millennial-scale climate events over the

past 70 kyr. Greenland temperature proxy, δ18Oice in blue and Antarctica temperature

proxy, δ18Oice in orange. Red numbers denote DO events. AIM = Antarctic Isotope

Maxima, YD = Younger Dryas, B/A = Bølling–Allerød, ACR = Antarctic Cold Reversal.

2.2 Modern Earth’s system configuration

Above, we have introduced the influence of the global thermohaline circulation, trans-

porting heat from low to high latitudes, and redistributing salt, nutrients, and carbon.

In a simple way, the dynamic water flow consists of upwelling in some places whereby

cold saltier water sinks in others (Talley , 2013). Perhaps the most important, at least the

one that received the most attention, is the AMOC or “great ocean conveyor” (Broecker ,

1991), with the formation of North Atlantic Deep-Water (NADW) that further return-

ing via upwelling in the Indian and the Pacific Oceans (Talley , 2013). The dynamics of

this cell appear to have been very active in the geological past, especially in the con-

text of abrupt climate change, for both past (Knutti et al., 2004) and immediate future

(Srokosz and Bryden, 2015). Notably, the Antarctic Intermediate Water (AAIW) ex-

tent appears to have implications for the NADW formation (Pahnke and Zahn, 2005).

The second cell is associated with the formation of Antarctic Bottom Water (AABW) in

the Antarctic zone of the Southern Ocean, today mainly in the Ross Sea and the Wed-

dell Sea (Fig. 2.4). Both the NADW and AABW are of great importance in the export
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of carbon into the deep ocean, these two overturning cells are largely influenced by the

Southern Ocean (e.g.Marshall and Speer , 2012).

Figure 2.4: Meridional overturning schematic for the Atlantic Ocean following

Talley [2013]. The green arrows represent the North Atlantic Deep Water (NADW) cell

feeding into the Lower Circumpolar Deep Water (LCDW) in the Polar Antarctic Zone

(PAZ). The orange arrows represent the Antarctic Bottom Water (AABW) cell, feeding

into the Upper Circumpolar Deep Water (UCDW). Upwelling occurs in the Southern

Ocean in response to the Ekman Divergence across the Antarctic Circumpolar Current

(ACC). Subantarctic Mode Water (SAMW) and Antarctic Intermediate Water (AAIW)

are subdued in the Subantarctic Zone (SAZ).

Southern Ocean

The Southern Ocean is broadly considered as the ocean surrounding the Antarctic

Continent. Figure 2.5 highlights the centrality of the Southern Ocean in the global

ocean circulation (Meredith, 2019). Uninterrupted by landmasses, the Southern Ocean’s

unique geometry links the ocean circulation of the Pacific, Atlantic, and Indian Oceans,

and as discussed above, mixing and spreading water masses into the major basins.
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Figure 2.5: Spilhaus’s projection of the Global Ocean circulation, modified

from Meredith [2019]. AMOC = Atlantic Meridional Overturning Circulation, AL =

Agulhas Leakage, DP = Drake Passage.

The Southern Ocean’s major feature is the ACC, the world’s largest current system,

flowing eastward and transporting more than 100 million cubic meters of water per

second (Meredith, 2019; Rintoul , 2018). Predominantly driven by the Southern Westerly

Winds (SWW) - a constant eastbound wind - the ACC is also significantly influenced by

buoyancy forces from heat and freshwater inputs affecting its density structure (Rintoul ,

2018). Reaching abyssal depths, the ACC connects deep, intermediate, and shallow ocean

circulations (Talley , 2013). The oceanic fronts associated with the ACC also influence

the formation of intermediate water masses and deep-water upwelling (Chapman et al.,

2020; Orsi et al., 1995; Rintoul , 2018).
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The Subantarctic Southern Ocean serves as a bridge between Antarctica and lower

latitudes, with atmosphere-ocean interactions. The Southern Ocean’s overturning circu-

lation exchanges carbon dioxide, biological nutrients, and other properties between the

deep ocean and the surface layer, significantly impacting climate and biogeochemical

cycles.

The glacial Southern Ocean is thought to exert a predominant influence on the global

carbon cycle through changes in ocean biogeochemistry and circulation. For instance,

the ocean’s biological carbon pump, involving the production of organic carbon by phyto-

plankton in the surface ocean and its sinking, sequesters CO2 in the deep ocean, thereby

lowering atmospheric CO2 levels (Ai et al., 2020). However, phytoplankton growth is

currently limited by iron and/or light in the Southern Ocean. Consequently, the nutri-

ents and CO2 brought to the surface by upwelling from the deeper ocean are not fully

consumed, resulting in CO2 outgassing from the ocean to the atmosphere, or simply a

“leak” in the Southern Ocean’s biological pump (Ai et al., 2020). During the glacial pe-

riod, this Southern Ocean leak may have been stemmed by several mechanisms, such

as an increased stratification (Sigman et al., 2021) or the iron fertilization hypothesis

(Martin, 1990). An increased export of dust during glacial periods (Lamy et al., 2014;

Mart́ınez-Garcia et al., 2011; Weis et al., 2024) would have stimulated the net primary

production and carbon sequestration by supplying soluble iron (Fe) to the Fe-deficient

Southern Ocean, contributing to a more-complete consumption of upwelled carbon and

nutrients during ice ages.

Southeast Pacific, a unique setting of the Patagonian ice sheet and the Drake

Passage

Southern South America is a major dust source in the Southern Hemisphere, exporting

dust to the Southern South Atlantic (Martinez-Garcia et al., 2014), Antarctica (Basile

et al., 1997; Grousset et al., 1992; Lunt and Valdes , 2001; Sugden et al., 2009) and

the Central South Pacific (Struve et al., 2020). As the only landmass intersecting the

core of the westerlies belt at latitudes between 49 and 53°S, Patagonia monitors the

dynamics of the SWW (e.g., Lamy et al., 2010). A more complete overview of Patagonia’s

climate is provided in the introduction of Chapter 6. The southern tip of America is

also the major barrier of the ACC, and together with the Antarctic Peninsula, the

Drake Passage acts as a “bottleneck” for the ACC. At the southern Chilean margin, the

coastal Cap Horn Current marks the northern limit of the ACC that crosses the Drake

Passage throughflow (see section 3.2 for further details). Moreover, increased terrigenous

sediment input from the Andean hinterland makes this region ideal for high-resolution

sedimentary archives. A review of paleoclimate records from the Holocene and the last

glacial period in southern Patagonia is provided by Kilian and Lamy [2012]. Among
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remarkable sedimentary records of the last glacial period, we can include the northern

Ocean Drilling Project Site 1233 (Kaiser et al., 2005; Lamy et al., 2004), the central

coring site MR16-09 PC03 (Hagemann et al., 2024) and the southern location MD07-3128

(Caniupán et al., 2011; Lamy et al., 2015). Further offshore in the southern southeast

Pacific, stratigraphically longer but lower temporal resolution deep-sea sediment records

include GeoB3327-5 and PS75/034-2 (Ho et al., 2012; Tapia et al., 2021). Until the 2016

Polarstern Expedition PS97, the Drake Passage lacked significant sediment records. This

expedition yielded high-resolution records such as PS97/085-3 covering the last glacial-

interglacial cycle (Wu et al., 2021) and longer Pleistocene records such as the 1.3 Myr

proxy records from core PS97/093-2 (Toyos et al., 2020). These records highlight a

common challenge in geological archives: high-resolution records typically cover limited

periods, while those extending further back often lack high resolution. This limitation

can only be overcome by IODP drilling at continental sites. The present thesis therefore

focuses on Site 1541 at the southern Chilean margin allowing resolution of millennial-

scale subantarctic Southern Ocean and PIS changes across the past 800,000 years.
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Chapter 3

Material, the sedimentary archive Site

U1542

3.1 The International Ocean Discovery Program

Site U1542

This thesis focuses on paleoclimatic and paleoceanographic reconstructions based on the

composite sediment record drilled at U1542 during International Ocean Discovery Pro-

gram (IODP) Expedition 383 (DYNAPACC) in June 2019 (Lamy et al., 2021). Site

U1542 (52°42.29’S, 75°35.77’ W) is located 50 km off the Chilean margin, on the conti-

nental slope west-northwest of the western entrance of the Strait of Magellan. Four holes,

from holes U1542A to U1542D, were drilled at Site U1542 using the full-length advanced

piston corer (APC) system. The composite record used in this thesis is constructed from

the four holes, providing a continuous spliced sequence, established through stratigraphic

correlation using magnetic susceptibility and colour reflectance b* data from the Section

Half Multisensor Logger.

3.2 Oceanography

Located at a water depth of 1,101 meters, Site U1542 lies at the lower boundary between

the Pacific Deep Water (PDW) and the Antarctic Intermediate Water (AAIW) masses

(Fig. 3.1). PDW in the Southeast Pacific is characterized by high nutrient content and

low oxygen, while the AAIW, found approximately between 500 and 1200 meters depth,

is distinguished by low temperatures (3 - 7°C), low salinity (∼34.3 per mil) and high
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oxygen content (Fig. 3.1). AAIW forms under the effect of the Ekman spiral between

the Polar and the Subantarctic Zone, and their migration affects the dynamics of the

AAIW (Rintoul , 2018). Its dynamic, in turn, impacts the North Atlantic Deep-Water

stability and thus influences the Meridional Overturning Circulation (Pahnke et al.,

2008). Furthermore, these intermediate waters are significant as an anthropogenic CO2

sink and play a major role in global ocean oxygenation (Sabine et al., 2004).

Figure 3.1: Latitudinal oxygen transect at 90°E. Oxygen data are fromWorld Ocean

Database. Bathymetry is derived from GEBCO 2014 with 6x6min at global resolution.

The upper ocean circulation at Site U1542 is driven by the coastal Cap Horn Cur-

rent (CHC). The CHC origins from the ACC where it impinges on the Chilean margin

(between 40°S and 45°S) into an equatorward branch, the Humboldt Current, and a

southward branch, the CHC (Fig. 3.2). Evidence from surface buoy trajectories shows

that when a drifter reaches the coastal region at ∼44°S, it is advected southward into the

CHC and returns to the ACC two months later (Chaigneau and Pizarro, 2005). This ob-

servation is further confirmed by Zheng et al. [2023], from satellite altimetry (1993–2021,

400 m meters depth) and 2 ocean models, one free-running and one data-assimilating.

This study indicates that the CHC acts as an inter-basin conduit, drawing relatively

cold and fresh subantarctic surface water from the South Pacific, and injecting it into

the South Atlantic. The Sediments below the CHC have been addressed by several sur-

face sediments studies (e.g., Vollmar et al., 2022; Wu et al., 2019). The only paleo

record of the CHC (Lamy et al., 2015) suggests that the water masses of CHC are ad-

vected through into the DP during both interglacials and glacials but the intensity is

reduced during glacial period. The similar glacial reduction observed within the CHC

(site MD07-3128) and in the northern DP (site MR0806) further implies that the CHC

is connected to the subantarctic area of the DP. Ultimately, Lamy et al. [2015] highlight

the ideal location of the CHC for paleo-studies, as the Drake Passage is known for its un-
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welcoming conditions, facing strong winds and waves, rendering any coring and drilling

operation difficult.

Due to its strategic location, Site U1542 (very close to site MD07-3128) is ideally suited

for a detailed study of the dynamics of the AAIW, the variation of the northernmost part

of the ACC (i.e., CHC) entering the Drake Passage, and to study the land-sea interac-

tions including changes in the extent of the PIS along the southern Chilean continental

margin (Lamy et al., 2021).

Figure 3.2: NEMO time-mean (1958-2015) (A) sea surface height and (B)

vertical-averaged (0-400 m) current speed (C). Mean ocean surface speed

(1993-2022) from CMEMS altimetry data. The acceleration of flow speed near

the Chilean margin is the Cap Horn Current, flowing southward. Modified from Zheng

et al., 2023.

3.3 Sedimentology

The ∼249 m spliced sedimentary sequence recovered at Site U1542 sits on the upper slope

of the Chilean continental margin, within a relatively small-scale sediment depocenter

(“sediment drift”). The depositional environment at Site U1542 is of siliciclastic nature.

The sedimentary sequence is dominated by a sand-bearing clayey silt to silty clay, repre-

senting the main lithology of the archive. This sequence exhibits meter-scale variations

in color between gray and grayish olive, with occasional visually observed drop stones.

Additionally, a second minor unit of light greenish-gray to light gray foraminifer-rich

nannofossil ooze is interspersed within the main unit. These color changes largely paral-

lel variations in grain size and biogeochemistry indices introduced in this thesis. CaCO3

contents vary between ∼1 and 12 wt % for the main unit and between ∼30 and 55 wt %

in the second unit. Biogenic silica and organic matter contents range from 0.3 to 0.8 wt

% and from 1 to 4 wt %, respectively. TOC/TN ranges are low, suggesting a predomi-

nance of marine-derived organic matter. Diatoms and radiolarians are rare throughout
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the sediment succession, silicoflagellates are absent, nannofossils are few to barren, ben-

thic and planktonic foraminifers are abundant, and ostracods are sparsely present in

some intervals. The facies observed are interpreted as a mixture of turbidite-contourite

depositional system largely influenced by the relative proximity of the PIS.

3.4 Construction of the composite Chilean margin

record

Figure 3.3: magnetic susceptibility and reflectance b* of MD07-3128 (Kissel ,

2007) compared with the respective proxies for Site U1542 (Lamy et al.,

2021.). The dashed lines with arrows are used to indicate correlative features within

the respective records. Differences in the depths are attributed to coring artefacts in the

upper part, stretched in the Marion-Dufresne (MD) cores, or destroyed in the drilled

site.

The pre-cruise site survey piston-core MD07-3128 (∼30 m long), located approximately

2 nautical miles north of Site U1542, provides excellent high-resolution palaeoceano-

graphic records over the past 65 kyr (Caniupán et al., 2011; Lamy et al., 2015). As

measurements on MD07-3128 previously published offer higher resolution for XRF and

alkenones-derived SST compared to Site U1542, I developed a composite Chilean mar-

gin record consisting of MD07-3128 for the upper part and Site 1542 for the deeper part,
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used in Chapter 5.
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Chapter 4

Biomarkers

This chapter aims to describe the proxies (i.e., indicators of past climatic conditions)

utilized in this thesis to investigate the questions outlined in the introduction. Organic

molecules or compounds preserved in the geological record are key for environmental

investigations in different domains of the Earth Sciences, providing insights into past cli-

mate conditions. Environmental changes influence living organisms, which may produce

specific chemical compounds in response to these variations. The relationship between

these compounds - called biological markers or simply biomarkers - and environmental

parameters provides an excellent tool for paleoclimate studies.

In this thesis, we focus on three lipid-based proxies due to their simultaneous retrieval

routine using organic geochemical methods, which streamlines multi-proxy comparisons

and saves time. The first two proxies consist of long carbon chains: n-alkanes and

alkenones. The third proxy is a complex molecule known as Glycerol Dialkyl Glycerol

Tetraethers GDGTs.

Figure 4.1: The biomarkers kingdom.
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4.1 n-Alkanes

n-Alkanes are simple, straight chain hydrocarbons (CH3 (CH2)n CH3), commonly found

in sediments, with a marked odd-over-even carbon-number predominance. Short-chain

(C15 - C17 - C19) n-alkanes are produced by algae and offer insights into marine produc-

tivity (Volkman, 2006). Long chain (C25 to C33) n-alkanes, synthesized as part of the

epicuticular leaf wax of terrestrial plants, are widely recognizable and used terrestrial

plant biomarkers (Eglinton and Eglinton, 2008), with a research history stretching back

almost a century (Chibnall et al., 1934).

They are often transported over long distances by water as well as by wind, where

long-chain n-alkanes serve as indicators of aeolian land-plant derived organic matter. For

instance, in the Southern Ocean, n-alkanes act as dust proxy in sediment cores, where

their signal co-varies with iron and CO2 concentrations over glacial/interglacial cycles

(Lamy et al., 2014; Martinez-Garcia et al., 2014; Mart́ınez-Garcia et al., 2011).

The Average Chain Length of n-alkanes (ACL) describes the average number of car-

bon atoms per molecule based on the abundance of odd-carbon-numbered higher plantn-

alkanes (Poynter and Eglinton, 1990). The distribution of chain length is highly variable

within plant groups, and variations in the abundances of n-alkane chain lengths partly re-

flect changes in the environmental conditions experienced by plants, such as temperature

and aridity. For instance, a high ACL most likely indicates the expansion of grassland

(C4 plant; Rommerskirchen et al., 2006), while a decrease in ACL likely reflects aridifi-

cation and a sparser vegetation cover (Sepúlveda et al., 2009).

ACL23−35 =
∑

[i.Xi]/
∑

[Xi], where X is abundance and i ranges from n-C23 to n-C35.

Predominantly biosynthesized in odd carbon numbers, even-numbered n-alkanes are

formed by the loss of a single carbon, potentially due to the degradation of organic

matter in the sediment. The Carbon Preference Index (CPI), measuring the strength

of odd-over-even predominance, is widely used to assess the degree of preservation of

the organic matter (OM) in the sediment, with CPI decreasing with OM degradation

(Eglinton and Eglinton, 2008).

CPI23−33 = 0.5 x
∑

(C23−33)/(C24−32) + 0.5 x
∑

(C23−33)/(C26−34)

A complete and comprehensive review ofn-alkanes has been written by Eglinton and

Eglinton [2008]
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4.2 Alkenones

Alkenones are long-chain (C37 - C39) unsaturated methyl and ethyl n-ketones with two

to four double bonds, produced by a few unicellular coccolithophorid species of the class

Prymnesiophyceae (Brassell et al., 1986). The ubiquitous Emiliana Huxleyi and the

more regional Gephyrocapsa oceanica are marine haptophyte algae in the order Isochrysi-

dales living in the upper surface of the ocean and have been considered as the exclusive

producers of di-unsaturated (C37:2) and tri-unsaturated (C37:3) alkenones (Wang et al.,

2021). Notably, the degree of unsaturation determined by the number of double bonds,

is inversely proportional to the temperature of the algae’s growth environment (Bras-

sell et al., 1986; Müller et al., 1998). Their exceptional diagenetic stability has enabled

them to produce alkenones-based sea surface temperature and productivity records cov-

ering tens of millions of years of Earth’s history (Brassell and Dumitrescu, 2004; Wang

et al., 2021). Alkenone paleothermometry is a very powerful tool for the understand-

ing of the climatic evolution of the oceans, strengthened by the comparison with other

palaeoceanographic proxies (Ho et al., 2013).

Since the original observation of Marlowe et al. [1984] and the pioneering work of Bras-

sell et al. [1986] and Prahl and Wakeham [1987], the alkenone unsaturation ketone index

(Uk′
37 expressed as the ratio C37:2/(C37:2 + C37:3)) is considered among the most power-

ful organic proxies for Sea Surface Temperature (SST) climate reconstruction, used on

a nearly global basis (Herbert et al., 2016; Rosell-Melé et al., 2001). The Uk′
37 has been

calibrated against algal culture in laboratory experiments and measurements taken in

modern ocean environments, such as global core-top calibrations (Müller et al., 1998;

Prahl and Wakeham, 1987). This thesis uses the calibration of Prahl et al. [1988] (SST

= (Uk′
37 – 0.039) /(0.034)), probably the most used calibration in paleotemperature re-

constructions, allowing direct comparison with other studies.

Worth noticing, lateral transport of alkenones (i.e., advection) during the deposition

through the water column could explain the discrepancy between core-top measurements

and modern values (Auśın et al., 2022; Mollenhauer et al., 2005). While regional bias

in seasonal production occurs, modern measurements support the use of the Uk′
37 SST

proxy as a close approximation to mean annual SST (Herbert et al., 2016; Müller et al.,

1998). Besides, Uk′
37 estimates become scattered in polar waters below ∼5°C and in the

lower latitudes oceans above 28 °C (Herbert et al., 2016).

The occurrence of tetra-unsaturated alkenone (C37:4), produced by the group 2i

Isochrysidales, is usually restricted in mid-to-high latitude oceans and coastal areas

(Wang et al., 2021). The relative abundance of C37:4 (%C37:4) in both particulate matter
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and sediments of the Southern Ocean shows no trend with SST, and its consideration

merely leads to an increase in the Uk
37 index (that includes C37:4) scattering (Müller

et al., 1998; Sikes et al., 1997). Its relevance to paleoclimate has often been challenged

(Rosell-Melé, 1998; Wang et al., 2021), although it is associated with salinity changes in

high latitude records (Rosell-Melé, 1998), or with surface advection of iceberg-bearing

water masses (Bard et al., 2000), and shows a significant positive correlation with annual

mean sea ice concentration (Wang et al., 2021). This relationship led several studies to

use the relative abundance of C37:4 (i.e., %C37:4) as a tracer of low sea surface salin-

ity from polar and subpolar water mass distribution in high latitudes sediment records

(Mart́ınez-Garcia et al., 2010; McClymont et al., 2008).

A complete and comprehensive review of alkenones has been written by Herbert [2003]

and more recently by Ho et al. [2013].

Figure 4.2: Molecular structure and standard IUPAC names of (A) n-alkanes,

(B) C37 alkenones and (C) GDGTs (modified from Kaiser et al. [2015]).

4.3 Glycerol Diakyl Glycerol Tetraethers

Glycerol dialkyl glycerol tetraether lipids (subsequently shortened GDGTs) are mem-

brane lipids synthesized by a wide variety of archaea and bacteria and originate from

both continental and marine realms. These lipids biomarkers have garnered particular
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attention since the XXIst century as they occur ubiquitously in a wide range of environ-

ments and are preserved in sediments older than 140 Ma (Schouten et al., 2013a).

Terrestrial branched GDGTs (brGDGT) originate from unknown heterotrophic bac-

teria that can be found in soils and peats, thereby associated with terrigenous input

into the sediment. Consisting of n-alkyl chains with 0 to 2 cyclopentane moieties and 4

to 6 branches with methyl groups, the cyclisation ratio of branched tetraethers (CBT’)

increases with the pH of soils, while the Methylation index of Branched Tetraethers

(MBT’) covaries with the mean annual air temperature (MAT) (Weijers et al., 2007).

Marine isoprenoid GDGTs (isoGDGT), included Crenarchaeol and its regioisomer

(Cren’), are biosynthesized by ammonia-oxiding archea Thaumarchaeota (previously

known as Group I Crenarchaeota), ubiquitous in all latitudes of the global ocean (Ho

et al., 2014), and more abundant deeper in the water column than in surface waters,

hence reflecting subsurface water settings (Huguet et al., 2007). The number of cy-

clopentane moieties of these archaeal GDGT lipids is linearly correlated with the mean

annual growth temperature (Ho et al., 2014; Schouten et al., 2013a). Based on this re-

lationship, the TEX86 (TetraEther indeX of tetraethers consisting of 86 carbon atoms)

is a proxy for sub-sea surface temperature (subSST) derived from the distribution of

archaeal isoGDGT (Schouten et al., 2002). Their exceptional diagenetic stability has en-

abled production of TEX86-based subSST records back to the Cretaceous and Jurassic

(Jenkyns et al., 2012). Notwithstanding, core-top calibration studies have identified dis-

crepancies in sedimentary GDGT distributions between cooler (sub)polar oceans (SST

<15 °C) and warmer tropical oceans (SST >15 °C). Consequently, separate calibrations
have been proposed for the reconstruction of cold (TEXL

86) and warm (TEXH
86) sub-SST

(Kim et al., 2010). In the case of Site U1542, a comparison between different proxies’

distributions suggests that TEXL
86 is more suitable for temperature reconstructions in

the Southeast Pacific (Fig. 4.4).

The relative ratio between the abundance of Crenarchaeol (marine) and brGDGT

(terrigenous), the Branched vs. Isoprenoid Tetraether (BIT) index, is a commonly used

and powerful indicator of magnitude of terrestrial organic matter input into the marine

realm (Hopmans et al., 2004, Fig. 4.3). BIT values can range from 0.01 in open marine

sediments to 1 in some soils (Schouten et al., 2013b, and references cited therein). A

complete and comprehensive review of GDGTs has been written by Schouten et al.

[2013b].
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Figure 4.3: Environmental location of the biomarers introduced in this study

and their corresponding indices

4.4 Paleotemperature

Both paleothermometry methods, the Uk′
37 and Uk

37 index based on coccolithophores-

derived alkenones and the TEX86 index based on thaumarcheota-derived GDGT have

been used in numerous studies in the Southeast Pacific (Caniupán et al., 2011; Hagemann

et al., 2022, 2024; Kaiser et al., 2005). These SST proxies complement foraminifer- and

diatom-based SST reconstruction but represent different depths. It is well-established

that the alkenones-based reconstruction represents the surface (≤25 m) of the oceans.

However, due to the unknown depth origin and uncertain source organism of Thaumar-

chaeota, along with the discrepancy between TEXL
86 and TEXH

86, and the lack of an im-

portant database of records comparable with Site U1542, the choices of using alkenones

as a main SST proxy at Site U1542 is preferred. Furthermore, the relatively shallow

depth (1,101 m) of Site U1542 bypasses potential issues related to long-distance lateral

transport, which is thought to affect isoprenoid GDGTs less than alkenones (Mollenhauer

et al., 2007).
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Figure 4.4: Sorting of biomarker-derived temperature values from the different

indices measured at Site U1542. The range of atmospheric temperature recorded at

Epica Dome C (light green) varies from -9.5 to 4°C. This range is more than sea surface

temperature reconstructed at Site U1542. the TEXL
86 temperatures display a range

similar to the Uk′
37 (purple), from 3 to 14°C, while temperatures using TEXH

86 (green) and

RI-OH’ (blue) index display warmer temperatures. The RI-OH’ index present the less

variability, concentrated between 9 and 11°C.

4.5 Sampling strategy, preparation, and methods

Biomarker analyses at Site U1542 were performed at Alfred Wegener Institute Bremer-

haven. A total of 1100 samples of 10 cc volume each (5 g) from the bulk sediment were
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taken in January 2020 during the Expedition 383 sampling party at the IODP Gulf

Coast Repository (College Station, USA) for our purpose. The initial sampling strategy

consisted of a 30 cm interval between each sample, and 10 cm during periods of lower

sedimentation rate to obtain a sub-millennial resolution, based on the preliminary ship-

board age model. Subsequently to age model refinement, additional samples have been

selected, resulting in about 1300 samples investigated in this project.

After the reception in Bremerhaven, samples were immediately freeze-dried, preferred

for sediments used for alkenone analysis because air-drying (commonly used for sam-

ples before microfossil analysis) is thought to lead to significant loss of alkenones and

potentially bias the temperature estimation (McClymont et al., 2007).

Several extraction methods were applied in this work, ultrasonication and the Acceler-

ated Solvent Extractor (Dionex ASE-350, Fig. 4.5). As there is no evidence of extraction

method-induced bias in index values, the ASE method was selected; faster, using less

solvent and extracting higher compound concentration per sediment weight.

5 g of homogenized freeze-dried sediment were heated at 100 °C for 5 min followed by

3 cycles of 5 min in static phase with solvent (Dichloromethane:Methanol, v:v, 9:1) in

high pressure (1500 psi). Internal standards (squalane, C36 n-alkane, C46-GDGT) added

before extraction served for quantification purposes. The resulting total lipid extract is

composed of a large suite of biomarkers derived from various organisms. To have purer

samples for better quantification, the total lipid extracts were partitioned into different

fractions through silica gel chromatography.

Figure 4.5: ASE 350 (thermofisher) and detailled view of cells filed for total

lipid extract.
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After extraction, the total lipid extracts were separated into three fractions by sil-

ica gel chromatography prepared from Pasteur pipettes. The organic compounds move

through the silica column at different rates depending on their affinity to the solvents

(mobile phase) compared to the column (stationary phase). There is higher affin-

ity between silica and polar compounds, hence the less polar n-alkanes elute through

the columns before, together with Hexan. The second fraction following contains the

alkenones, eluted with Dichloromethane. The third fraction elutes using a solvent mix-

ture of Dichloromethane and Methanol (1:1) to finally recover the more polar GDGTs.

The GDGTs fraction is subsequently filtered with Millex Hydrophobic Fluoropore filter

(PTFE) in Hexane:Isopropanol (99:1) solvent before analyses. This path is resumed in

figure 4.6.

Figure 4.6: Path of different steps to extract and separate the fractions of

biomarkers from the bulk sediment (left). Schematic of silica column chromatography

to separate a mixture of organic compounds (right).

Once ready, the identification of the different compounds was achieved through com-

parison of the chromatographic relative retention times of the target compounds with

standards.n-Alkanes fraction was measured with a HP6890 gas chromatographer fitted

to a flame ionization detector (GC-FID), using Helium as a carrier as. Chromatographic

separation of the organic compound was achieved using a Varian VF-1ms capillary col-

umn of 80 m length, 0.25 mm internal diameter and 0.25 µm film thickness. The oven

temperature was programmed to be held at 80 °C for 1 minute, then increased at 40

°C/minute to 300 °C and held for 60 minutes.
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Alkenones were analysed by gas chromatography on an Agilent 7890 fitted with a

flame ionization detector using an Agilent VF-200 ms capillary column (60 m length,

250 µm diameter, 0.25 µm film thickness). The oven temperature was programmed to

be held at 50 °C for 2 min, then increased at 20 °C/min to 255 °C, at 3 °C/min to

300 °C, at 10 °C/min until 320 °C and held for 10 min. The identification of alkenones

was achieved by comparing chromatographic retention times of the samples with those

of a laboratory Emiliania huxleyi culture extract that was routinely used as a working

standard to control data quality

Figure 4.7: Chromatograms of DCM (alkenones) fractions of lipids extracts.

(A), schematic chromatogram with relative appearance of different compounds. (B)

Clean sample of cold glacial period (C37:3 > C37:2). (C) dirty and unreliable samples

appearing when the separation process was not successfull . (D) Clean sample of inter-

glacial period (C37:3 < C37:2 ).

The reproducibility of the procedure was evaluated using a homogeneous sediment

standard, extracted with every batch of samples. The relative analytical errors in the

quantification of alkenone concentrations were below 6%. The reproducibility of alkenone

temperatures for replicate samples (n = 25) of a homogeneous marine sediment lab

standard run during the project is better than ±0.2°C at the 95% confidence level.

GDGTs fractions, due to the relatively high-molecular-weight GDGTs, is not ade-

quate for analysing using classic gas chromatography. GDGTs were analysed on an

Agilent 1260 Infinity II ultrahigh-performance liquid chromatography-mass spectrome-

try (UHPLC-MS) system, consisting of a G1712B binary pump, a G7129A vial sampler

with integrated sample thermostat, a G7116A multicolumn thermostat, and a G6125C

single quadrupole mass spectrometer with an atmospheric pressure chemical ionization
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(APCI) ion source. Chromatographic separation (including 5-and 6-Methyl isomers of

brGDGTs) of the GDGTs was achieved by coupling two UPLC silica columns (Waters

Acquity BEH HILIC, 2.1 × 150 mm, 1.7 µm) with a 2.1 × 5 mm pre-column as in Hop-

mans et al. [2016], but with the following chromatographic modifications: Mobile phases

A and B consisted of n-hexane: chloroform (99:1, v/v) and n-hexane: 2-propanol: chloro-

form (89:10:1, v/v/v), respectively. The flow rate was set to 0.4 ml/min and the columns

were heated to 50 °C, resulting in a maximum backpressure of 425 bar. Sample aliquots

of 20 µl were injected with isocratic elution for 20 minutes using 86% A and 14% B, fol-

lowed by a gradient to 30% A and 70% B within the next 20 min. After this, the mobile

phase was set to 100% B, and the column was rinsed for 13 min, followed by a 7 min

re-equilibration time with 86% A and 14% B before the next sample analysis. The total

run time was 60 min. GDGTs were detected using positive ion APCI-MS and selective

ion monitoring (SIM) of (M + H)+ ions (Schouten et al., 2007) with the following set-

tings: nebulizer pressure 50 psi, vaporizer and drying gas temperature 350 °C, drying gas

flow 5 L/min. The capillary voltage was 4 kV and the corona current +5 µA. The detec-

tor was set for the following SIM ions: m/z 744 (C46 standard), m/z 1302.3 (GDGT-0),

m/z 1300.3 (GDGT-1), m/z 1298.3 (GDGT-2), m/z 1296.3 (GDGT-3), m/z 1292.3 (cre-

narchaeol and crenarchaeol isomer), m/z 1022 (GDGT-Ia), m/z 1020 (GDGT-Ib), m/z

1018 (GDGT-Ic), m/z 1036 (GDGT-IIa and IIa’), m/z 1034 (GDGT-IIb and IIb’), m/z

1032 (GDGT-IIc and IIc’), m/z 1050 (GDGT-IIIa and IIIa’), m/z 1048 (GDGT-IIIb and

IIIb’), m/z 1046 (GDGT-IIIc and IIIc’). The resulting scan/dwell time was 66ms.
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5.1 Abstract

Millennial-scale variations in the strength and position of the Antarctic Circumpolar Cur-

rent (ACC) exert considerable impact on the global meridional overturning circulation,

heat transport and the ocean carbon cycle. However, we still lack a deeper mechanis-

tic understanding of these variations, due to the scarcity of sediment records covering

multiple glacial-interglacial cycles with millennial-scale resolution. Here we present high-

resolution current strength and sea surface temperature (SST) records covering the past

790,000 years from the Cape Horn Current, the northern branch of the ACC, flow-

ing along the Southern Chilean Margin towards the Drake Passage. The records docu-

ment persisting millennial-scale climate variability throughout all Late Pleistocene glacial

stages with stronger ACC flow and warmer SST coinciding with Antarctic warm inter-
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vals. These Southern Hemisphere changes are linked to North Atlantic millennial-scale

fluctuations, plausibly involving changes in Drake Passage throughflow and the Atlantic

thermohaline circulation. The millennial-scale changes in ACC strength and SST are

likely associated with rates of atmospheric CO2 changes, suggesting a mechanistic link

through the Southern Ocean carbon cycle.

5.2 Introduction

The last glacial period (71-11.7 thousand years ago, ka) exhibited pronounced millennial-

scale (∼1 to 10 kyr) variability in ocean circulation and global climate widely described

in Greenland ice cores (Dansgaard et al., 1993), speleothems records (Cheng et al., 2016),

and marine sediment cores (Arz et al., 1998; Bond et al., 1993; Kanfoush et al., 2000;

Lamy et al., 2015; McManus et al., 1999). In the Southern Hemisphere, the coun-

terparts to these northern abrupt warming (so-called Dansgaard-Oeschger events; DO

events) are known as the Antarctic Isotope Maxima (AIM) and exhibit more gradual,

smaller-amplitude changes (Blunier et al., 1998; EPICA Community Members , 2006).

For this glacial millennial-scale climate variability, the concept of a bipolar seesaw was

established, describing a thermal asynchrony between both hemispheres related to the

dynamics of the global ocean overturning circulation (Barker et al., 2009; Blunier and

Brook , 2001; Blunier et al., 1998; Stocker , 1998). Beyond the last glacial cycle and

the stratigraphic range covered by Greenland ice-cores, sediment records documenting

millennial-scale climatic changes across several glacial cycles are mostly restricted to the

Northern Hemisphere (NH) (Barker et al., 2019; Cheng et al., 2016; Hodell et al., 2008,

2023; Martrat et al., 2007; McManus et al., 1999; Sun et al., 2021) in comparison to few

Southern Hemisphere records (Jouzel et al., 2007; Pahnke et al., 2003).

The Antarctic Circumpolar Current (ACC), located in the Southern Ocean between

40° and 60°S is the largest current system on Earth. It is driven by atmospheric forcing,

the Southern Westerly Winds (SWW)(Toggweiler et al., 2006), bathymetry and ocean

density gradients originating from surface, intermediate and deep ocean temperature,

and salinity changes (Rintoul , 2018). Connecting the Atlantic, Pacific, and Indian Ocean

basins, the ACC responds to global climate variability and interlinks the various shallow

to deeper southern water masses Marshall and Speer , 2012; Rintoul , 2018), thereby

regulating the exchange with the global deep ocean (Rintoul , 2018; Toggweiler et al.,

2006). The ACC is a crucial component in the global carbon budget (Marshall and

Speer , 2012) and exerts a major influence on the global uptake of anthropogenic heat

and carbon dioxide (Sabine et al., 2004). The major bathymetric constriction of the

ACC occurs at the Drake Passage (DP). Complementing the so-called warm-water route
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that connects the Indian and Atlantic oceans (i.e., Agulhas current), the cold-water

route (i.e., DP) connects the Pacific and Atlantic oceans. Various model studies have

proposed that the Southern Ocean, particularly the DP throughflow together with the

Agulhas current (Knorr and Lohmann, 2003), exerts a strong influence on the Atlantic

Meridional Overturning Circulation (AMOC).

Over the last glacial period, significant millennial-scale fluctuations in DP throughflow

(Wu et al., 2021) and in the Agulhas current (Beal et al., 2011) have been observed

and their instability at millennial timescales has been suggested as a possible trigger

for DO events (Buizert and Schmittner , 2015; Oka et al., 2021). However, the remote

location of the Southern Ocean has resulted in relatively fewer paleo-studies compared

to other oceanic regions. Consequently, knowledge about the presence and recurrence

of such Southern Hemisphere millennial-scale oscillations in earlier parts of the Earth’s

Quaternary history is limited. Obtaining a more comprehensive picture of the dynamics

of abrupt changes in the Southern Ocean is crucial to understand its role within the

climate system.

Here, we present high-resolution Pleistocene sedimentological and geochemical records

obtained from International Ocean Discovery Program (IODP) Site U1542 (52°42.29’S,
75°35.77’ W; 1,101m water depth, Fig. 5.1) (Lamy et al., 2021). The site is located

approximately 30 nautical miles off the Chilean coast in the southward flowing Cape Horn

Current (CHC). We focus on reconstructions of sea surface temperature (SST) using the

alkenone palaeothermometry (e.g., Caniupán et al., 2011; Ho, 2012; Kaiser et al., 2005;

Martrat et al., 2007) and near bottom current strength based the zirconium to rubidium

ratio (Zr/Rb) calibrated with sortable silt data (Lamy et al., 2015; McCave et al., 1995;

Toyos et al., 2020; Wu et al., 2021). Both SST and current strength reconstructions

have been successfully applied in that region. Our study extends the existing sediment

records from the nearby Calypso piston coring site MD07-3128 that reach back to ∼60

ka (Caniupán et al., 2011; Lamy et al., 2015, 2021). Together, these records enable us

to explore the orbital and millennial scale climate variability of the subantarctic ACC at

the entrance of the DP across the Late Pleistocene in an unprecedented detail, notably

relevant for understanding contemporary trends under anthropogenic forcing (Shi et al.,

2021).
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Figure 5.1: Regional modern ocean hydrography and location of cores dis-

cussed in the study. Map of the Drake Passage (DP) region with mean annual sea

surface temperature (World Ocean Atlas 2018). White transparent arrows are schematic

representations of major currents; the Antarctic Circumpolar Current (ACC), the Cap

Horn Current (CHC), the Peru Chilean Current (PCC) and the Malvinas Current (MC).

Altimetry-derived ACC fronts (Park et al., 2019); Northern Boundary (NB), Subantarc-

tic Front (SAF), Polar Front (PF), Southern ACC front (SACCF). Maps created in

Ocean Data View

5.3 Results

SST and ACC strength reconstruction from current-controlled deposits

The 249m-long composite record covers the past 790 kyr (see methods for details on

the age model), with an average sedimentation rate of ∼30 cm/kyr. During glacial

times, enhanced hinterland discharge contributed to an increased supply of terrigenous

sediment, resulting in a bulk accumulation rate up to 5 times higher compared to inter-

glacial periods, consistent with earlier records from the region (Kaiser et al., 2005).

We obtained alkenone-based SSTs from 929 samples at an average temporal resolution

of ∼700 years. Holocene SSTs reach up to ∼11.5°C during the Holocene Climate Op-

timum, and gradually decreased toward cooler values, reaching ∼9.6°C during the late

Holocene, i.e. ∼1.5°C above the modern mean annual SST in this region. This offset can

be attributed to an previously observed seasonal bias of alkenone SSTs of ∼1° C versus
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the annual mean SST at the southern Chilean margin (Hagemann et al., 2022). Over

the past 790 kyr, the reconstructed SST range at Site U1542 (Fig. 5.2) varies from ∼3°C
during the Last Glacial Maximum (LGM; sensu lato 18–28 ka), Marine Isotope Stage

(MIS) 11b (386 ka) and MIS 7d (275 ka) to more than 12°C, during MIS 9e, MIS 7e and

MIS 5e. The mean glacial to interglacial temperature difference at glacial terminations

is ∼6°C from 0 to 430 ka and ∼4°C before 430 ka. The transition into glacial periods is

marked by a strong and abrupt cooling, with temperatures dropping by ∼7°C. We ob-

serve exceptionally high-amplitude SST variability of ∼1-3°C at the millennial timescale

during glacial periods, consistently persistent across all eight glacial periods recorded at

Site U1542.

Site U1542 and MD07-3128 are both located underneath the CHC and variations in

SSTs are plausibly linked to changes in the strength of this current, which flows along

the Chilean continental margin towards the Drake Passage. As the subantarctic surface

water of the ACC impinges on the Chilean margin, a minor part bifurcates (between

40°S and 45°S) into an equatorward branch, the Humboldt Current, while the major

part deviates into the southward branch, the CHC (Fig. 5.1). This narrow current of

∼100–150-km width along the Chilean margin is therefore the northernmost branch of

the ACC entering the DP (Fig. 5.1) (Chaigneau and Pizarro, 2005). Oscillations in the

CHC strength constitute a substantial fraction of subantarctic DP throughflow variability

(Lamy et al., 2015). As the CHC strength largely represents the northern, subantarctic

ACC entering the DP, we will subsequently refer to it as CHC/ACC strength.

To assess the relationship between our SST record and the strength of the CHC/ACC,

we reconstructed the near-bottom current speed (see methods; Fig. 10.4, 10.5) (Mc-

Cave et al., 1995). The calculated flow speeds depend on the sensitivity of the grain

size to the bottom-current flow speed that may partly depend on local conditions such

as bathymetry and seafloor morphology. Considering that Site U1542 is located on the

continental slope and contains a sedimentary sequence consisting mostly of siliciclastic

sediments, we expect only limited ice-rafted debris impact, potentially during full glacial

conditions when the Patagonian ice sheet reached its maximum extent (Davies et al.,

2020). In current-controlled deposits such as the sediment drift where Site U1542 is lo-

cated (Lamy et al., 2021), the accumulation is relatively rapid and ice-rafted supply has

little effect on sortable silt (SS) (McCave et al., 2017). Furthermore, Lamy et al. [2015]

demonstrated that the deposition of ice-rafted debris at our location shows fluctuations

that are independent of SS and fine-sand contents. Additionally, changes in SS and the

weight percentage of the SS component are positively correlated, providing strong evi-

dence for primarily current-controlled grain size changes within the silt fraction (McCave

et al., 2014). Therefore, the use of Zr/Rb coupled with SS measurements has proven

to be a reliable indicator of bottom current speed on the Chilean margin (Lamy et al.,
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2015), in the DP (Toyos et al., 2020; Wu et al., 2021), and in the Scotia Sea (McCave

et al., 2014).

Figure 5.2: Long-term, orbital-scale variability of SST and ACC Strength in

the Southeast Pacific, and their respective spectral analyses. (A) Sortable silt

record from sediment core PS97/093-2 representing ACC strength changes at entrance

of the Drake Passage (Toyos et al., 2020), (B) ACC strength and (C) alkenone-derived

SST from Site U1542, yellow dot indicates the modern SST at the core location), (D)

alkenone-derived SST from PS75/034-2 (Ho et al., 2012), (E) Antarctic ice core EDC

temperature record (Jouzel et al., 2007) on the AICC2012 age model (Bazin et al., 2013),

and (F) spectral power of (A) to (E). Timing and nomenclature of Marine Isotope Stages

(MIS) follow (Lisiecki and Raymo, 2005). MBE correspond to the Mid-Bruhnes Event.

The early stage of most interglacial periods (MIS 15, 11, 9, 7 & 5) presents a consistent

ACC strength (mean sortable silt = 38.6 µm; current speed = 45 cm/s, see methods)

(McCave, Thornalley, et Hall 2017), reaching ∼50-52 cm/s at their maxima, correspond-

ing to 120% of the interglacial mean (Fig. 5.2B). MIS 17 and 13 present relatively slower

flow speeds than the other interglacials (42 cm/s max.). During all glacial periods, the
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flow strength is reduced to ∼16-20 cm/s on average, translating to ∼50-60% weaken-

ing from mean interglacial values (45 cm/s, Fig. 5.2B). This reduction is substantially

larger than previous Pleistocene estimates at the entrance of DP (6 to 16% reduction,

Fig. 5.2A) (Toyos et al., 2020), but in line with estimates of 40 to 50% reduction in the

CHC (Lamy et al., 2015) and in the central DP at the Polar Front during the last glacial

period (Wu et al., 2021). The ACC strength reconstruction also exhibits pronounced

millennial-scale variability corresponding to ∼15 cm/s fluctuation (from ∼30% to ∼70%

of IG values). Similar to the SST record, the millennial scale variability in ACC strength

persist in all glacial stages. Altogether, our SST and ACC strength reconstructions from

Site U1542 underline the exceptional palaeoceanographic sensitivity at the Chilean mar-

gin and provide a unique opportunity to explore in detail the millennial-scale changes of

the ACC during G/IG cycles.

790,000 years of millennial-scale events

We used a thresholding approach to distinguish the occurrence of climatic events from

the variability of the signal. A Southern Hemisphere event is defined in our record by an

abrupt ACC strengthening (103 events identified in total) or SST warming (103 events)

(see method, Fig. 5; 10.8). We classified each event by defining two categories based

on their amplitudes (Fig. 10.9). We identified 66 major SST events characterized by a

warming exceeding 1.6°C and 51 major ACC strengthening events displaying a strength-

ening greater than ∼10 cm/s. Not all strengthening events in the ACC necessarily are

associated with a warming event in SST, as SST events tend to link only the stronger

ACC events. These differences might be due to different millennial-scale sensitivities

and thresholds for SST and ACC strength changes related to various atmospheric and

oceanic forcings. The identification of a millennial-scale event in both SST and ACC

strength records, particularly for major events, serves as a robust indicator of climate

dynamics that can be related to both oceanic and atmospheric circulation. For instance,

during the last glacial period, we consistently observe a major reacceleration of flow

strength (increasing from 50% to 80% of the interglacial mean) coupled with a tempera-

ture rise of approximately 2 to 3°C toward all major AIM events (i.e., AIM 17, 12, 8 and

4). We found 41 (31 related to millennial-scale events) events monitoring an ACC accel-

eration concomitant with SST warming within a timeframe shorter than 1 ka. Among

these, 17 events present a warming preceding an ACC acceleration, while 5 events show

simultaneous occurrences of ACC acceleration and SST warming.

Millennial-scale SST and ACC strength events are amplified during mid-glacial pe-

riods, respectively between 4 to 6°C and 35 to 55 % of IG strength (Fig. 5.3A, B),

coinciding with periods characterized by an intermediate state of ice sheet volume (Fig.

5.2) (Jouzel et al., 2007). This suggests that the ACC exhibited an enhanced sensitiv-
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ity to climate oscillations during an intermediate climate state (i.e., transitional periods

leading to full glacial conditions) or that events are larger during these periods, consis-

tent with findings from northern hemisphere records (Barker et al., 2019; Hodell et al.,

2023; McManus et al., 1999; Sun et al., 2021). For both SST and ACC strength record,

the recurrence of the millennial-scale climate events is essentially constant along the

record, supported by the positive relashionship between number of event and the du-

ration of each period (Fig. 5.3C, D). This imply that the frequency of events is rather

constant, even though the magnitude varies with background climate. Moreover, the

frequency of millennial-scale events recorded at Site U1542 seems to follow a stochastic

pattern, lacking any discernible cyclic behavior (Fig. 10.7). On the other hand, the mag-

nitude of the events appears to be slighty larger when the duration of the MIS is longer,

as supported by the variance of the filtered signal (Fig. 5.3E, F). For instance, the recur-

rence of events does not change with the Mid-Brunhes Transition (MBT) (Jansen et al.,

1986) (59 ACC and 64 SST events over the last 430 kyr), but we observe more majors

events (30 ACC and 44 SST major events), when the duration of the associated glacial

period increases. This implies that the magnitude of millennial-scale events varies in

accordance with background climate and that the MBT affects climate variability from

orbital to millennial timescales. In contrast, the amplitude of millennial-scale events are

smaller during warmer periods, consistent with the relative stability observed during ex-

tended interglacial periods in the Northern Hemisphere (Hodell et al., 2023; McManus

et al., 1999; Sun et al., 2021).
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Figure 5.3: Distribution of millennial-scale events. (A, B) Distribution of

millennial-scale events recorded at Site U1542 according to the condition at the ini-

tiation, (C, D) number of events in each MIS and (E, F) amplitude of the filtered SST

and ACC strength for each MIS. (G) is the relation between SST warming millennial-

scale event occurring synchronous with ACC strengthening millennial-scale events in less

than 1 kyr (yellow dots). Red dots indicate SST warming and ACC strengthening at the

glacial terminations. Interglacial periods are represented in red and glacial periods are

represented in blue. The amplitude is defined by the standard deviation of the filtered

(<7 kyr) SST and ACC strength signals. Label numbers indicates MIS.

5.4 Discussion

Sensitivity of the Southeast Pacific to orbital and millennial-scale climate

oscillations

At orbital timescales over the past 790 kyr, our reconstructed SST variations at

the southern Chilean margin largely follow the atmospheric temperature record of the

Antarctic ice core EDC (Jouzel et al., 2007) and the open Southeast Pacific SST recorded

at PS75/034-2 (Fig. 5.2C-E) (Ho et al., 2012). On average, the G/IG temperature am-

plitude varies from 5 to 7°C, slightly smaller compared to the 8°C changes recorded at

EDC, but similar to PS75/034-2. However, we observe a ∼2°C SST difference in temper-

ature between Site U1542 and core PS75/034-2, located about 350 km southwest from

Site U1542 (Fig. 5.1). This offset can be explained by the influence of the southward

CHC, which transports comparatively warmer water masses, thus explaining the higher

temperature recorded at Site U1542 versus core PS75/034-2.

Our record presents a predominant spectral power in the eccentricity (100-kyr) band
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during the Pleistocene. Small amplitude spectral peaks occur at the obliquity (41-kyr)

and precessional (23-19-kyr) bands (Fig. 5.2F). Though overall spectral power at the

common orbital cyclicities is comparable between the Site U1542 SST records and the

Antarctic temperature record, a direct comparison of the records reveals substantial dif-

ferences at several time intervals. Importantly, we observe a prolonged warming trend

throughout MIS 12 (+1°C between early glaciation to termination), MIS 10 (+2°C),
and MIS 6 (+2°C). We observe a comparable trend in the PS75/34-2 record where

the alkenone-SSTs show a persistent warming trend throughout MIS 12, 10, and 6. A

Southern Ocean warming has been observed during the last glacial period and MIS 6a,

likely initiated by changes in insolation (Pahnke et Sachs 2006) and more recently in

the western Indian Ocean during glacial intervals over past 1.2 Ma (Nuber et al., 2023).

This decoupling between mid (Southern Ocean) and high (Antarctica) southern latitudes

likely resulted in an increase of the meridional thermal gradient, which potentially in-

creased the supply of moisture to the poles, promoting continued ice sheet growth during

MIS 10 and MIS 6 (Pahnke and Zahn, 2005). However, this feature is probably not a

prerequisite for the ice sheet growth, as no mid-to-high latitude decoupling is observed

during MIS 8 and MIS 2. Furthermore, no clear similar trends are monitored by other

mid-latitude austral records, in the South Atlantic (e.g., ODP 1090) (Mart́ınez-Garcia

et al., 2010) and Southwest Pacific (e.g., MD97-2120) (Pahnke et al., 2003).

On G/IG timescales, changes in the strength of the ACC are synchronous with SST

variability (Fig. 5.2B, C). Enhanced flow speeds coincide with warmer periods, while

reduced flow speeds coincide with colder periods, implying a close coupling between near-

bottom current velocity and SST (Fig. 10.4). The ACC strength-temperature coupling

prevailed during the last 800 ka, as supported by a strong ACC strength observed in

the DP (Toyos et al., 2020) and during warm periods in the Southeast Pacific (Ho

et al., 2012). This relationship extends also to shorter timescales, suggesting a direct

connection between Southern Hemisphere temperature fluctuations and ACC strength

on both orbital and millennial timescales (Fig. 5.3G). These findings support the idea

that a reduction in the strength of DP throughflow is linked to the northward shift of

Southern Ocean frontal systems during glacial times (Lamy et al., 2015; Toyos et al.,

2020; Wu et al., 2021). In the DP, geostrophic current velocities are highest in the

vicinity of the Subantarctic and Polar Fronts (Koenig et al., 2014), and the movement

of the fronts (i.e., latitudinal shifts) is linked to temperature changes (Rintoul , 2018).

Using a grain-size based ACC strength record from sediment core PS97/85, located in

the DP at the Polar Front, Wu et al. (S. Wu et al. 2021) found a notable correspondence

between millennial-scale peaks in ACC strength and major winter sea ice retreat in the

DP. This sea ice retreat is coupled with SWW strengthening and southward shifts, acting

as a positive feedback mechanism that amplifies millennial-scale changes in ACC strength
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(Toggweiler et al., 2006; Wu et al., 2021).

This amplification of millennial-scale variability manifests as exceptionally high-

amplitude SST variability observed in two records from the Chilean margin, ODP site

1233 and core MR16-09PC03 (Fig. 5.4) (Hagemann et al., 2024; Kaiser et al., 2005).

These records together with that from Site U1542 exhibit consistency in timing and

amplitude, ranging from ∼2-3°C during the last glacial period, comparable to atmo-

spheric temperature reconstructions from the Antarctic ice cores (∼2°C), with higher

values during specific periods, such as the LGM (EPICA community members , 2004).

Located north of Site U1542 (between ∼41°S and 53°S, Fig. 5.1), these sites suggest that
the northward deflection of the ACC into the Humboldt Current (i.e., the South Pacific

Gyre) records these substantial millennial-scale changes and support the idea of SWW

shifts as a primary driver of changes recorded at Site U1542 (Lamy et al., 2015).

A persistent interhemispheric teleconnection

Over the last glacial period, SST records from the Southeast Pacific region have been

shown to reveal an ‘Antarctic timing’ of millennial-scale temperature patterns (Ander-

son et al., 2021; Caniupán et al., 2011; Lamy et al., 2004). Millennial-scale climate

events at Site U1542 are found to be contemporaneous with AIM events (EPICA Com-

munity Members , 2006) (Fig. 5.4). Additionally, our temperature record is consistent

in timing and amplitude with a mid-depth record from the Southwestern Pacific, span-

ning the past three glacial cycles (Fig. 5.5F; (Pahnke et al., 2003). The Mg/Ca ratio

in foraminifera as a sub-surface temperatures proxy and the synchronous δ13Cb values

(Pahnke and Zahn, 2005), as an intermediate water mass composition proxy, shows con-

temporaneous millennial scale oscillations with our alkenone-derived SST and the ACC

strength. This suggests that the variability recorded in both records represents surface

to mid-depth oscillations of the wider subantarctic Southern Ocean. Throughout the

last glacial period, the timing of our millennial-scale climate events coincides with the

sediment core PS97/85 (Fig. 5.4D; Wu et al., 2021). This record further reveals that

the ACC accelerated during Antarctic warming events, in parallel with the weakening of

the AMOC during Heinrich Stadials (Barker et al., 2009) in the Northern Hemisphere

(NH), as indicated by high 231Pa/230Th ratios (Fig. 5.4C)(Henry et al., 2016).
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Figure 5.4: Interhemispheric linkages during the last Glacial Period. (A) Green-

land climate reconstruction (EPICA Community Members 2006; North Greenland Ice

Core Project members 2004) recording millennial-scales abrupt events, called D-O events

(red dots), (B) planktic δ18O from North Atlantic (Hodell et al., 2023), taken as proxy

for SST changes, (C) compilation of Pa/Th as a proxy for AMOC strength (Henry et al.,

2016), (D) grain size based strength of DP throughflow reconstruction (Wu et al., 2021),

(E) ACC strength, (F) SST at Site U1542, (G) SST from ODP Site 1233 (Lamy et al.,

2015), (H) SST from MR16-09PC03 (Hagemann et al., 2024), (I) Antarctic climate re-

construction at EDML site (EPICA Community Members , 2006), YD; Younger Dryas,

ACR; Antarctic Cold Reversal, H; Henrich events, AIM; Antarctic Isotopic Maxima,

MIS; Marine Isotope Stage.
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To robustly assess interhemispheric connections across the past 800 kyr, we identified

major events at Site U1385 (located at the Iberian margin in the North Atlantic) (Hodell

et al., 2023), and within the synthetic Greenland climate reconstruction (Barker et al.,

2011), both high-resolution records spanning our study period. The planktic δ18O signal

from Site U1385 primarily reflects surface temperature conditions, synchronous with the

appearance of DO events in Greenland and, therefore, is an indicator of NH millennial-

scale surface water changes. By applying the same thresholding approach used for Site

U1542, we identified 110 NH stadial events (69 major events) at Site U1385 over the past

800 kyr, consistent with the findings of Hodell et al. [2023]. According to the bipolar

seesaw concept (Blunier and Brook , 2001), northern stadial events are expected to be

associated with ACC strengthening event and SST warming in the Southern Hemisphere,

as observed during the last glacial period (Fig. 5.4D) (Wu et al., 2021). To mitigate

the impact of age model uncertainties between the two locations, we have chosen to

employ a non-overlapping moving window of 10 kyr (Hodell et al., 2023) to evaluate the

interhemispheric relation of millennial-scale events occurrence (Fig. 10.6) This approach

is thought to maintain the fundamental pattern regardless of the chosen start time. The

analysis (Fig. 10.6) reveals similarities between both records in the number of events per

10 kyr, with the highest occurrence observed during glacial periods and terminations, and

indicating that the temporal concentration of DO events observed during the last glacial

period is unique when compared to the Late Pleistocene. Several studies have suggested

that a prolonged intermediate climate state, such as MIS 3, provides favorable conditions

for high amplitude DO-type variability (Barker et al., 2011; Hodell et al., 2023). During

full glacial boundary conditions (e.g., LGM), NH records suggest relatively stable climate

with reduced millennial-scale variability during these periods (McManus et al., 1999).

However, our records demonstrate significant millennial-scale oscillations during MIS 10,

8, and 2 at periods of enhanced global ice volume (Fig. 10.6). This interhemispheric

disparity likely arises from the enhanced local sensitivity, notably with the Patagonian

Ice Sheet that reached the continental shelf edge at their maxima (Davies et al., 2020).

For instance, during the LGM, records from the Chilean margin and DP depict higher

amplitude millennial-scale events (Fig. 5.4D-H) compared to NH records (Fig. 5.4A-C)

In both sediment records from Site U1542 and U1385, we observe an intensification

of SST and δ18O planktic millennial-scale events subsequent to the MBT (Fig. 10.6),

consistent with the observation that the recurrence of millennial events increases together

with the extended duration of glacial periods. This suggests that the MBT, induced by

changes in insolation (Yin, 2013), not only amplified the G/IG signal (Jansen et al.,

1986), but also impacted the climate on the millennial timescale.

At Site U1385, a notable out-of-phase relationship between benthic and planktic oxy-

gen isotopes representing within a single record a southern signal in deep waters ver-
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sus a northern signal in surface waters, respectively, has been documented (Shackleton,

2000 This out-of-phase pattern aligns with Antarctic and Greenland climate records, re-

spectively, and illustrates the bipolar seesaw mechanism, extended over the mid-to-late

Pleistocene (Hodell et al., 2023; Margari et al., 2010).

We find millennial-scale features of SST and ACC strength at Site U1542 matching the

North Atlantic record, within age model uncertainties between the sites. For instance,

during the penultimate glacial period, SST and ACC strength millennial climate events

at Site U1542 are in phase with benthic δ18O fluctuations observed in the Iberian margin

sediment core (referred to as AIM6i to AIM6vi,between 180 et 155 ka) (Margari et al.,

2010), themselves synchronous with AIM events (Fig. 5.5, 10.12). Expanding upon

these observations, we find that several major surface warming and ACC strengthening

episodes recorded at Site U1542 can be associated with negative benthic δ13C incursions

in the North Atlantic at Site U1308 (Fig. 5.5B, 10.12), and/or increased ice-rafted debris

(IRD) concentrations at ODP 983 (Fig. 5.5A, 10.12): both parameters associated with

a reduced AMOC during these events (Barker et al., 2019; Hodell et al., 2023). This

suggests that these important variations of the DP, that have been linked to AMOC

instability over the last glacial cycle (Wu et al., 2021), persisted over the past 800

kyr. Furthermore, this one-to-one relationship reinforces previous findings highlighting

strong interhemispheric climate linkages on orbital and millennial time scales (Knorr

and Lohmann, 2003; Oka et al., 2021).

In addition to these oceanic mechanisms for interhemispheric climate linkages related

to the bipolar seesaw, important atmospheric connections have been proposed to oper-

ate, at least for the last glacial cycle. For example, strong millennial-scale SST warming

during Heinrich event 1 at Southeast Pacific Site 1233 has been linked to southward dis-

placement and/or strengthening of the SWW induced by the southward shift of the In-

tertropical Convergence Zone (Chiang , 2009). This atmospheric interhemispheric bridge

would plausibly affect both SSTs and ACC strength, although we acknowledge that the

ACC flow is affected by forcing other than wind, such as the buoyancy forcing effect and

eddy activity (Munday et al., 2013), which can regulate ACC flow strength.

Studies of anthropogenic climate change using both models and observations detect

an acceleration of zonally averaged zonal flow on the northern flank of the ACC and

identify anthropogenic ocean warming as the dominant driver (Shi et al., 2021). This

reinforces the fundamental physical relationship between SST and ACC speeds that form

the baseline of this study. Moreover, considering the widely anticipated weakening of the

AMOC in response to anthropogenic warming (Bakker et al., 2016; Weijer et al., 2020),

state of the-art climate models seem to reinforce the teleconnection between Southern

Ocean conditions and circulation in the North Atlantic.
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Figure 5.5: Interhemispheric millennial-scale reconstruction of the ACC

strength and SST. (A) Ice-rafted debris at ODP Site 983 (Barker et al. 2019), (B) ben-

thic δ13C from Site U1308 indicating mixing ratio between northern and southern sourced

waters (Hodell et al., 2008), (C) planktic δ18O from Site U1385 (Hodell et al., 2023)

taken as proxy for SST changes, (D) ACC strength and (E) SST from Site U1542 (this

study), (F) Mg/Ca-derived SST from the Southwest Pacific (Pahnke et al., 2003), and

(G) Antarctic ice core EDC temperature record (Jouzel et al., 2007) on the AICC2012

age model (Bazin et al., 2013). Purple, blue and orange dots respectively represent SST,

ACC and stadial events recorded from Site U1542 and Site U1385. Timing and nomen-

clature of isotopic stage follow (Lisiecki and Raymo, 2005). Vertical purple bars and

roman numerals indicate glacial terminations.
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Role of ACC in CO2 exchanges

To evaluate the role of ACC strength variability in driving atmospheric carbon dioxide

(CO2) variability, we compare our ACC strength reconstruction with the rate of atmo-

spheric CO2 changes, smoothed over a 2 kyr period (Fig. 5.6) (Barker et al., 2019). 31

(10 related to glacial terminations) millennial-scale CO2 increase events can be associ-

ated with millennial ACC strengthening events within 7 kyr windows (Fig. 5.6A, B,

S13), suggesting a direct link between changes in glacial ACC flow and shifts in global

atmospheric CO2 concentrations. Moreover, the relative changes in flow strength appear

to be positively correlated to the amplitude of CO2 variations (Fig. 10.13). For instance,

during glacial terminations, the increase of 60 to 80 ppmv (Fig. 5.6C), corresponds to a

50 to 80% acceleration in ACC flow. At millennial timescales, we observe reduced but

discernible variability. For instance, during the 6i event (∼178 ka), a 40% increase in

ACC strength corresponds to 15 ppmv rise, and during AIM-17 (∼60 ka), a 35% ACC

increase corresponds to 30 ppmv rise. In total, 21 millennial-scale ACC strengthening

events (from 28% to 60%) can be associated with atmospheric CO2 release events (from

5 ppmv to ∼30 ppmv), showing a linear correlation (Fig. 10.13).

The Southern Ocean modulates the exchange of CO2 between the deep sea and the

atmosphere (Rintoul , 2018; Toggweiler et al., 2006). The latitudinal shifts of westerlies

exert control over the balance between the organic carbon pump, which sequesters car-

bon into the deep ocean through the sinking of organic carbon from the surface ocean

(Gottschalk et al., 2016; Sigman et al., 2021) and the release of CO2 from ventilation of

deep water upwelling in response to surface ocean stratification (Anderson et al., 2009;

Bakker et al., 2016; Skinner et al., 2010). The mechanistic relationship between surface

ocean conditions and atmospheric CO2 changes is closely tied to shifts in the SWW, a

major driver of CO2 upwelling (Anderson et al., 2009), and therefore the ACC strength

(Lamy et al., 2015; Wu et al., 2021). Ahn and Brook [2008] and more recently (Barker

et al. [2019]) have observed a relative shoaling in the North Atlantic deepwater formation

as well as an increase in IRD deposits in the North Atlantic during phases of rising CO2

(Fig. 5.5A), possibly initiated by freshwater input. An AMOC disturbance induces a

change in the meridional heat transport resulting in heat being retained in the Southern

Hemisphere, which can then melt sea ice (Skinner et al., 2010) and/or cause a south-

ward migration of the Intertropical Convergence Zone (Anderson and Carr , 2010). This

can result in a strengthening and southward displacement of the SWW, enhancing ACC

strength, decreasing Southern Ocean stratification, promoting ventilation, and conse-

quently, increasing atmospheric CO2 levels. Our results confirm and extend the role of

the millennial-scale northern ACC/CHC reacceleration in enhancing the exchange be-

tween surface and deep water in the Southern Ocean and the corresponding release of

CO2 (Anderson and Carr , 2010; Anderson et al., 2009; Skinner et al., 2010).
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Figure 5.6: Rate of atmospheric CO2 changes and Antarctic circumpolar con-

ditions during the Pleistocene. (A) ACC strength from Site U1542, (B) Rate of

atmospheric CO2 changes (δCO2/δt) from (Barker et al., 2019) based on (C) atmo-

spheric CO2 concentrations from the EDC ice core, (Bereiter et al., 2015). Blue dots

indicate major ACC strengthening events, yellow dots indicate CO2 increase events and

black dots indicate association (n = 31) between both events in less than 7 kyr.

During each glacial inception, a reduction in SWW wind-driven upwelling, marked

by the abrupt drop in the ACC strength record (up to 80% reduction during Inception

6, 3, 2 and 1; Fig. 5.6A) may have reduced exchange of water from the deep ocean

to the surface, thus contributing to the storage of carbon in the deep ocean and the

reduction of atmospheric CO2 (Sigman et al., 2021). Other mechanisms, such as dust-

borne iron fertilization (Martin, 1990), SST and salinity changes (Köhler et al., 2005) also

contributed to the continuing and gradual drawdown of CO2 (Fig. 5.6C) throughout the

glacial stage by enhancing the efficiency of the global ocean’s biological pump (Martinez-

Garcia et al., 2014; Sigman et al., 2021).
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Site U1542, located underneath the palaeoceanographically sensitive Cape-Horn cur-

rent, provides unprecedented insights into the millennial-scale ACC variability over the

past 790 kyr in the Southeast Pacific. Coupled ACC strength and SST changes provide

compelling evidence that millennial-scale variability previously documented for the last

glacial cycle persisted over the past 790 kyr. Our findings reveal that the amplitude of

the millennial-scale events directly correlate with the duration of the glacial stages. In

line with evidence from other Southern Ocean records, this variability is representative of

the broader Southern Hemisphere. Despite age model uncertainties, a comparison with

Northern Hemisphere records indicates that the interhemispheric dynamics observed dur-

ing the last glacial period have persisted over the Late Pleistocene. Periods of climate

instability in one hemisphere align with those in the other hemisphere. Moreover, our

findings shed light on the impact of the DP throughflow on Atlantic circulation on millen-

nial timescales, and the significant role played by the ACC promoting inter-basin water

mass exchange in the Southern Ocean that can influence CO2 exchanges. Notably, these

findings align with contemporary observations of a warming and accelerated Southern

Ocean (Shi et al., 2020) in conjunction with AMOC weakening (Srokosz and Bryden,

2015) under anthropogenic forcing of the climate.

5.5 Material & Methods

Sediment record

We analyzed a Pleistocene sediment record recovered during International Ocean Dis-

covery Program (IODP) Expedition 383 Site U1542 (Lamy et al., 2021). Positioned in

the Southeast Pacific at 52°42.29’S, 75°35.77’ W, IODP Site U1542 is situated approxi-

mately 30 nautical miles west of the entrance to the Strait of Magellan, at a water depth

of 1,101 meters (Fig. 5.1). The site sits at the upper slope of the Chile continental mar-

gin, within a relatively small-scale sediment depocenter (“sediment drift”). The nearly

continuous, undisturbed, 249-meter-long sedimentary sequence recovered at Site U1542

covers the past 790,000 years with sedimentation rates that exceed 30 cm/kyr. The

glacial sedimentary sequence is primarily constituted of siliciclastic sediments with low

carbonate contents (∼1–12 wt% CaCO3), and biogenic silica contents ranging from 1 to

4 wt%. Interglacials are characterized by sandy foraminiferal ooze (∼30–55 wt% CaCO3)

deposited during warm interglacial periods (Lamy et al., 2021). From an oceanographical

perspective, Site U1542 is situated beneath the southward-flowing Cape-Horn Current,

a northern branch of the Antarctic Circumpolar Current that extends towards the Drake

Passage. Additionally, it is located at the lower limit of Antarctic Intermediate Waters

(AAIW), close to or within the major modern AAIW formation.
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Southern Chilean Margin composite record

We combine the sedimentary record from Site U1542 with the published records from

nearby located Calypso piston core, MD07-3128. The U1542 ‘pre-site survey’ sediment

core MD07-3128 (30.33 m) was recovered in 2007, at 52°39.57’S, 75°33.97’W (1,032 m

water depth), situated only ∼5 nautical miles from U1542 during the IMAGES (Inter-

national Marine Past Global Changes Studies) XV-MD159-Pachiderme cruise on board

R/V Marion Dufresne. Given the availability of several high-resolution multi-proxy

records for MD07-3128 (Caniupán et al., 2011; Lamy et al., 2015), we chose to incorpo-

rate the approximately 65 kyr of MD07-3128 sediment core data into the corresponding

section of the Site U1542 sediment record, in order to build a composite sequence with

very high resolution in the last glacial period. To achieve this, we aligned the bottom of

MD07-3128 with the corresponding age in Site U1542, using reflectance b* records from

both cores and alkenone-derived SST and XRF Zr/Rb serving as controls (Fig. 10.2).

The tie point was identified at 28.63m (56.88 ka, (Anderson et al., 2021) in MD07-3128

and at 25.47 CCSF-A (m) in U1542. Due to the observed persistent temperature off-

set in alkenone-derived SST between the two records, attributed to the use of a different

gas chromatographer column type for the MD07-3128 core, we applied a correction of +

1.44°C to the MD07-3128 SST data from Caniupán et al. [2011] (Fig. 10.2). This cor-

rection is derived from the repeated measurement of a reference alkenone standard using

both chromatography columns employed for the two sedimentary records. We note that

this correction does not change the amplitude between G/IG and millennial-scale shift

of SST. Furthermore, a discrepancy in XRF ratio Zr/Rb values between Site U1542 and

MD07-3128 has been observed. Considering that XRF measurements may exhibit vari-

ability across different laboratories, we employed here a simple linear regression between

both records to assess the drift between devices. The regression equation (ValueU1542 =

0.6779*ValueMD07-3128 + 0.1836) was utilized to align MD07-3128 values to the same

scale as Site U1542 values.

Age model

The stratigraphy of MD07-3128 is well-constrained by 13 Accelerated Mass Spectrom-

etry 14C AMS age from mixed planktonic foraminifera, along with the identification of

the Laschamp paleomagnetic excursion (Anderson et al., 2021; Caniupán et al., 2011;

Lamy et al., 2015). For Site U1542 in the time interval 65-800 ka, we tuned glacial ter-

minations and inceptions based on the XRF Ca/counts from Site U1542 to the Antarctic

ice core EDC temperature record (Jouzel et al., 2007) on the AICC2012 age model (Fig.

10.3) (Bazin et al., 2013), which was primarily realized onboard during IODP Expedition

383. At millennial time-scales, we aligned our benthic foraminiferal (G. uvigerina) oxy-

gen isotope (δ18O) record with the EDC temperature record. As Site U1542 is located
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at a relatively shallow depth, several periods exhibit strong variability, with a relatively

subdued G/IG variability in the benthic record. For instance, MIS 13 and 7 are not evi-

dent in the XRF Ca or benthic δ18O record. To address this, we added additional tuning

points using our SST reconstruction with reference to the Antarctic ice core. For each

tie point, the proxy used can be found in figure 10.3. All tuning were performed using

AnalySeries (Paillard et al., 1996).

Stable oxygen analysis on benthic foraminifera

Foraminiferal stable oxygen (δ18O) measurements were performed on samples of each

2 shells of the infaunal benthic foraminifera G. uvigerina peregrina from core Site U1542.

The samples were wet-sieved using a 125 µm mesh, oven-dried at 50°C and then stored

in glass vials. G. uvigerina peregrina from the sediment fraction larger than 250 µm

were handpicked under a binocular microscope every 20 cm. Isotopic analyses were per-

formed on a Thermo Scientific MAT 253 mass spectrometer with an automated Kiel IV

Carbonate Preparation Device at AWI. External reproducibility of δ18O measurements

based on an internal laboratory standard (Solnhofen limestone) measured over a 1-year

period together with the samples was better than 0.08‰ for δ18O. Isotope data has been

converted to the delta notation. The isotope values were calibrated versus IAEA603 and

are given in per mil (‰) relative to the V-PDB (Vienna Pee Dee Belemnite) standard.

Biomarkers analysis

For the determination of alkenones at Site U1542, about 5 g of freeze-dried and ho-

mogenized sediment samples were extracted by accelerated solvent extraction (ASE 350,

Dionex) with a mixture of dichloromethane and methanol (DCM:MeOH, 9:1, v/v) at

Alfred Wegener Institute Bremerhaven. The resulting total lipid extract was further

separated into three fractions through column chromatography with silica gel as the

stationary phase. n-alkanes were eluted with Hexane (5 ml), alkenones were separated

using DCM (5 ml), and glycerol dialkyls glycerol tetraethers (GDGTs) were eluted with

DCM: MeOH (1:1; 4 ml). The first and third fractions (i.e., n-alkanes and GDGTs, re-

spectively) were stored for subsequent investigations. Internal standards (squalane, hex-

atriacontane, C46-GDGT) added before extraction served for quantification purposes.

Alkenones were analysed by gas chromatography on an Agilent 7890 fitted with a flame

ionization detector using an Agilent VF-200 ms capillary column (60 m length, 250 µm

diameter, 0.25 µm film thickness). The oven temperature was programmed to be held

at 50 °C for 2 min, then increased at 20 °C/min to 255 °C, at 3 °C/min to 300 °C, at 10
°C/min until 320 °C and held for 10 min. The identification of alkenones was achieved

by comparing chromatographic retention times of the samples with those of a labora-

tory Emiliania huxleyi culture extract that was routinely used as a working standard to
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control data quality. The reproducibility of the procedure was evaluated using a homo-

geneous sediment standard extracted simultaneously with our samples. To convert Uk′
37

values (expressed as the ratio of C37:2 /(C37:2 + C37:3)), into an estimation of SST, we

applied here the calibration of Prahl et al. [1988] (SST = (Uk′
37 –0.039) /(0.034)), widely

used in paleotemperature reconstructions. Analytical precision based on replicate anal-

yses of the culture extract was 0.23°C (n = 29). Most data sets used Uk′
37, except for

the PS75/34-2 record that use Uk
37, as no G/IG variability is observed before 430 ka (Ho

et al., 2012).

X-Ray Fluorescence

The high-resolution X-ray fluorescence (XRF) scanning measurements at Site U1542

were conducted using an Avaatech (non-destructive) XRF Core Scanner at Texas A&M

University. The scanning was performed at intervals of 3 cm (area 10 x 12 mm, down-

core x cross-core) across the core in three runs 10kV (Tube current 0.16 mA, live time

6s, no filter), 30kV (1.25 mA, 6s, Pd-thick filter) and 50kV (0.75 mA, 10s, Cu filter).

Current speed reconstruction

To assess changes in near-bottom flow speed, we employed the sortable silt (SS) proxy.

SS is widely used to assess variations in near-bottom flow speed in deep-sea sediments.

This sedimentological parameter operates on the principle that a coarser mean size re-

flects stronger near-bottom flow, through selective deposition and winnowing (McCave

et al., 1995). This proxy exhibits a strong correlation with modern variability in the

Drake Passage area (Wu et al., 2021). For the grain-size analysis, the terrigenous frac-

tion was isolated from 5g of freeze-dried bulk sediment by treating each sample with 5

ml H2O2 (35%), 5 ml HCl (10%) and 5 ml NaOH (6%) while being heated, to remove

organic matter, carbonate and biogenic silica. The samples were rinsed and centrifuged

until reaching a neutral pH between each step. Immediately prior to measurements,

Na4P2O7 - 10H2O (sodium pyrophosphate) was added to the leached material and the

samples were sonicated for 30s, to avoid aggregations. Grain-size analyses were carried

out with a Mastersizer 3000 (Malvern Panalytical) at the Leibniz Institute for Baltic Sea

Research Warnemünde (IOW). To investigate whether the sediments were subject to sig-

nificant bottom current sorting, the mean sortable silt grain-size (SS; geometric mean

of the 10 – 63 µm silt fraction) and the sortable silt percentage (SS%, defined as the

10–63 µm fraction relative to the <63 µm fraction) were calculated after McCave et al.

[1995] utilizing the software GRADISTATv9.1 (Blott and Pye, 2001). Several studies

suggested that changes in the element compositions of fine-grained sediments, particu-

larly the zirconium/rubidium (Zr/Rb) count ratio, hold significant potential as a tracer

for grain-size variations of marine sediments, providing valuable insights into current
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strength(McCave et al., 1995). Recently, the logarithmic Zr/Rb ratio derived from XRF

core scanning has been utilized as a proxy for reconstructing millennial-scale variability

in near-bottom flow speed in the Drake Passage (Lamy et al., 2015; Toyos et al., 2020;

Wu et al., 2021) and in the Southern Ocean (Wu et al., 2020). To apply the (Zr/Rb)

proxy to our record, we correlated SS and ln(Zr/Rb), obtaining a tight linear-positive

correlation (SS = 16.18 x ln(Zr/Rb) + 12.88, r2 = 0.76, n = 94, Fig. 10.5). For a con-

tinuous resolution along the record, we resampled at 100-year intervals, subsequently

0.6 kyr smooth, broadly following the resolution of alkenones SST reconstruction. This

running mean window has also the advantage of being close to the smoothing window

selected by Barker et al. [2011] to predict abrupt events, providing a reasonable compro-

mise between noise reduction and signal fidelity. We calibrated the ultra-high resolution

(∼100 years on average) XRF measurements with grain size analyses, thereafter getting

a current speed reconstruction by using the calibration of SS for the Scotia-Weddell Sea

region (SS = 0.59U + 12.23) (McCave et al., 2017) (Fig. 10.5).

Spectral analyses and filtering

To identify periodic components in the spectrum of the U1542 record, spectral analyses

were performed using the Blackman-Tukey spectral power estimator, implemented in

the Analyseries software. Prior to analysis, linear trends were removed, and values were

normalized. The frequency scale was resampled from 0 to 0.1 with a step of 0.0002. A

Bartlett window was applied, and the bandwidth was approximately set to 0.005. Prior

to analysis, our record was evenly sampled at 200 years. In consideration of the lower

resolution of PS75/34-2, the record was evenly sampled at 1 ka, and the frequency scale

step was adjusted to 0.0005. To remove the long-term insolation-driven signal from our

record (Milankovitch periodicity), a high-pass Finite Impulse Response (FIR) filter was

applied using the PAST software, which uses the Parks-McClellan algorithm. A cut-off at

7 kyr was selected, consistent with several previous studies (5 kyr in Pahnke et al. [2003],

7 kyr in Barker et al. [2011]). The filtered result emphasizes millennial-scale variability

and is thought to remove the background climate evolution on G-IG timescales.

Characterization of the millennial scale events

To identify millennial scale events in the records, we used a thresholding approach, fol-

lowing Barker et al. [2011] to predict the occurrence of Dansgaard-Oeschger (DO) events.

We identify events using minima in the first-time differential of the 600 years mean signal

giving similar results from the filtered signal (i.e., < 7 kyr to exclude long-term insolation

driven signal) of ACC strength and SST record (Fig. 10.8). This approach is thought

to avoid any subjectivity in the detection of millennial-scale events (Hodell et al., 2023).

Each event is therefore defined by an abrupt ACC strengthening or SST warming. The



5.5 Material & Methods 57

empirical choice of the threshold underscored the importance of maintaining a balanced

approach. An overly sensitive threshold could indeed prevent the distinction between

environmental changes in the record and variations introduced by analytical and cali-

bration uncertainties in the alkenone-SST and bottom-current estimates. On the other

hand, a threshold that is too insensitive might omit important events, potentially lead-

ing to a biased representation of Pleistocene millennial-scale changes. We selected a

threshold with the goal of effectively distinguishing between event magnitudes chosen to

ensure that the number of events fell within the range of DO events observed over the last

glacial period and in accordance with estimations for the northern hemisphere records.

Ultimately the threshold selected was set higher than the standard deviation of the data

to only capture climatic events, minimizing the inclusion of noise or non-climatic varia-

tions in the sedimentary record. Subsequently, we identified major events by separating

in two population each event in function of their respective amplitude (Fig. 10.9). Each

amplitude is defined by the difference between the minima before each event (on a 1 kyr

average) and the maxima after each event (on a 1 kyr average) (Fig. 10.8).
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trolled by local sea surface temper-
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6.1 Abstract

Past changes in the extent of the Patagonian ice sheet (PIS) played a critical role in pa-

leoclimate at global and regional scales. The PIS affects sea level changes and albedo,

impacts sediment supply to the continental margin, and influences the availability of

sediments in the Patagonian outwash plains which impacted dust generation and thus

indirectly iron fertilization in the Southern Ocean. Traditionally, the maximum geo-

graphic extent of the ice sheet is mainly determined through geomorphological mapping

of continental moraine sequences often absolutely dated through radionuclides. Unfor-

tunately, older glaciations are mostly eroded by more recent glacial advances, resulting

in an incomplete picture of past glaciations from terrestrial archives. In this study,

we use the sediment record from International Ocean Discovery Program (IODP) Site

U1542 on the Chilean margin (∼53°S) to investigate PIS changes back in time. We use

ice-rafted debris and terrigenous sediment accumulation rates, together with terrestrial

biomarkers to reconstruct the history of the PIS over the past 790,000 years. This study
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presents the first detailed, continuous reconstruction of the PIS covering the middle and

late Pleistocene. The timing of enhanced terrestrial sediment deposition overall corre-

sponds to the age and extent of Patagonian moraines and mirrors dust records from

Antarctic ice cores and deep-ocean sediment cores from the South Atlantic. The close

connection between PIS and dust input to the Southern Ocean emphasizes its role in the

global carbon budget. Our PIS records highlight the crucial role of sea temperature in

controlling PIS growth. Additionally, the sediment discharge to the Chilean margin is

controlled by sea level changes allowing the advance of the PIS to the continental margin

and strengthening sediment supply during sea level lowstands.

6.2 Introduction

A significant fraction of past variations in atmospheric carbon dioxide concentrations

(CO2) during the Earth’s most recent period are connected to changes in the supply of

dust to the Southern Ocean (Lambert et al., 2008; Lamy et al., 2014; Mart́ınez-Garcia

et al., 2011). This dust-climate coupling supports the iron fertilization hypothesis, ac-

cording to which the windblown dust, carrying soluble iron (Fe) to the Fe-deficient

Southern Ocean, may have stimulated the net primary production and carbon seques-

tration, thereby contributing to atmospheric CO2 drawdown during ice ages (Martin,

1990). Recent data and model-based estimates indicate that iron fertilization enhances

glacial Southern Ocean biological productivity by one-third (Weis et al., 2024), consis-

tent with estimates of a contribution of ∼25 ppm to the glacial CO2 drawdown. Southern

South America (here referred to Patagonia) plays a fundamental role in this process, as

it serves as the primary dust source to the Southern Hemisphere, exporting dust to the

Southern South Atlantic (Martinez-Garcia et al., 2014), to Antarctica (Basile et al.,

1997; Grousset et al., 1992; Lunt and Valdes , 2001; Sugden et al., 2009), and potentially

even around the globe to the Central South Pacific (Struve et al., 2020). The South-

ern Andean region in Patagonia is the only mountain barrier intersecting the core of the

Southern Westerly Wind belt (SWW) at latitudes between 49 and 53°S, hence facing

windy and rainy climatic conditions and strong lee-side acceleration and dry climates

east of the Andes. In this area, variations in the extent of the PIS during Quaternary

glaciations, serve as a major fine-grained sediment producer, including a high proportion

of Fe-rich dust-size particles released in the outwash plains (Sugden et al., 2009).

Despite the importance of the PIS for regional and global climate, the more detailed

reconstruction of PIS dynamics over multiple glacial cycles is not well constrained. This

is mainly because the most recent glacial advance during the Last Glacial Maximum

(LGM) eroded and overprinted archives of previous glaciations. Consequently, land-
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based information on older glacial cycles is inherently incomplete (Hein et al., 2017;

Mendelová et al., 2020; Peltier et al., 2021). Therefore, our knowledge of past changes

in PIS volume and its geographic extent relies on indirect methods, mainly through con-

tinental ice-derived sedimentary sequences on land (e.g., radionuclide-dated moraines;

e.g., PATICE; Davies et al., 2020). Moreover, glacial advances in older than LGM de-

posits are difficult to date accurately, thus preventing a precise correlation of the timing

of successive PIS advances with the marine isotope stratigraphy framework (Lisiecki and

Raymo, 2005). In the marine realm, due to high sedimentation rates on the continen-

tal shelf edge and slope, so far examined marine sediment sequences including their PIS

signal are likewise only restricted to the last glacial period (Caniupán et al., 2011; Hage-

mann et al., 2024; Kaiser et al., 2005; Kilian and Lamy , 2012). The reconstruction

of the PIS and more broadly mid-latitude ice-sheet extent during Quaternary glacia-

tions is nevertheless crucial because former ice sheets did not simply react passively to

glacial/interglacial variability. Instead, they played a dynamic role by amplifying, pac-

ing, and driving local to global climate changes, participating in sea level changes, albedo

effect, and sediment production (Clark et al., 1999). Also, the interhemispheric telecon-

nections between Southern Hemisphere mid-latitude glacier development and Northern

Hemisphere alpine glacier and ice sheet dynamics are crucial for understanding the pale-

oclimatic forcing of Quaternary glaciations at orbital and millennial time-scales (Darvill

et al., 2016; Denton et al., 2022; Mercer , 1984; Oerlemans , 2005; Schaefer et al., 2006).

Paleoclimatic reconstructions since the last glacial period show that Patagonia was a

highly sensitive region to environmental and climate change (Davies et al., 2020; Euler

and Ninnemann, 2010;Kilian and Lamy , 2012; Lamy et al., 2004). The maritime location

of the ice sheet along the Chilean margin establishes a close connection with atmospheric

and oceanic circulation in the southeast Pacific and the northernmost reaches of the

Antarctic Circumpolar Current (ACC; Hagemann et al., 2024; Kaplan et al., 2008; Peltier

et al., 2021. Latitudinal shifts and variations in the intensity of the SWW belt strongly

influence the supply of moisture to the Southern Andes, thereby controlling precipitation

that affects the extent of Patagonian glaciers. These changes also impact vegetation,

erosion, and subsequent fluvial sediment input (e.g., Davies et al., 2020; Kilian and

Lamy , 2012; Peltier et al., 2021; Sepúlveda et al., 2009). Additionally, the sea surface

temperature (SST) of the Southeast Pacific is closely linked to the dynamics of the ACC

and the SWW and significantly influences the PIS extent (Denton et al., 2022; Mercer ,

1984). More generally, the coherent chronology of glaciations in the New Zealand Alps

and Patagonia suggests common orbital-scale forcing mechanisms that involve large-

scale atmosphere changes (Darvill et al., 2016; Denton et al., 2010, 2022; Kaplan et al.,

2008; Peltier et al., 2021). For instance, it has been suggested that the expansion of

Southern Hemisphere ice sheets depends on the local summer duration (Huybers and
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Denton, 2008). Moreover, southern mid-latitude glaciers advanced contemporaneously

with cold Antarctic stadials (Darvill et al., 2016; Garćıa et al., 2018; Hagemann et al.,

2024; Shulmeister et al., 2019).

Despite limited preservation of pre-LGM moraine systems, various studies shed light

on the timing of glacier advances since the so-called Great Patagonian Glaciation around

1.2 million years ago (Hein et al., 2017). For example, evidence for Rio Corcovado glacier

(45°S) expansion has been noted for MIS 8 and MIS 6 (Leger et al., 2023). While there

is a solid grasp of the most recent glaciation and deglaciation in Patagonia, earlier

glaciations remain less documented. Extended sediment records are primarily found on

the continental margin north of the rather limited northernmost PIS off central Chile

(ODP Site 1234; e.g., Barth et al., 2018; Heusser et al., 1999) and further offshore in the

southern section of the southeast Pacific (GeoB3327-5 and PS75/034-2; Ho et al., 2012;

Tapia et al., 2021). These more offshore records are at the western limit of the range of

terrigenous sediment input from South America and their significance in reconstructing

long-term PIS variations is limited. However, reconstructing the evolution of the former

PIS over multiple glacial/interglacial variability would offer unique insights into past

terrestrial cryosphere dynamics related to orbital changes in the southern mid and high

latitudes.

Here we report terrestrial sediment flux records from western Patagonia to the south-

east Pacific based on a composite sediment record from International Ocean Discovery

Program (IODP) Site U1542 (52°42.29’S, 75°35.77’ W; 1,101m water depth, Fig. 6.1),

drilled at the Chilean margin during the IODP Expedition 383 onboard R/V JOIDES

Resolution. We have investigated with high temporal resolution the 253 m-long sediment

sequence representing the continuous sedimentation history throughout the last 790 kyr

(Rigalleau et al., In review). To reconstruct changes in the PIS western extent, we fol-

low a comparable multi-proxy approach as recently used to document PIS changes at

the southern Chilean margin further north at ∼45°S (Hagemann et al., 2024). This ap-

proach includes the accumulation rates of terrigenous leaf wax biomarkers synthesized

by land plants (i.e., n-alkanes) and terrestrial bacteria (i.e., branched Glycerol Dialkyls

Glycerol Tetraethers) which provide us information on continental vegetation (Eglinton

and Eglinton, 2008) in combination with various terrigenous sedimentary proxies, such

as ice-rafted debris (IRD) and major element composition (i.e., titanium (Ti) and iron

(Fe)), reflecting siliciclastic input from Andean rocks.
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Figure 6.1: Location of Site U1542, Patagonian and oceanographic settings.

The modern Patagonian icefields (in white), Patagonian Ice Sheet (in light blue trans-

parent) extent and ice flow (blue lines) at 35 ka reconstructed from Davies et al. [2020].

The white arrows represent the northward bifurcation (Peru-Chile Current) and the

southward bifurcation (Cap Horn Current) of the Antarctic Circumpolar Current. Dots

indicates location of moraines advances, corresponding to Fig 6.6. Map realised with

QGIS, Global map with ODV. Ocean Data View: https://odv.awi.de/
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6.3 Study area

Marine realm: the Chilean margin

The ACC connects the Pacific, Indian, and Atlantic Ocean basins and plays a crucial

role in the global circulation of the world’s oceans and in regulating climate (Rintoul ,

2018). The major bathymetric constriction of the ACC occurs at the Drake Passage

(DP). The Southern Ocean, particularly the DP throughflow together with the Agulhas

current (Beal et al., 2011) exerts a strong influence on the Atlantic Meridional Over-

turning Circulation (e.g., Oka et al., 2021). When the ACC impinges the southern tip

of South America, it bifurcates into the southward-flowing and coastal Cap Horn Cur-

rent. Site U1542, situated underneath the CHC, is situated approximately 30 nautical

miles west of the entrance to the Strait of Magellan, at a water depth of 1,101 meters.

The site sits at the upper slope of the Chilean continental margin, within a relatively

small-scale sediment depocenter (“sediment drift”). At the location of Site U1542, sea

surface temperature averages ∼9.6°C.

Modern Patagonian icefields: legacy of the PIS and largest mid-latitude ice

system

Patagonia is the meridional region in South America that extends from about 40°S at

the southernmost section of the Andes down to the austral tip of the continent, Tierra

del Fuego (55°S). This high mountain chain of the Andes is the major barrier of the

SWW, and the western (Chilean) Patagonia is a 50 to 150 km wide intricated strip

of land and fjords between the Pacific coast and the Andean crest that rises to 2500

m at these latitudes. As a natural obstacle, rainfall amounts strongly differ on both

sides of the Andes. On the windward side along the Pacific coast, the luv effect of the

Andes leads to hyperhumid conditions constantly windswept by the strong SWW. At

the eastern (Argentinian) lee-side of the mountains, the outwash plains are characterized

by arid and highly evaporative conditions (Garreaud et al., 2013).

Nowadays, the Patagonian icefields represent the largest continental ice masses in the

mid-latitudes (Warren and Sugden, 1993). They are divided into three main glacier

systems, the Northern and Southern icefields (46°-52°S) and the Darwin Mountain ice

field in Tierra del Fuego (54°-55°S) (Fig. 6.1). In this high mountain setting, the glacial

erosion processes control the overall glaciofluvial sediment flux (Hebbeln et al., 2007)

with rapid glacial erosion at altitudes near the snowline (Jaeger and Koppes , 2016).

Particularly sensible to climate changes, the PIS is, after the Greenland and Alaska

region, the largest contributor to global sea rise (Zemp et al., 2019), contributing 1.2-1.5

meters to global sea level rise (Davies et al., 2020; Hulton et al., 2002) since the LGM.
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During this period, the icefields expanded to form the extensive PIS, which covered the

entire Andean part of southern South America, spanning approximately 38°S to 56°S
(Davies et al., 2020).

The geographic maximum eastward extent of the LGM-PIS is well-constrained by con-

tinental ice-derived sedimentary sequences on land such as radionuclide-dated moraines

(e.g., Darvill et al., 2016; Davies et al., 2020; Garćıa et al., 2018; Kaplan et al., 2008;

Peltier et al., 2021). Because lake basins have been covered by glaciers, the few lacus-

trine records mostly start after the ice retreat between 17 and 14 ka BP (e.g., Lamy et al.,

2010), with exceptions found in records from the non-glaciated Laguna Potrok Aike, ex-

tending back to approximately 50 ka BP (e.g. Lisé-Pronovost et al., 2013; Recasens

et al., 2012). Though less is known on the Pacific-ward extent of the PIS, the glaciers, at

their maxima, most likely reached the continental shelf edge and terminated in iceberg-

calving fronts. This resulted in stratigraphically complex deposits on the continental

shelf, that destroyed the glacial records formed from previous glaciations (Jaeger and

Koppes , 2016). It is hypothesized that at its maximum expansion, the ice sheet likely

extended close to the shelf break, relatively close to our upper continental slope Site

U1542. Consequently, an important meltwater influence on surface water salinities and

possibly also on SST at our site is thus expected (Caniupán et al., 2011).

6.4 Material & Methods

The sediment sequence consists of sand-bearing clayey silt to silty clay that represents

the main lithology. This unit reveals meter-scale variations in color between gray and

grayish olive, with occasional visually observed drop stones. This unit is interspersed by

a second minor and thin unit of olive-to-yellow foraminifera ooze. These color changes

largely parallel the variations in grain size and geochemistry. CaCO3 contents vary

between ∼1 and 12 wt % for the clayey silt/silty clay unit and between ∼30 and 55 wt

% for the foraminifera ooze unit. Biogenic silica and organic matter contents range from

0.3 to 0.8 wt % and from 1 to 4 wt %, respectively. The nearly continuous, undisturbed,

249-meter-long sedimentary sequence recovered at Site U1542 covers the past 790,000

years with sedimentation rates that exceed 30 cm.kyr−1.

Chronology

The age model of Site U1542 follows Rigalleau et al. [In review]. Briefly, it is based on

the upper part (0 - 65 ka) by tuning the color reflectance record (b*) of the U1542 com-

posite record to the b*record of core MD07-3128 recovered in the vicinity of site U1542
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and covering the past ∼65 kyr. The stratigraphy of MD07-3128 is well-constrained by 13

accelerated mass spectrometry (14C AMS) dating from mixed planktonic foraminifera,

along with the identification of the Laschamp paleomagnetic excursion (Anderson et al.,

2021; Caniupán et al., 2011; Lamy et al., 2015). For the Site U1542 record, in the

time interval 65 - 790 kyr, glacial terminations, and inceptions defined from XRF Ca

count records (reflecting biogenic carbonate occurring during interglacials) were tuned

to the Antarctic EDC temperature record (Jouzel et al., 2007) on the Antarctic ice core

chronology (AICC2012) age model (Bazin et al., 2013). Within the glacial periods, the

benthic foraminiferal (G. uvigerina) oxygen isotope (δ18O) record was aligned with the

EDC temperature record. As Site U1542 is located at a relatively shallow water depth

of 1,101 m, several periods exhibit strong variability, with a relatively subdued G/IG

variability in the benthic record. For instance, MIS 13 and 7 are not evident in the XRF

Ca or benthic δ18O record. To address this, additional tuning points using our SST re-

construction to the Antarctic ice core temperature record were added (Rigalleau et al.,

In review).

Figure 6.2: Age model developed by Rigalleau et al. [In review].Alkenones SST

fit with the antarctic ice core temperature reconstructions. Dots indicates tie points.

X-Ray Fluorescence

The high-resolution bulk intensity of major elements from X-ray fluorescence (XRF)

scanning measurement at Site U1542 was measured with an Avaatech energy-dispersive

X-ray fluorescence analyzer at Texas A&M University. Scanning was done every 3 cm

steps (area 10 x 12 mm, down-core x cross-core) along the entire length of the composite

core in three runs 10 kV (Tube current 0.16 mA, live time 6s, no filter), 30 kV (1.25

mA, 6s, Pd-thick filter) and 50 kV (0.75 mA, 10s, Cu filter) to obtain reliable intensities

(counts per second) of major elements (i.e., Al, Si, S, Ti and Fe reflecting siliciclastic

input from Andean rocks). Major elements used in this study were calibrated performing

simple regressions based on the correlation of geochemical results and the XRF intensity
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signals of the regarded elements.

Ice Rafted Debris

Ice rafted debris (IRD) counts are presented as the concentration of lithic grains defined

as the number of grains with diameters greater than ∼0.5 mm. IRD was considered as

the total number of lithogenic/terrigenous grains counted on the carbonate-free fraction,

assuming that coarser-grained terrigenous sediment, supposed to be IRD, can only reach

the core location through iceberg transport. IRD observations were part of the sediment

visual core description and provided an account of the presence and abundance record

of IRD. Processed X-ray images were used to estimate IRD abundance per X-ray image.

Each image integrates 12 cm of core, and the IRD concentration was obtained for the

central depth of the image. IRD appears as dark gray to black very dense defined particles

in the X-ray images and were counted as particles larger than ∼0.5 mm. In the scans,

the density differences within the sediment become visible, which makes it possible to

observe and analyze sediment structures and solid rock components interpreted as IRD.

Additionally, the simple moving average was used to reduce the effects of local variations,

artificial clusters, and background noise within the signal of the IRD. Scans of the bottom

of a segment as well as strongly disturbed sections were not used in the counting process.

IRD MAR was determined by counting detrital mineral grains in the >0.5 mm sediment

fraction and multiplication by apparent bulk MAR, derived from estimates of dry bulk

density and the linear sedimentation rate.

Biomarkers

For the determination of biomarkers at Site U1542, about 5 g of freeze-dried and ho-

mogenized sediment samples were extracted by accelerated solvent extraction (ASE 350,

Dionex) with a mixture of dichloromethane and methanol (DCM:MeOH, 9:1, v/v) at

Alfred Wegener Institute Bremerhaven. The resulting total lipid extract was further

separated into 3 fractions through column chromatography with silica gel as the station-

ary phase. n-alkanes were eluted with Hexane (5 ml), alkenones were separated using

DCM (5 ml), and Glycerol Dialkyls Glycerol Tetraethers (GDGTs) were eluted with

DCM:MeOH (1:1; 4 ml). Internal standards (squalane, C36 n-alkane, C46-GDGT) were

added before extraction and served for quantification purposes.

n-alkanes (nC23+25+27+29+31+33) were analysed by gas chromatography on a Hewlett-

Packard HP7890 fitted with a flame ionization detector using an Agilent VF-200 ms capil-

lary column (80 m length, 0.25 mm diameter, 0.25 mm film thickness). The oven temper-

ature was programmed to be held at 80ºC for 1 minute, then increased at 40ºC/minute

to 300ºC and held for 60 minutes.



68 Patagonian Ice-Sheet dynamic controlled by local sea surface temperature

The n-alkanes were identified by comparing the retention times to an external standard

mixture (n-alkanes ranging from C17-C36). The n-alkanes concentration (ng.g−1, dry

weight sample) was determined based on the internal standard n-hexatriacontane (C36).

Biomarkers-derived indices

The average chain length (ACL) was defined by the formula Eq. (1) (Cochran et al.,

1990) and the carbon preference index (CPI) was calculated using Eq. (2) (Marzi et al.,

1993).

(1) ACL23−35 =
∑

[i.Xi]/
∑

[Xi], where X is abundance and i ranges from n-C23 to

n-C35.

(2) CPI23−33 = 0.5 x
∑

(C23−33)/(C24−32) + 0.5 x
∑

(C23−33)/(C26−34)

The ACL index for the most abundant n-alkane length indicates the source of leaf wax

production, where higher terrestrial plants (i.e., vascular plants) are dominated by long-

chain n-alkanes with more than 25 carbon atoms, whereas bacteria and algae contain

mainly shorter chains less than 25 carbon atoms. The CPI is the odd-to-even predomi-

nance of the hydrocarbons. It indicates the degree of degradation of the organic matter

(OM), where a lower (higher) value indicates further degraded (preserved) material.

Terrestrial anaerobic bacteria, abundant in soils and peats produce a class of com-

pounds called branched (br) GDGTs (GDGTI - GDGTIII ; reviewed in Schouten et al.

2013a). Marine archaea (Thaumarchaeota; Brochier-Armanet et al. 2008), on the other

hand, synthesize isoprenoid (iso) GDGTs in the water column, with the isoGDGT0 and

the isoGDGT crenarchaeol being the most abundant (Schouten et al., 2013a). The rela-

tive abundance (ratio) of these two compounds, the Branched vs. Isoprenoid Tetraether

(BIT) index, is a commonly used proxy to reconstruct the magnitude of terrestrial OM

input to the marine realm (Hopmans et al., 2004).

BIT index=(GDGTI+GDGTII+GDGTIII)/(Crenarchaeol+GDGTI+GDGTII+GDGTII)

Estimation of the mass accumulation rate

Mass accumulation rate (MAR) was calculated by multiplying the concentration of

the compounds (ng.g−1 sed.), by the dry bulk density (DBD) (g.cm−3), and the sedi-

mentation rate (m.kyr−1), according to the following formula:

MAR = SR × DBD × [compounds]

The DBD was estimated for each XRF measurement interval from the γ-ray atten-

uation (GRA) density measurements performed all along the sediment core onboard
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JOIDES Resolution, therefore following the standard procedure of IODP (Lamy et al.,

2021). The terrigenous MAR (tMAR in g.cm−2.kyr−1) is defined by:

tMAR = SR × DBD × [1-carbonate content]

The carbonate content is calculated from the relative abundance of Ca through XRF

measurements calibrated against geochemical composition measurements all along the

record (n = 43) from ICP-OES using a Thermo iCAP 7300 Duo (Thermo Fisher Scien-

tific) at the Leibniz Institute for Baltic Research Warnemünde (IOW).

6.5 Results

Siliciclastic components

The tMARs at Site U1542 (Fig. 6.3F) are less than 10 g.cm−2.kyr−1 during interglacial,

except for MIS 13 where the tMAR reaches 28 g.cm−2.kyr−1. It abruptly increases to

more than 80 g.cm−2.kyr−1 during glacial periods until 150 g.cm−2.kyr−1 during MIS

14. But it reaches a much higher value during the LGM to 550 g.cm−2.kyr−1. Major

elements are dominated by the Al (1.3 to 9 %), Fe (1.1 to 4.8 %), K (0.5 to 2.2 %), and Ti

(0.1 to 0.5 %) reflecting siliciclastic input from Andean source rocks. Major terrigenous

element concentrations are generally constant during each glacial period, suggesting that

the source of the sediment did not change over the past 790 kyr.

IRD counts from the fraction >0.5 mm (Fig. 6.3D) vary from barren counts during

interglacial periods to an average of 1000 during glacial periods. A maximum of counts

appears at MIS 6 with more than 2000 IRD counts recorded. The IRD counts present

an increasing trend throughout MIS 8 and MIS 2, and decreasing values are observed

during MIS 10 and MIS 6. Glacial periods before the Mid Bruhnes Transition (i.e., MIS

12/11) do not show a clear trend, mainly due to their relatively short duration. If IRD

is mostly found during glacial periods, several IRD clasts can be found during most of

the warm phases except MIS 11.

Organic Biomarkers

The long-chain n-alkane mass accumulation rate (n-alkane MAR) record at Site U1542

(Fig. 6.3C) generally documents low values (0.05 to 0.1 mg.m−2.yr−1) during interglacials

compared to much higher values during glacial periods (reaching from 0.2 mg.m−2.yr−1

during MIS 18 to to 1.5 mg.m−2.yr−1 during MIS 14 and MIS 2). Glacial MIS 6, 8,

10, and 12 show similar n-alkane MAR, between 0.2 and 0.4 mg.m−2.yr−1. Generally,

n-alkane MARs gradually decrease into glacial periods and show abrupt increases at
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glacial terminations.

Figure 6.3: Terrestrial proxies at Site U1542 used in this study. (A), Benthic

foraminifera oxygen isotope stack (Lisiecki et Raymo 2005). (B), BIT-Index and TOC.

(C), n-alkanes and brGDGTs mass accumulation rates. (D), counts of Ice-rafted debris

>0.5 mm. (E), Carbon Preference Index. (F), terrigenous mass accumulation rate. (G),

scatter plot showing linear correlation between terrigenous biomarkers MAR and indices

and Principal component analyse of proxies at Site U1542

The ACL values across the record range from 27.9 to 29.5 (ACL25−33= 28.7), which

is a typical characteristic of leaf waxes from higher land plants (Eglinton and Eglinton,

2008). Although the values show little variability, they demonstrate long-term changes
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along the Pleistocene. The CPI is an indicator of degradation/thermal maturity of the

OM (Bray and Evans , 1961). The distribution of n-alkanes presents a strong odd carbon

number predominance (Fig. 6.3E; CPI26−34, ranges from 2 to 12) suggesting relatively

fresh OM, especially in the early part of the glacial cycle. The contribution from reworked

OM via storage in the fjord system is considered to be minor here and is concentrated

in the glacial periods, where its geochemical signature corresponds to that of n-alkanes

in mature OM. Their distribution presents relatively low CPI values of <3 during the

glacials.

The MAR record of brGDGTs largely parallels the n-alkane MAR record (Fig. 6.6G).

Low brGDGTs MAR occur during interglacials (0 to 0.05 mg.m−2.yr−1) and higher val-

ues during glacial periods (0.05 mg.m−2.yr−1 during MIS 12 and up to 0.16 mg.m−2.yr−1

during MIS 14, late MIS 7 and MIS 2). The BIT-index (Fig. 6.3B) presents minimum

values during interglacials (<0.1), typically found in open marine environments (Hop-

mans et al., 2004). It varies between 0.2 and 0.3 during glacial periods and higher values

(>0.25) are reached at a certain point in every glacial period suggesting a predominant

terrestrial input. MIS 12 is the glacial period presenting the lowest values and maximum

values are reached during MIS 14 (0.42).

6.6 Discussion

We combine the different proxy records to discuss changes in the terrigenous supply to

the Southeast Pacific continental margin at Site U1542. We focus on the interpretation

of the IRD, biomarker, and terrigenous sediment input records as indicators of terrestrial

transfer processes (i.e., source-to-sink) from the Andes, across the Chilean fjords to our

Chilean continental slope Site 1542 located∼50 nm offshore (Fig. 6.1). This combination

of organic and inorganic proxies enables the reconstruction of the PIS dynamics over the

past ∼800 kyr.

Terrigenous input changes at Site U1542

Marine records of IRD are widely regarded as indicative of iceberg discharge into the

marine environment and provide a nearly continuous signal of ice-sheet dynamics and

variability (Bond et al., 1992). In the Southern Ocean, IRD records from the Scotia

Sea are primarily related to the deglacial instability of the Antarctic ice sheets (Weber

et al., 2014) as the ice shelf becomes unstable with deglacial warming and sea-level rise.

On the other hand, more distal records often show IRD maxima in glacial intervals

which may reflect enhanced iceberg production at the Antarctic shelf-break and the
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SST-controlled survivability of icebergs along varying trajectories. This has been for

example demonstrated in the South Atlantic where a shift in iceberg trajectories during

glacial periods can result in a considerable redistribution of freshwater in the Southern

Ocean affecting large-scale thermohaline ocean circulation (Starr et al., 2021).

Owing to its proximity to the PIS, IRD at Site U1542 are primarily attributed to

advances of PIS glaciers during glacials (Caniupán et al., 2011). A negligible portion

might originate from Antarctic icebergs as modern iceberg tracks rarely reach our study

area (Rackow et al., 2017) which potentially explains the presence of outsized clasts

during several warm phases such as MIS 9, 5, and 1.

To support the IRD record, the biomarker-based records can be used to reconstruct

the former ice sheet dynamics. In Site U1542 setting, the terrestrial biomarkers likely

originate from the southern Andes. Throughout the record, n-alkanes and brGDGTs

MARs show similar patterns (Fig. 6.3C) and are linearly correlated with the BIT index

(Fig. 6.3G). This positive correlation among the biomarkers, i.e., an increase in n-alkane

MAR corresponds to higher ACL values, higher brGDGT concentrations, and high BIT-

Index values (Fig. 6.3), clearly indicates that the biomarkers used in this study originate

from terrestrial organic matter transported into the marine environment. These results

also confirm that the mass accumulation rate of brGDGTs can be applied in marine

sediment records to characterize terrestrial OM, as proposed by several studies Hopmans

et al., 2004; Kim et al., 2006).The terrestrial origin of biomarkers at Site U1542 is further

supported by the observed correlation between n-alkanes and the inorganic proxies (i.e.,

time and IRD), confirming the variability in n-alkanes MAR measured at Site U1542 as

a proxy for fluctuations of the PIS as previously demonstrated Caniupán et al., 2011;

Hagemann et al., 2024; Kilian and Lamy , 2012). Moreover, Site U1542, located at the

western entrance of the Magellan Strait, is ideal due to its proximity to a convergence

area of the former PIS ice flow, encompassing a vast drainage basin (Fig. 6.1) (Davies

et al., 2020).
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Figure 6.4: Millennial-scale fluctuations of the Patagonian Ice sheet during

the last Glacial cycle. (A), Relative sea level (Spratt and Lisiecki , 2016). (B), Sea

surface temperature from core MR16-09 PC03 at ∼46°S (Hagemann et al., 2024). (C),

Sea surface temperature from Site U1542 composite record at ∼53°S (Rigalleau et al.,

In review). (D), n-alkanes and brGDGTs mass accumulation rates from core MR16-09

PC03, and (E) from Site U1542 composite record. (F), Ice rafted debris from the same

location MD07-3128 (%) (Caniupán et al., 2011) and from Site U1542 record (counts).

(G), ANtarctic Circumpolar Current reconstruction at the Cape Horn Current from Site

U1542 (Rigalleau et al., In review). (H), Oxygen isotope reconstruction from Antarctic

ice cores. This figure also displays a compilation of eastward Patagonian Ice sheet ad-

vances from 10Be surface exposure ages (different refs. in text).
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Patagonian ice sheet advances on Glacial/Interglacial variability

Marine sediment records documenting PIS advances rather focus on the last glacial

period (e.g., Hagemann et al., 2024; Kilian and Lamy , 2012). Hagemann et al. [2024]

described of the first continuous millennial-scale fluctuations of the western PIS spanning

the last glacial period extending into MIS 6 using a sediment core located on the Pacific

side at ∼46°S (Fig. 6.4B, D). They have documented three major PIS advance periods

with terrigenous input phases (TIP) during MIS 6 (135 - 140 ka), late MIS 5 (∼85

- 95 ka), MIS 4 (∼60 - 70 ka) and late MIS 3 to MIS 2 (∼18 - 40 ka), occurring

during sea-level low stands when the western Patagonian ice sheet covered most of the

Chilean fjords. This study demonstrates that a source-to-sink study based on terrestrial

biomarkers carried out on open marine sediment cores is suitable for reconstructing the

fluctuations of the western margin of the PIS. Such TIPs were defined by an increase in

organic (i.e., MAR n-alkanes, MAR brGDGTs) and inorganic (i.e., MAR Fe and IRD)

terrestrial components (Hagemann et al., 2024) and can also be identified in Site U1542

record. They generally occur together with glacial sea-level low stands (Fig. 6.4A).

The terrigenous discharge increases at 35 ka, in the middle of MIS 3, shortly after the

increase initiated in the central-western PIS at ∼38 ka (Hagemann et al., 2024). The

terrestrial input starts to decline at 25 ka, most likely related to the initiation of the

reduction of PIS (Davies et al., 2020), followed by a second decline at around 18 ka,

synchronous with the northern retreat. Smaller n-alkanes MAR input is recorded at

Site U1542 during MIS 4, although the presence of an outsized class of IRD supports a

PIS advance. The input during MIS 4 may be hidden by the strong input during MIS 2,

which is 10 times higher than described by Hagemann et al. [2024]. Furthermore, most of

the IRD recorded at Site U1542 over the last glacial period are occurring during, during

colder Antarctic temperatures, and weaker ACC (Fig. 6.4; Rigalleau et al., In review).

The PIS deglaciation started at 35 ka, and the retreating ice lost its connection to the

shelf region between ∼11 - 25 ka (Davies et al., 2020; Sugden et al., 2009). This latter

timing corresponds broadly with a decrease of the IRD recorded at Site U1542 and in

the nearby sediment record MD07-3128 (Caniupán et al., 2011) to its absence around 18

ka.

The SWW are source of heavy precipitation on the western side of the Andes (Garreaud

et al., 2013), leading to significant hinterland discharge from rivers and glaciers (Kaiser

et al., 2005). The observed decrease in mass accumulation rates of all terrestrial proxies

during the interglacials could potentially be explained by a reduced fluviatile runoff

resulting from decreased precipitation. However, the similarity between conditions in

interglacial periods and the modern climate, including the Holocene, indicates important

precipitation in southern Patagonia (Garreaud et al., 2013). Hence, precipitation changes

cannot most likely explain the threshold-like glacial/interglacial behavior. Furthermore,
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although the modern Patagonian ice fields are presently strongly reduced compared to

the LGM extent, glaciomarine sedimentation may still play a role during the Holocene

and previous interglacials. For instance, cosmogenic evidence on moraines supports an

eastward extended PIS during the interglacials MIS 15 (Hein et al., 2011), MIS 11 (Tobal

et al., 2021) and MIS 5 (Mendelová et al., 2020). However, these periods exhibit low

accumulation rates (∼3 cm.kyr−1; Fig. 6.5F) at Site U1542, suggesting that most of the

terrigenous sediments appear to have been retained within the southern Chilean fjord

system, analogous to conditions observed during the Holocene (Hagemann et al., 2024;

Sepúlveda et al., 2009).

Former ice sheets are difficult to constrain in a linear source-to-sink fjord system

(Jaeger and Koppes , 2016). To isolate the climatic signal of the advance/retreat of

the PIS, it is necessary to account for transfer mechanisms from ice-proximal (fjord) to

ice-distal (open ocean) sites that may partially disturb and delay the signal, e.g., mass re-

distribution, gravity flows, ice rafting, and ocean circulation (Jaeger and Koppes , 2016).

For instance, during peak interglacial conditions (Fig. 6.5A), i.e., sea-level highstand and

retreated PIS, an important part of the terrigenous sediments transported from Patag-

onia by rivers may remain trapped within the over-deepened Chilean fjords (Sepúlveda

et al., 2009). These periods are marked by low tMAR, reduced MAR n-alkanes, and

brGDGTs, as well as lower BIT index and IRD (Fig. 6.3C, D, F), and a prevalence of

biogenic sedimentation outweighs terrestrial sedimentation. This is indicated by high

interglacial carbonate concentrations, characteristic of open ocean sediment (Caniupán

et al., 2011). In addition, as Site U1542 is located on the Chilean margin, underneath

the strong Cap Horn Current (Chaigneau and Pizarro, 2005), the few terrigenous sedi-

ment that reach the open ocean may be transported by the Cap Horn Current toward

the Drake Passage, 60% stronger during interglacial periods (Lamy et al., 2015; Rigalleau

et al., In review).

On the contrary, during glacial conditions (Fig 3B-C), i.e., sea-level low stand and ad-

vanced PIS, high increases in tMAR, with large amounts of glaciogenic sediments suggest

a favored and direct seaward transfer of sediment reaching the continental slope. During

full glacial conditions (Fig. 6.5D), the PIS most likely covered most of the hinterland

and approached the Pacific continental shelf (Caniupán et al., 2011; Davies et al., 2020;

Hagemann et al., 2024), as decline in vegetation is implied by low pollen productivity

(Montade et al., 2013). This suggests that the high n-alkanes MAR deposited during

full glacial conditions is remobilized material likely stored in the fjords.
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Figure 6.5: Schematic representation of source to sink transfer in the Chilean

margin (West Patagonia) during a complete glacial interglacial cycle. The

different stages of the glacial cycles correspond to figure 6.5. Note the eustatic evolution

function of the global-ice-sheet volume.

Patagonian ice sheet advances on multiple glacial cycles

Based on moraine dating, Darvill et al. [2016] derived synchronous glacier advances

in the Southern Alps of New Zealand and Patagonia during the last 110 kyr (especially

during MIS 2), indicating a South Pacific-wide pattern. Moreover, the resulting Pacific-

wide advances correlate well with the phases of a western extended Patagonian ice sheet

(Hagemann et al., 2024). To assess whether this correlation between sediment flux

changes and moraine advances persisted in previous glacials, we compiled published
10Be surface exposure ages indicating a significant advance of the PIS (Fig. 6.4) before

the last glacial period (Fig. 7c).

Records of the PIS extent beyond the last glacial-interglacial cycle are limited and

are mainly based on the dating of terrestrial moraine deposits on the eastern side of the

Andes. One of the earliest recorded moraines is located in the Lago Pueyrredón valley,

dating back approximately 600 ka (Hein et al., 2011). This advance is associated with

MIS 16 (620 - 675 ka; Lisiecki and Raymo, 2005), one of the coldest glacial stages (Jouzel

et al., 2007) of the last 800 kyr, which is characterized by a strong global sea level low
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stand (Spratt and Lisiecki , 2016) and low atmospheric CO2 concentrations (Siegenthaler

et al., 2005). Notably, records from Antarctica exhibit a significant dust peak at 630

ka (>10 mg.m−2.yr−1; Lambert et al., 2008). This suggests a large dust deflation in

Patagonian dust source areas during MIS 16, considering it as the main source of dust

in the Antarctica core (Delmonte et al., 2004). This observation contrasts with the low

tMAR at Site U1542, which does not suggest a significant PIS extension towards the

Pacific in comparison with other glacial stages.

However, our records show the most pronounced PIS in more recent glacials, especially

during MIS 8 and 6. During MIS 8, the maximum input of terrigenous material at

Site U1542 was in the middle of the glacial stage, around 270 ka (Fig. 6.6B, C). This

maximum advance corresponds in timing with moraine advance at ∼45°S dated at 267

ka at the Ñirehuao glacier lobe (Peltier et al., 2023), the Hatcher moraines at Lago

Pueyrredón (∼47.5°S; 260 ka; Hein et al., 2009) and the Rio Corcovado glacier (∼43°S;
257 ka; Leger et al., 2023). During MIS 6, the maximum tMARs at Site U1542 occur

early in the glacial stage, at about 210 ka (Fig. 6.6B), corresponding to low dust flux in

Antarctica. However, two advances have been observed at 219 ka and 210 ka at the Lago

Buenos Aires (∼46°S; Tobal et al., 2021). Our records document a decreasing trend in the

terrestrial MARs throughout MIS 6, contrasting with dated advances based on moraines

on land. For instance, two large advances of Ñirehuao glacier (∼45°S) are reported at 153

ka and 137 ka (Peltier et al. 2023), occurring during the coldest and dustiest periods of

MIS 6 in Antarctica. The authors of this study propose a direct association between the

extent of PIS extent and dust availability for transport by the westerlies to Antarctica

(Peltier et al., 2023), a relationship previously suggested to impact the Antarctic dust

deposition during the last glacial period (Sugden et al., 2009).

The n-alkanes (Fig. 6.6B) and IRD MAR (Fig. 6.6C) records from Site U1542 present

similarities with the dust ice core record from EPICA Dome C in Antarctica (Fig. 6.6E;

Lambert et al., 2008) and n-alkanes flux record from ODP Site 1090 in the South Atlantic

(Fig. 6.6F; Mart́ınez-Garcia et al., 2011), exception made with MIS 6. These dust

compounds, eroded from outwash plains and soils by winds, are transported in the

organic fraction of eolian dust eastward over the South Atlantic (Mart́ınez-Garcia et al.,

2011; Simoneit et al., 1977), and the Antarctic continent (Basile et al., 1997; Grousset

et al., 1992; Lunt and Valdes , 2001; Sugden et al., 2009). Both records from EPICA Dome

C (dust) and ODP 1090 (n-alkanes) mirror each other, representing successive eastward

PIS advances. Supporting this observation, the maximum dust MARs correspond with

glaciers advances from moraines, particularly during MIS 8 and late 6 (Fig. 6.6D). The

n-alkanes record from site U1542 display comparable orbital timescales changes, but

diverges at several periods, notably during MIS 6 and MIS 10, where a decrease in n-

alkanes MAR is observed, while both Atlantic and Antarctic sectors record a continuous
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increase in n-alkanes and dust, suggesting an active eastern PIS producing dust-size

sediment in the outwash plains.

Figure 6.6: Long-term variability of Patagonian terrigenous export in the Pa-

cific and Southern hemisphere. (A), 232Th fluxes from TTN013-PC72 core in the

central equatorial Pacific (Winckler et al., 2008). (B), n-alkanes mass accumulation rates

from Site U1542 composite record. (C), Ice rafted debris mass accumulation rates from

Site U1542 composite record. (D), compilation of eastward Patagonian Ice sheet ad-

vances from 10Be surface exposure ages (different refs. in text). (E) Dust fluxes record

from EPICA Dome C (EDC) ice core (Lambert et al., 2012). (F), n-alkanes mass ac-

cumulation in the south Atlantic, from ODP1090 record (Mart́ınez-Garcia et al., 2011).

(G), Antarctic temperature record from EDC ice core (Jouzel et al., 2007)

This discrepancy between the records likely suggests an asymmetry between the west-

ern PIS (Site U1542) and the eastern PIS (EDC, ODP 1090, and moraines advances)
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during MIS 10 and 6. An equatorial Pacific dust flux record (Fig. 6.6A; Winckler et al.,

2008), likely sourced from northern South America (Nakai et al., 1993), corroborates this

observation by indicating an increase from middle to late MIS 6, as Site U1542. These

observations of the PIS dynamic recorded at Site U1542 confirm the significant role of

the PIS as a major sediment producer. However, this comparison also suggests that the

PIS did not evolve uniformly between the east and west over the past glacial/interglacial

changes (Davies et al., 2020; Mendelová et al., 2020) or that processes influencing dust

production, uptake, transport, and deposition are not always linearly linked to the extent

of the PIS.

An ocean-temperature-controlled ice sheet

Being the first continuous record of PIS extent spanning multiple glacial and inter-

glacial phases, Site U1542 records allow us to better constrain the orbital scale dynamics

of the PIS and related ocean-atmosphere forcings. Across glacial-interglacial variability,

n-alkanes MAR (Fig. 6.7D) and IRD MAR (Fig. 6.7F) closely covary with SST at Site

U1542 (Fig. 6.7E; Rigalleau et al., In review).

Over the last glacial period (MIS 2-4), glacial discharge exhibits a constant increase,

reaching its peak during the LGM, while a gradual 2°C cooling is observed throughout

the last glacial period. A similar pattern is observed in MIS 8, where an increase in n-

alkanes and IRD MAR aligns with the 2 - 3°C cooling observed in SSTs, supporting the

notion of a growing PIS during a global cooling phase and global ice sheet growth (Jouzel

et al., 2007; Lisiecki and Raymo, 2005). Accordingly, the long-term decrease of the n-

alkanes and IRD MAR observed during MIS 10 (380 to 340 ka) and 6 (220 to 140 ka) is

contemporaneous with a warming in the southeast Pacific SST record (Rigalleau et al.,

In review). It suggests a PIS retreat in response to a warming in the Southeast Pacific,

at a time when Earth’s climate tends to cool with global ice-sheet growth (Lisiecki and

Raymo, 2005).

Therefore, it implies that the extent of the western Patagonian glaciers is strongly

controlled by subantarctic SST variations in the southeast Pacific. The link between

glacier’s dynamic response rapidly to ocean forcing can be explained as glacier extent in

midlatitudes being influenced by the local air temperature (Castillo-Llarena et al., 2023;

Greuell and Böhm, 1998; Oerlemans , 2005), while the near-surface air temperature is

directly coupled with SST (Feng et al., 2018). Thus, the SST in the Southeast Pacific

influences the air temperature that controls the glacier extent. This relationship between

the extent of ice sheet in response to ocean forcing has also been observed in higher

latitudes, for the LGM-Antarctic ice sheet (Golledge et al., 2012).
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Figure 6.7: Orbital control of the Patagonian Ice sheet fluctuations. (A), As-

tronomical changes in obliquity, eccentricity, and precession (Berger , 1978). (B), n-

alkanes average chain length from Site U1542 (54°S). (C), log (Fe/Ca) record document-

ing changes in fluvial sediment input at 27°S. (D), n-alkanes mass accumulation rates

from Site U1542 composite record. (E), Sea surface temperature from Site U1542 (Rigal-

leau et al., In review). (F), Ice rafted debris mass accumulation rates from Site U1542

composite record. (G), ssNa flux from EDC ice core taken as a quantitative winter ice

extent (Wolff et al., 2006). (H), relative sea level reconstruction (Spratt and Lisiecki ,

2016). (I), respective spectral analyses of the main records displayed.
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Role of the Westerlies

Over the last glacial period, the coinciding timing between the New Zealand Southern

Alps and Patagonian glaciers advances suggests common orbital-scale forcing mecha-

nisms involving coupled shifts in the Southern Ocean oceanic fronts and the large-scale

atmospheric patterns, such as latitudinal displacements of the SWW (Darvill et al., 2016;

Denton et al., 2010, 2022; Kohfeld et al., 2013; Mercer and Sutter , 1982). Beyond tem-

perature control, the latitudinal shift and/or contraction and expansion of the SWW

play a crucial role in controlling precipitation including moisture and snowfall over the

Patagonian Andes. This precipitation influences the accumulation that drives the extent

and retreat of the western PIS (Hagemann et al., 2024) in addition to temperature.

The ACL25−33 of leaf waxes (Fig. 6.7B) can be used to evaluate changes in plant

physiology due to variations in humidity in extratropical climate (44°S; Sepúlveda et al.,

2009). For instance, humid/cold conditions are less favorable for evaporation and water

loss in plants and longer-chain compounds provide better protection from evaporative

water loss from the leaves (Sachse et al., 2006). We observe a slight decrease in the length

chain compound from 700 ka to 500 ka, followed by a long-term increase in ACL25−33

index from 500 ka to 200 ka and a relatively strong decrease since the last 100 kyr, which

we attribute to a shift in vegetation accounting for the change in precipitation.

A long record of precipitation related to changes in the SWW comes from the Fe/Ca

ratio on the subtropical (27°S) Chilean margin record (Fig. 6.7C), reconstructing pre-

cipitation related to the subtropical jet of the SWW (Lamy et al., 2019). The opposite

long-term trends between the Fe/Ca record from GeoB3375 and the leaf wax record

at Site U1542 suggest latitudinal shifts in the SSWs because. The long period of in-

crease in the length of ACL from 500 ka to 200 ka suggests a reduction in precipitations

in the southern Andes. Conversely, the long-term increase in the Fe/Ca ratio at the

same period suggests an increase of fluvial input in the northern Andes. The combina-

tion of these two records implies therefore a northward displacement of the SSW rain

belt likely to be linked with the eccentricity orbital parameters that increase during the

same period. The eccentricity modulates precession by increasing the amplitude of the

signal at this period (Fig. 6.7A), hence inducing a northward shift in the Intertropi-

cal Convergence Zone (Chiang , 2009) that may displace the SSW rain belt northward.

Despite the significant role of the SWW in shaping the western Patagonian landscape,

the PIS reconstruction from Site U1542 exhibits dissimilarities when compared to the

subtropical jet precipitation record (Lamy et al., 2019), which is mainly driven by pre-

cession ( ∼19-23-kyr cycles), as shown in figure 6I. The log n-alkanes MAR record is

predominantly characterized by the eccentricity orbital band ( ∼100-kyr cycles; Fig.

6.7I), common in records covering the last million years (Cheng et al., 2016). We suggest
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that the obliquity orbital band ( ∼40-kyr cycles) and the precession band are missing

due to the source-to-sink fjord system which is controlled by the sea-level stand, pri-

marily showing a 100-kyr cycle. This, coupled with the predominance of the 100 kyr

cycle in the SST record (Rigalleau et al., In review), possibly mute the presence of the

other orbital frequencies. Therefore, although precipitation changes could potentially

be precession-paced, it is not shown, as sediment source-to-sink transfer from the hin-

terland to the open ocean is also controlled by relative sea level. For instance, the sea

salt sodium (ssNa) flux curve from EPICA Dome C (Fig. 6.7G), among other parame-

ters such as cyclones (Lamy et al., 2019), may be taken as a reliable quantitative winter

ice extent (Wolff et al., 2006). There is a very close relationship between ssNa flux and

SST throughout the last 740 kyr, with cold temperatures corresponding to higher ssNa

(Fig. 6.7E, G). The spectral power of ssNa flux is dominated by the eccentricity band,

but also monitors the precession cycle in the signal (Fig. 6.7I). The ocean-atmosphere

changes related to the winter sea ice extent may link paleoclimate changes between the

middle and higher latitudes and the winter ice extent. A northward winter-sea ice extent

is coupled with a northward shift of both Southern Ocean fronts and SWW. This this

may influence the advances of the southern mid-latitude glaciers (Peltier et al., 2023;

Putnam et al., 2010).

As IRD MAR at Site U1542, produced by the PIS instabilities is thus related to SST

changes, massive IRD discharge does not necessarily imply extremely cold temperatures

(Fig. 6.6E, F). For instance, the early MIS 6 corresponds to the highest concentration

of IRD (>0.5 mm) in the record at a period of relative mid-temperature (6°C). This
suggests a strong instability of the PIS at this period, marked by a decoupling between a

warming observed in the southeast Pacific during global climate cooling (Rigalleau et al.,

In review). This instability echoes the Antarctic ice sheet during the last deglaciation,

characterized by strong iceberg discharge in the Iceberg Alley (Weber et al., 2014). The

spectral power of the IRD record stands out in comparison with spectral power from the

other records and reveals a prominent obliquity band along the eccentricity band (Fig.

6.7I). In latitudes higher than 60°, changes in obliquity have a greater effect on insolation

(Raymo and Huybers , 2008). For instance, the changes in the West Antarctic ice sheet

have been paced by obliquity since the Pliocene (Naish et al., 2009; Ohneiser et al., 2023).

This suggests a high latitude imprint of the dynamic of the PIS, a pacing not recorded in

the n-alkanes MAR record. Recently, Peltier et al. [2023] further found that the timing

of glacial culminations in mid-latitude Patagonia (45°S) tends to correspond with times

when Antarctic winter sea ice is expansive and both obliquity and eccentricity are at

minima. Although the iceberg discharge in this source-to-sink fjord system (Fig. 6.5) is

likely less impacted by sea level changes compared to the n-alkanes MAR record that may

remain in the over-deepened fjords, the presence of obliquity in the IRD MAR spectral
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power aligns with the sea level spectral power which also underlines the importance of

Patagonian ice sheet and more broadly cryosphere in controlling the sea level (Ohneiser

et al., 2023).

MIS14, a link between East-Antarctic Ice-sheet collapse and Patagonia?

The highest flux of n-alkanes appears during MIS 14, i.e. ca. 2 to 3 times higher than

the average fluxes during glacial periods recorded at Site U1542. Only the LGM shows

similarly high fluxes, with outstanding n-alkanes and IRD MAR.

Terrestrials, marine, and ice core records from both hemispheres show that MIS14 was

an exceptional glacial stage for the Pleistocene period (Hao et al., 2015). The Antarctic

temperature and atmospheric carbon dioxide concentrations anomaly were significantly

lower than in the other glacial periods (Bereiter et al., 2015; Howe and Piotrowski , 2017;

Jouzel et al., 2007). The relative sea level was relatively high (Spratt and Lisiecki , 2016),

which may benefit from a direct transfer from the fjord to the continental slope.

In the Northern Hemisphere, a prolonged climatic optimum during MIS 15 - 13 inter-

val is suggested, supported by a limited mountain glaciers advance in the Lake Baikal

region (Prokopenko et al., 2002) and stadial-like arboreal vegetation in NE Greece (Fig.

6.8A; Tzedakis et al., 2006). More recently, (Hao et al. [2015]) highlight a strong inter-

hemispheric asymmetry in MIS 14 with a severe cold interval in Southern Hemisphere

records, in comparison with Northern Hemisphere records. They suggest a southern

inception of glaciation because MIS 14 is also characterized by a later trough in solar

radiation early in the glacial cycle (Hao et al., 2015; Hughes and Gibbard , 2018). Our

PIS reconstruction favors this observation with the IRD fluxes and the n-alkanes fluxes

together with the highest value of the BIT index reached during MIS14 (Fig. 6.8E),

both implying strong terrestrial discharges, hence suggesting extended PIS at this pe-

riod. Contrary to this observation of the PIS, several Southern Hemisphere suggest that

MIS 14 was warm, included in the long ‘lukewarm’ interglacial system. For instance,

the Antarctic dust signal is much weaker than for any other glacial cycles (Fig. 6.8G;

Lambert et al., 2008), a maximum Agulhas leakage occurs during MIS14, reflecting an

unusually warm period (Rackebrandt et al., 2011), which may have been linked with a

to enhanced freshwater input to the Southern Ocean due to the collapse of the West

Antarctic Ice Shield during this period (Hillenbrand et al., 2009). At Site U1542, the

alkenone-based SST reconstruction shows relatively warm temperatures and termination

VI presents a very low G/IG amplitude (Fig. 6.8D). Warm southeast Pacific SST may

influence the supply of moisture to the Southern Andes, essential in the growth of ice

sheets, although the intensity of the southern westerly wind belt is not prominent at this

period (Fig. 6.8B, C).
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Figure 6.8: Hemispheric discrepancy during MIS 14. (A), Arboreal pollen from

Tenaghi Philippon (Tzedakis et al., 2006). (B), Winter sea surface temperature from

North Atlantic (Ruddiman et al., 1989). (C), relative sea level reconstruction (Spratt

and Lisiecki , 2016). (D), n-alkanes and brGDGT mass accumulation rates from Site

U1542 composite record. (E), n-alkanes mass accumulation in the south Atlantic, from

ODP1090 record (Mart́ınez-Garcia et al., 2011). (F), Dust fluxes record from EPICA

Dome C (EDC) ice core (Lambert et al., 2008). (G), ssNa flux from EDC ice core taken as

a quantitative winter ice extent (Wolff et al., 2006). (H), Antarctic temperature record

from EDC ice core (Jouzel et al., 2007). North Hemisphere records presents relatively

warm MIS 14, suggesting the “long system MIS 15-13” in the NH. In contrary, Southern

records suggests extensive PIS during MIS 14.
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One could argue that the sedimentation rate, which strongly affects the MAR values,

during MIS 14 (1 m.kyr−1), twice higher than other glacial stages (0.5 - 0.6 m.kyr−1 on

average) could potentially be influenced by sediment processes not directly related to

climate. On the Chilean slope, characterized by complex tectonics involving Antarctica,

South America, and Scotia plates, the presence of a small-scale sediment depocenter

(“sediment drift”) in the sequence is partly related to contourite deposition. This active

convergent plate margin is further conducive region for the generation of large-scale

turbidity currents (Bernhardt et al., 2017). However, although a relatively small-scale

sediment drift has been identified at the upper continental slope near the location of Site

U1542, no turbidite-like deposit is present in the sedimentary sequence (Lamy et al.,

2021), which cannot explain the high terrigenous discharge during MIS 14.

6.7 Conclusions

This study uses inorganic proxies such as IRD and terrigenous MAR, as well as terrestrial

biomarkers accumulation rates (i.e., n-alkanes MAR, brGDGTs MAR, BIT index) to

reconstruct the PIS dynamics over the past eight glacial/interglacial cycles from the

sedimentary archive IODP Site U1542 retrieved on the southern Chilean margin at the

entrance of the Magellan Strait. The records allow a continuous reconstruction of the

timing and magnitude of PIS discharges throughout the last 790 kyr, yielding detailed

insight into the impact of Late Pleistocene glaciations onto the Southern Hemisphere

midlatitudes and their relationship with orbital changes. The following conclusions can

be drawn:

The sedimentary record from Site U1542, comprising terrestrial biomarkers along with

IRD and XRF data, provides a unique and uninterrupted view of PIS dynamics across

several glacial cycles. The timing of terrestrial sediment deposition is generally in agree-

ment with the incomplete record from Patagonian moraines. The glacial-interglacial

pattern observed mirrors dust records from Antarctic ice cores (i.e., EPICA Dome C)

and deep-ocean sediment cores (i.e., ODP site 1090) dominated by Patagonian sources,

which imply a close connection between PIS and global climate dynamic, emphasizing

its role in the global carbon budget.

Rather than following the global “sawtooth” character of ice-age cycles, with gradual

build-up and rapid collapse of ice sheets (Cheng et al., 2016), the western PIS exhibits

two major retreat periods during a period of global ice sheet expansion, during MIS 10

and 6. This retreat coincides with the SST warming observed in the southeast Pacific,

highlighting the crucial role of SST in controlling the extent of the PIS. The similarities
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to the sea level reconstruction, rather than precession-driven westerlies, suggest sea level

as the primary control in the sediment transfer toward the Chilean slope. Additionally,

the presence of obliquity in the spectral signal of the IRD record points to high-latitude

Antarctic ice sheet control.

The high accumulation rates observed during the warm MIS 14 suggest an extended

ice sheet during this period, contradicting expectations of reduced cryosphere conditions

during the ‘lukewarm’ interglacial. The discrepancy raises the possibility of sediment

drift in the sedimentary record, warranting further investigation.



Chapter 7

Polar water retreat during the Mid-

Brunhes climate transition

In preparation

Vincent Rigalleau, Nicoletta Ruggieri, Henrik Sadatzki, Oliver Esper & Frank Lamy

7.1 Abstract

Past climate variability across the past one million years is characterized by a succes-

sion of glacial and interglacial intervals, primarily dominated by ∼100 kyr cycles. The

amplitude of these cycles strongly increased at ∼430 ka when interglacials became glob-

ally warmer during the Mid-Brunhes Climate Transition (MBT). The Southern Ocean is

thought to play a strong role in the exchange of atmospheric CO2 with the ocean and the

storage of CO2 in deep water masses. The release and storage of CO2 in the Southern

Ocean strongly correlates with the large orbital-scale atmosphere-ocean changes after the

Mid-Pleistocene Transition between ∼1250 and ∼700 ka. In this study, we investigated

the Southern Ocean surface water distribution using the percentage of tetra-unsaturated

C37 alkenones (%C37:4). We show that %C37:4 is a robust indicator of the equatorward

extension of polar surface waters. Our records from the Southern Ocean compared to

published North Pacific data, indicate a poleward retreat of polar water masses through-

out Marine Isotope Stage (MIS 12) in both hemispheres. This retreat likely contributed

to the unusually warm temperatures during this period. Moreover, we find a period of

less equatorward extended polar water during MIS 10, consequently to the exception-

ally warm interglacial MIS 11. Ultimately, the more recent glacial-interglacial cycles
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exhibit similarities to cycles before the MBT, favoring the idea of an event rather than

a transition.

7.2 Introduction

Over the last 800 thousand years (kyr), the Earth’s climate has been characterized by

a 100-kyr-paced glacial/interglacial (G/IG) cycle (Jouzel et al., 2007). Jansen et al.

[1986] initially reported a climatic event in the middle of the Brunhes Chronozone (ap-

proximately 430 kyr ago, ka), associated with an increase in the amplitude of G/IG

cycles (Ao et al., 2020; Cheng et al., 2016; Jansen et al., 1986; Jouzel et al., 2007). This

Mid-Brunhes Event (MBE), led to warmer interglacials (Jouzel et al., 2007), with higher

concentrations of atmospheric CO2 (Lüthi et al., 2008) and greater G/IG-amplitude in

δ18O measurements in deep-sea records of benthic foraminifera, inferring reduced ice vol-

ume and/or warmer deep-ocean temperatures (Lisiecki and Raymo, 2005) compared to

earlier interglacials within the last 800 kyr.

More recently, the idea of a succession of changes rather than a singular ‘event’ has

been proposed, termed the Mid-Brunhes Transition (MBT) (Ao et al., 2020; Yin, 2013).

Various factors likely contributed to the MBT, including changes in monsoon strength

(Ao et al., 2020), dynamics related to ice sheets, and the carbon cycle during Marine

Isotope Stage (MIS) 14 and MIS 13 (Barth et al., 2018). Additionally, variations in the

insolation impacting Southern Ocean (SO) ventilation and deep-ocean temperature (Yin,

2013), likely contributed to increased atmospheric CO2 concentrations during the MBT

(Ao et al., 2020). Since the SO plays a critical role in the carbon cycle by sequestering

and releasing CO2 (Sigman et al., 2021), a key question regarding the origin of the MBT

likely pertains to changes in the behavior of the SO G/IG variability. This study aims

to explore the evolution of SO water masses across the MBT to better quantify its role

during this climatic transition.

For this purpose, we investigate the potential of an alkenone-based proxy as a polar wa-

ter tracer. Ubiquitous cocolithophirodeae (e.g., Emiliana huxleyi) produce di-, tri-, and

tetra-unsaturated methyl alkenones (C37:2, C37:3, and C37:4), whose relative abundance is

primarily influenced by the temperature at which they grow, making them valuable prox-

ies for past sea surface temperatures (Brassell et al., 1986; Prahl and Wakeham, 1987).

Specifically, the alkenone unsaturation index Uk′
37, defined as C37:2/(C37:2 + C37:3) is one

of the most powerful tools for climate reconstruction. Unlike the di- and tri-unsaturated

C37 alkenones, the temperature response of the tetra-unsaturated C37 alkenone is less

certain (Sikes and Sicre, 2002) and it was likely associated with salinity changes in high
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latitude records (Rosell-Melé et al., 2002), or with surface advection of iceberg-bearing

water masses (Bard et al., 2000). More recently, the relative abundance of C37:4 (i.e.,

%C37:4) produced by the group 2i Isochrysidales, has shown a significant positive corre-

lation with annual mean sea ice concentration (Wang et al., 2021). These relationships

have led several studies to use %C37:4 as a tracer of low sea surface salinity from polar

and subpolar water masses in high latitudes sediment records (Mart́ınez-Garcia et al.,

2010; McClymont et al., 2008), a topic further explored in this study.

Here, the surface ocean circulation in the central and eastern Southern Pacific Ocean

across the MBT is investigated. We present new %C37:4 from two International Ocean

Drilling Program (IODP) sites covering the past 800 kyr: the central South Pacific

(CSP) Site U1541 and eastern South Pacific (ESP) Site U1542. By comparing these

new results together with a compilation of published studies from the South Atlantic,

Southeast Pacific, and North Pacific, we further investigate the role of polar water mass

changes and frontal shifts during the MBT.

Figure 7.1: Modern sea surface salinity and location of cores introduced in

this study. Sea surface salinity originates from World Ocean Atlas 2018. Line indicates

southern oceanic frontal system described by Park et al. [2019]. NB = Northern Bound-

ary, SAF = Subantarctic Front, PF = Polar Front and SACCF = Southern Antarctic

Circumpolar Current Front. Maps created in Ocean Data View: https://odv.awi.de/

7.3 Study Area

One of the most prominent oceanographic features of the Southern Ocean is a system

of deep-reaching oceanic fronts, which is associated with upward shoaling of density

surfaces towards the south, upwelling of deep waters, the formation of intermediate
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water masses, and steep upper ocean gradients (Orsi et al., 1995; Park et al., 2019).

Through this linkage of the shallow and deep ocean, the Southern Ocean plays a critical

role in the carbon cycle and changes in atmospheric CO2 (Rintoul , 2018). The main

fronts are, from North to South, the Subantarctic Front (SAF), the Antarctic Polar

Front (PF), and the Southern-ACC Front (SACCF). The northern Subantarctic Front

(SAF) represents the core of the Antarctic Circumpolar Current (ACC) flow and less

prominently at the Northern Boundary (NB) front and the Polar Front (PF). The Polar

Frontal Zone (PFZ), encompassed by the SAF and PF, is the core of the formation of the

Antarctic Intermediate Water masses (AAIW, Rintoul , 2018). During glacial periods,

the fronts shifted equatorward (e.g., Civel-Mazens et al., 2021) reducing surface/deep

exchange affecting CO2 storage (Sigman et al., 2021), and the ACC was reduced in the

Pacific sector (Lamy et al., 2015, 2024). Under modern conditions, Site U1541 and U1542

are located North of the SAF in the Subantarctic Zone (SAZ), close to the NB (Fig. 7.1).

The modern salinity at Site U1541 is higher (∼34.2 psu) than Site U1542 (∼33.6 psu;

Fig. 7.1)

7.4 Material & Methods

The methodological strategy of this work relies on the combination of existing records

coupled with two new %C37:4 records from Sites U1541 and. This biogeochemical indi-

cator is further compared with diatom-derived winter sea ice from two marine sediment

cores located in the South Atlantic, ODP 1093 and ODP 1094 (Kunz-Pirrung et al.,

2002; Schneider-Mor et al., 2005).

Sediments

Site U1541 and U1542 have been drilled during Expedition 383 onboard (R/V)

JOIDES Resolution and therefore described in the Proceeding of IODP 383 expedition

(Lamy et al., 2021).

Site U1541 (54°12.76’S, 125°25.54’W) is located in the CSP on the western flank of

the southernmost East Pacific Ridge at a water depth of ∼3600 m. The sediment record

at Site 1541 extends to ∼145-m composite depth and provides a continuous pelagic

sedimentary sequence covering the Pliocene and Pleistocene (Lamy et al., 2024). The

age model is based on benthic foraminiferal stable oxygen-isotope stratigraphy (Middle-

ton et al., 2023) and orbital tuning (Lamy et al., 2024). The sedimentary sequence of

Site U1541 includes four lithofacies: carbonate-bearing to carbonate-rich diatom ooze,

diatom-bearing to diatom-rich nannofossil/calcareous ooze, nearly pure nannofossil ooze,
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and clay-bearing to clayey biogenic ooze (Lamy et al., 2021).

Site U1542 is located in the SEP (52°42.29’S, 75°35.77’ W) and 50 km offshore from the

Chilean margin in the continental slope at 1,101 m water depth. Site U1542 provides a

continuous sediment (Lamy et al., 2021). The age model is based on benthic foraminiferal

(G. uvigerina) oxygen isotope (δ18O) combined with tuning of the X-ray fluorescence

Core Scanner derived Ca-counts record to the Antarctic ice core EDC temperature record

(Rigalleau et al., In review). The U1542 sediment record reaches back to ∼780 kyr. The

sedimentary sequence of Site U1542 is primarily constituted of siliciclastic sediments with

low carbonate contents (∼1–12 wt% CaCO3), and biogenic silica contents ranging from

1 to 4 wt%. Lithofacies of sandy foraminiferal ooze (∼30–55 wt% CaCO3) characterize

interglacial periods.

Biomarkers

Biomarker analyses at Site U1541 and Site U1542 were performed at Alfred Wegener

Institute Bremerhaven and previously described in Rigalleau et al. [In review]. Briefly,

to recover the total lipid extract, an Accelerated Solvent Extractor 350 was used. 5g of

homogenized freeze-dried sediment, was heated at 100°C for 5 min followed by 3 cycles of

5 min with solvent (Dichloromethane:Methanol, v:v, 9:1) static in the cell containing the

sediment. The total lipid extract was subsequently separated into three fractions using

silica columns prepared from Pasteur pipettes. The first fraction was eluted using Hexane

to recover n-alkanes. The second fraction was eluted using Dichloromethane to recover

alkenones. The third fraction was eluted using a solvent mixture of Dichloromethane

and Methanol (1:1) to recover Glycerol Dialkyls Glycerol Tetraethers (GDGTs). First

and third (i.e., n-alkanes and GDGTs, respectively) fractions are not used in this study.

Alkenones were measured using a Gas chromatographer (Hewlett-Packard HP7890) fitted

to a Flame Ionization Detector (GC-FID) using Helium as carrier gas. Samples were

vaporized and led through a capillary column.

Diatoms reconstruction techniques

The diatom-derived Winter Sea Ice (WSI) reconstructions from ODP Site 1093

(49°59’S, 5°52’E) and Site 1094 (53°10.8’S, 5°7.8’E) were obtained using transfer functions

developed by (Esper and Gersonde, 2014a,b). As the diatom reconstruction techniques

are not the scope of this study, the methodology is not detailed here. Briefly, for WSI

concentration estimates, the MAT from (Hutson, 1980) was applied. Statistical details

and background of the methods and their performance at different application levels and

in comparison with other estimation methods are presented in (Esper and Gersonde,

2014a,b). A more complete description can be found in (Benz et al., 2016). The count-

ing method and first WSI estimation at ODP 1093 can be found in Schneider-Mor et al.
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[2005]. The counting method and first WSI estimation at ODP 1094 can be found in

Kunz-Pirrung et al. [2002].

7.5 Results & Discussion

%C37:4 as a polar water mass proxy

At both Site U1541 and Site U1542 the %C37:4 show large fluctuations with generally

higher values (∼15-20%) during colder periods and lower values (<5%) during warm

periods (Fig. 7.2). In the CSP, C37:4 alkenones exhibit their highest abundance (up to

20%) during glacial Marine Isotope Stages (MIS) 18, 16, 14, 12 and 8. At Site U1542,

the highest %C37:4 (up to 18 %) is found during MIS 18.

The interpretation of %C37:4 as a tracer fro inferring variations in the meridional extent

of polar and subpolar conditions through time is based of the few previously available

studies in high latitudes sediment records (Bendle et al., 2005; Mart́ınez-Garcia et al.,

2010; McClymont et al., 2008) and is further explored in this study. In the pelagic

Southern Ocean, the %C37:4 increases in the vicinity of the PF slightly north of the

winter sea-ice margin.

The slightly lower %C37:4 at Site U1542 may be attributed to its location north of

the NB (Fig. 7.1; Park et al., 2019), whereas Site U1541 is located southward of the

NB. Both SAZ records present strong similarities, in terms of variability and abundance,

with a South Atlantic record, ODP 1090, located in the SAZ (Fig. 7.2; Mart́ınez-Garcia

et al., 2010). Closer to the SAF in the Southeast Pacific, the open eastern South Pacific

sediment record PS75/034-2 exhibits as well higher abundance of %C37:4 (up to 25%)

compared to the more coastal U1542 record (Fig. 7.2; Ho et al., 2012).

There is dissension on whether C37:4 alkenones originate from salinity changes related

to meltwater input or water mass changes. It has been demonstrated that %C37:4 shows

a positive correlation with ice-rafted debris (IRD), as meltwater bears icebergs (Bard

et al., 2000; Seki et al., 2005). On the Chilean margin where Site U1542 is located

(Fig. 7.2B, C), if both proxies covary with glacial/interglacial variability, i.e., with lower

values during warm periods and higher values during the glacial cold periods when the

Patagonian Ice sheet was expended. However, both records also exhibit discrepancies,

with, for instance, high C37:4 abundance around 600, 515, and 110 ka, while no IRD

are found at these periods. Thus, IRD likely reflects a more local component of the

Patagonian glaciers, whereas C37:4 alkenones might mirror the presence of Southern

Ocean waters. Hagemann et al. [2024] found substantially elevated values of %C37:4 in a
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marine record located on the western flank of the Chilean margin during all terrigenous

input phases associated to temperature minima, inferring a meltwater origin from ice

discharge, which reduces offshore salinities.

A thin layer (<30 m) of low salinity (<33.5 psu) (Strub et al., 2019) is known as Chilean

Fjord Water flows northward from the fjord region within ∼200 km off the coast (Strub

et al., 2019; Tapia et al., 2021). However, Site U1542 is located south of the pathway of

Chilean Fjord Water, thus less influenced by this water mass. Instead, it is more affected

by the open ocean water masses of the ACC, which explains the relatively low Patagonian

freshwater signal at Site U1542 and its similarity in signal and abundance to offshore

records. This contradicts the previously hypothesized origin of C37:4 alkenones from the

nearby MD07-3128 sediment record, advocating a Patagonian ice-sheet influence of the

signal (Caniupán et al., 2011). Taken together, the available evidence suggests that the

algae from the group 2i Isochrysidales, which produce the C37:4 (Wang et al., 2021), are

poorly influenced by meltwater from the continental glaciers (in this case, Patagonian),

as the coastal records U1542 exhibit similar variability and abundance (up to 20%) to

the offshore records (Fig. 7.2). Therefore, the increase in %C37:4 due to Patagonian

freshwater seems to be negligible compared to the influence of polar water from the

Southern Ocean. The low salinity along Chile likely only affects the area further north

where polar water masses are less present and the influence of the PIS on surface water

salinity becomes more important (Hagemann et al., 2024). Taken together, the strong

similarities between U1541, U1542, PS75/034-2, and ODP 1090 suggest that the %C37:4

is a robust tracer for inferring variations in the meridional extent of polar and subpolar

conditions through time, rather than solely serving as a proxy for freshwater or sea ice.
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Figure 7.2: Sea surface proxies reconstructing the Southern Ocean variabil-

ity. (A) Alkenones-derived sea surface temperature, (B) alkenones-derived marine pro-

ductivity, and (C) Ice-rafted debris at Site U1542. (D) %C37:4 from Site U1542, (E)

from PS75/034-2 (Ho et al., 2012, (F) from Site U1541, and (G) from ODP Site 1090

(Mart́ınez-Garcia et al., 2010 (H) Diatom-derived winter sea ice extent from ODP Site

1093 and ODP Site 1094. The percentage of C37:4 among C37 alkenones is defined by

%C37:4 = 100x[C37:4]/[ C37:2 + C37:3 + C37:4] with quantities based on the chromato-

graphic peak areas.
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%C37:4 and diatom-derived sea ice reconstruction

It has also been suggested that during the glacial periods, elevated %C37:4 likely results

from increased seasonal sea ice persisting into summer and melting, thereby providing

cold freshwater to the surface ocean during the haptophyte algae growing season in

summer (Seki et al., 2005).

To determine if C37:4 is an indicator of sea ice, we compare the abundance of C37:4

to Winter Sea Ice (WSI) reconstruction, derived from a transfer function on diatom

assemblages (Benz et al., 2016; Esper and Gersonde, 2014a,b). This relationship between

diatoms-derived sea ice and the relative abundance of C37:4 has been previously suggested

(Horikawa et al., 2015). As diatom-derived sea ice reconstructions are rare, we compare

our findings with two available records from the South Atlantic, ODP 1093 and ODP

1094 located respectively near the PF and near the modern winter sea ice boundary

(Comiso, 2003). These, along with the subantarctic record at ODP Site 1090 (Gersonde

et al., 1999), form a cross-frontal transect in the Atlantic SO: In general, the %WSI

records from both ODP Site 1093 (Fig. 7.2G) and ODP Site 1094 (Fig. 7.2H) show

clear similarities in relative changes. The ODP Site 1094 WSI record ranges from 20%

during warm periods to 100% WSI during glacial periods while the ODP Site 1093 WSI

record varies from 0% to 80% WSI, consistent with its location at lower latitude near

the modern APF, hence less influenced by the Antarctic Sea ice. The relative changes

in both WSI records largely covary with the %C37:4 record at ODP Site 1090, showing

similar glacial/interglacial variability. However, several periods of extended sea ice are

not associated with %C37:4 increases at ODP Site 1090 even when considering age model

uncertainties into account. This suggests that diatom-derived sea ice extent and the

latitudinal extent of polar water derived from C37:4 abundance are not necessarily in

agreement, as the first one is representative of winter sea ice and alkenones production

reflects mostly an annual mean signal (Hagemann et al., 2022), implying a seasonal

discrepancy between both proxies. However, ODP Site 1090 is located relatively far

north in the SAZ, and thus is most likely not affected by winter sea ice even during

glacial periods.

Southern Ocean pacing of latitudinal extent polar water masses

The orbital-scale variations in the relative abundance of C37:4 from sites in the Central

South Pacific (Site U1541), Southeast Pacific (Site U1542 and PS75/034-2; Ho et al.,

2012), and South Atlantic (ODP 1090; Mart́ınez-Garcia et al., 2010), all situated in the

subantarctic SO, show a similar pattern. The signal variability of %C37:4, expressed as

the standard deviation (σ), is high at Site U1541 (σ = 5.3), as the site is located near the

East Pacific Rise, where modern latitudinal shifts of oceanic fronts are bathymetry locked
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(Lamy et al., 2024). Similarly, the highly variable PS75/034-2 (σ = 6.9), located at the

entrance of the Drake Passage, the bottleneck of the ACC where fronts are gathered,

experiences notable gradient changes associated with rapid shifts of oceanic fronts. In

contrast, Site U1542, located underneath the relatively warm Cap Horn Current (Fig.

7.1; Park et al., 2019), shows lower variability (σ = 3.9), similar to ODP 1090 (σ =

4.2), located farther North from the SAF in the South Atlantic, where polar fronts are

more scattered. This indicates a consistent latitudinal pattern in the contraction and

the extent of polar water into the modern SAZ of the Southern Ocean, with variability

in polar water masses contingent upon their proximity to the Southern Ocean fronts.

Thereafter, given the consistency in abundance and variability among these records,

we aim to reconstruct the surface ocean circulation within the SAZ over the past 800

kyr using a SO stack compiling the records from Site U1541, U1542, ODP 1090, and

PS75/034-2. This SO stack documents a significant G/I variability where glacial stages

are associated with lower %C37:4 values and interglacial stages exhibit higher %C37:4

values. The transitions between these states are abrupt, indicating a rapid retreat and

advance of polar water masses, likely due to the locations of the sites close to the fronts

where gradients are supposed to be high. However, retreat from glacial to interglacial

conditions shows a more gradual trend from 550 to 500 ka and becomes more pronounced

from 480 to 435 ka.

Frontal dynamic during the Mid-Brunhes Transition

The SO stack reveals a reorganization of polar water mass dynamics during a key

period of the Late Pleistocene known as the MBT (Jansen et al., 1986). Glacial cycles

preceding the MBT (430 - 800 ka) show variability ranging from 5% during MIS 15 to

over 15% during MIS 18, 16, 14, and 12. During MIS 14, the SO stack suggests relatively

cold conditions and a northward extent of the Polar Front, contrasting with the concept

of a prolongated “Lukewarm” MIS 15 – 13 interglacial system (Jaccard et al., 2013).

The cold SO conditions during MIS 14 coincide with the occurrence of giant diatom

deposits in the subtropical South Atlantic at ca. 530 ka, suggesting the advection of

colder waters of southern origin northward and supporting high %C37:4 values (Romero

and Schmieder , 2006).

Ao et al. [2020] suggested a two-stage process starting around ∼500 ka (MBT-1), char-

acterized by enhanced warming of Northern Hemisphere continents, limited warming in

the Southern Hemisphere, and an associated intensification and more extensive north-

ward swings of the Intertropical Convergence Zone (Ao et al., 2020). The SO stack

corroborates this, showing extended equatorward expansion of polar waters during this

period, characterized by high (%C37:4 < 5%) values for an interglacial period. The sec-
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ond stage of the Mid-Brunhes Climate Transition (MBT-2) suggested by Ao et al. [2020]

around ∼400 ka, indicates a global transition towards increased interglacial warmth

linked to rising atmospheric CO2 concentrations, alongside reduced ice volume starting

at MIS 11.

The SO stack indicates a substantial and continuous retreat of polar water masses,

depicted by a decrease in %C37:4 from more than 15% throughout MIS 12 to values

below 3% at MIS 11, indicating the absence of polar water. The MBT-2 period shows

prolonged polar water retreat in the SO between 480 and 435 ka, reaching 0% during MIS

11. This phase is further characterized by the highest carbonate concentration during

the Pleistocene (Lamy et al., 2021; Saavedra-Pellitero et al., 2017a; Toyos et al., 2020),

and the “IRD-free period” between 432 and 395 ka in the Subantarctic South Atlantic

(Hodell et al., 2003).

In the Northern Hemisphere, the C37:4 record of ODP Site 882 spans the timeframe

of this study. Located in the sub-Arctic Pacific at 50°N, (Mart́ınez-Garcia et al., 2010;

McClymont et al., 2008), this offshore record not only shows a similar abundance of

C37:4 (2 - 25%) but also presents similar G/IG variability (σ = 5.7) as the SO records.

This underlines a parallel latitudinal expansion of Arctic and Subantarctic water masses

distribution across glacial cycles and suggests an interhemispheric coupling.

The polar water retreat initiated in the early part of MIS 12 aligns with the onset of

deep ventilation towards the MIS 12/11 transition, contributing to the release of CO2

into the atmosphere. The Southern Ocean modulates the exchange of CO2 between

the deep sea and the atmosphere (Rintoul , 2018), by promoting the ventilation of deep

water through upwelling in response to a strengthening of deep circulation and decreasing

Southern Ocean stratification (Sigman et al., 2021; Skinner et al., 2010). This reduction

in stratification is linked to a southward migration of the SO fronts, likely driven by an

intensification and southward displacement of the SWW (Anderson et al., 2009). MIS

12 also corresponds to a dust increase in the Southern Hemisphere (Barth et al., 2018),

further supporting the potential strengthening and southward displacement of the SWW.

Following the glacial inception at the end of MIS 11, no increase of %C37:4 is observable

in the stack. The period of polar water retreat during the outstanding MIS 11 extends

until MIS 9c, at around 325 ka. The absence of C37:4 (<5%) is unique for a glacial period

over the last 800 kyr and implies a poleward position of the SO fronts (Fig. 7.3C), as

well as for the subpolar North Pacific (Fig. 7.3B). Given that this unique configuration

follows MIS 11, it is likely that the MBT profoundly influenced the configuration of the

frontal system. The absence of polar water during MIS 10 further suggests a delay in

the response of mid-to-high latitude front systems after an exceptionally long and warm

interglacial period.
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Figure 7.3: Pleistocene fluctuation of polar water masses across the Mid-

Brunhes climate transition. (A) %C37:4 from Site 882 (Mart́ınez-Garcia et al., 2010

(B) Southern Ocean stack representing latitudinal extension of polar waters near the

Northern boundary (NB). (C) Atmospheric CO2 concentration from Antarctic ice core

(Bereiter et al., 2015 (D) LR04 stack (Lisiecki and Raymo, 2005

Compared to other glacial periods, MIS 12 and particularly MIS 10 stand out as

cold with enhanced productivity (Bard and Rickaby , 2009). Along the Chilean margin,

underneath the Humboldt current (Tapia et al., 2021) and the Cap Horn Current at Site

U1542, MIS 10 is characterized by a notably high coccolithophoridae production (Fig.

7.2A; Saavedra-Pellitero et al., 2017b). This significant production of 2i Isochrysidales

taxa may have ‘diluted’ the signal of the 2i Isochrysidales taxa, thereby reducing the

relative abundance of C37:4, explaining the lower values during MIS 10. However, MIS

14 and MIS 2-4 show relatively high production, yet display a high abundance of C37:4.

Thus, a ‘dilution’ effect cannot fully account for the low abundance during MIS 10. A

possible near-extinction of the taxa producing the C37:4 during MIS 11 could justify

the absence of C37:4 during MIS 10, and slowly (during 100 to 120 kyr) reappearing to

reach pre-MIS 11 values. However, a significant abundance of C37:4 during MIS 10 in the
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Iberian margin record suggests that freshwater taxa were not impacted by the reduction

in population during MIS 11 (Rodrigues et al., 2017). Furthermore, the North Pacific

record ODP Site 882 also indicates a retreat during MIS 12 and the prolongated absence

of %C37:4, making it challenging to conceive a quasi-extinction of the 2i Isochrysidales

taxa in both hemispheres. Ultimately, the high coccolithophoridae productivity during

MIS 10 likely supported a retreated polar water rather than taxa extinction.

Thereafter, a persistent equatorward expansion of polar water is indicated by gradual

increases of %C37:4, reaching glacial values (>15%) around MIS 8. In the North Pacific,

MIS 8 is also characterized by a relatively low abundance in C37:4 (<10%) compared to

other glacials. Yin [2013] stated that during the post-MBE interglacials (i.e., MIS 9, 7,

5, and 1), the Southern Ocean surface was less salty, and warmer (Schaefer et al., 2006),

and had reduced sea ice extent (Wolff et al., 2006), with the APF located farther south

(Kemp et al., 2010). However, this observation is not prominently reflected in the SO

stack, as post-MBT interglacials only slightly exhibit lower values, ranging from 2 to

5%. This minimal change is likely related to the polar front location, as salinity exerts

reduced influence on the abundance of C37:4. Additionally, consistent %C37:4 (∼12 –

15%) throughout the SO record does not suggest more intense or prolonged glaciations

post-MBE (Kemp et al., 2010).

7.6 Conclusions

In this study, we used the %C37:4, a relatively uncommon proxy, to infer latitudinal

shifts of the SO frontal system over the past 800 kyr. Contrary to IRD and diatom-

derived winter sea ice records, %C37:4 does not indicate salinity/freshwater input or sea

ice presence in the SAF. Instead, the strong correlation among records from the Central

South Pacific, Southeast Pacific, and South Atlantic implies that %C37:4 functions as

its own proxy, providing a robust indicator of surface frontal shifts and the extension of

polar water masses. Compiled into a Southern Ocean stack, elevated contents of C37:4

during glacials and lower values during interglacials mirror the contraction and expansion

of Antarctic polar water and north-south shifts of the SO frontal system across glacial-

interglacial cycles. Early polar water retreats throughout MIS 12 and a poleward position

of polar water during MIS 10 in both hemispheres suggest a crucial role of mid-latitude

surface water mass evolution during the Mid-Brunhes Climate Transition toward more

pronounced glacial and interglacial conditions. Furthermore, the robust correspondence

between records in both hemispheres indicates a reduced metabolic disparity among

coccolithophorids endemic to Arctic, Antarctic, or coastal water masses (Schulz et al.,

2000). The two-stage MBT proposed by Ao et al. [2020] can be applied here, although the
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two main events occurring during MIS 12 and 10, with MIS 11 serving as a key period.

Moreover, the absence of notable change in the G/IG regime suggests that the MBT

did not profoundly impact the surface circulation of high latitudes. However, the early

retreat of polar water during MIS 12 and its absence during MIS 10, centered around the

MBT and MIS 11, implies a major role of northern and southern polar water in shaping

this transition. Nonetheless, it is evident that a comprehensive assessment of polar

water mass extent requires high-resolution reconstructions of deep-water temperatures

and other proxies spanning the MBT.



Chapter 8

Concluding remarks and outlook

In this PhD thesis, I focused on reconstructing past climatic variability in the Southeast

Pacific since the Late Pleistocene and the end of the Mid Pleistocene Transition using the

sedimentary archive IODP Site U1542. Matured by 50 years of scientific ocean drilling

(Becker et al., 2019), Site U1542 provides an unprecedented high-resolution view of the

climate in the Southern Hemisphere over the past 790,000 years (Figure 8.1).

Strategically located on the southern Chilean margin at a depth of 1,101 meters, Site

U1542 records ocean-atmosphere-cryosphere interactions and teleconnections. The site

sits underneath the Cape Horn Current, the northernmost branch of the ACC that

flows into the Drake Passage (Zheng et al., 2023). Variations in the strength of the

Cape Horn Current indicate past changes in the strength of the Antarctic Circumpolar

Current, the world’s strongest current(Lamy et al., 2015). Moreover, the oceanic fronts

converge in the Drake Passage, and strong latitudinal gradients can be observed in

the area. Thus, it is a suitable location to reconstruct meridional fluctuations of surface

waters. Additionally, this mid-latitude southern (54°S) record is situated in the southern

westerly wind belt, a predominant driver of the ACC. The terrigenous sediment input

on the Chilean margin significantly increases during glacial periods due to contributions

from the Andean hinterland. Therefore, changes in terrestrial proxies on the Chilean

margin indicate advances and/or instabilities of the Patagonian ice sheet.

The overarching goal of this thesis was to better constrain orbital to millennial-scale

variations in the Southern Ocean by producing millennial-scale resolved records at Site

U1542 using biomarkers proxies (i.e., n-alkanes, alkenones, and GDGTs). In addition,

by analysing inorganic proxies such as grain size, XRF, terrigenous elements concentra-

tions, and ice-rafted debris (IRD), several conclusions emerge. Chapter 5 explores the

close coupling between alkenone-derived SST and bottom current reconstruction at Site
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U1542, examining variability from orbital to millennial scales. Comparing Site U1542

with a planktic δ18O North Atlantic record reveals a strong interhemispheric teleconnec-

tion, emphasizing the role of oceanic circulation in millennial-scale variability. Further-

more, the reconstruction of the ACC strength highlights the Southern Ocean’s influence

in promoting deep-sea ventilation that influences the release of CO2 into the atmosphere.

Chapter 6 investigates variations in the terrigenous fraction and terrestrial biomarkers

of Site U1542 to reconstruct changes in the PIS over multiple glacial cycles. This un-

precedented detailed picture reveals that PIS growth is largely controlled by SST in the

Southeast Pacific, with sea level variations driving sediment transfer from the PIS to-

wards the Chilean margin. Chapter 7 focuses on the percentage of tetra-unsaturated

ketone (%C37:4) in Site U1542 sediments as a tracer for polar water masses. This record

is included in a Southern Ocean-wide %C37:4 stack, showing a polar water retreat dur-

ing the early Mid Brunhes Transition (450 to 410 ka), followed by a prolonged period

of retreated polar water (410 to 300 ka). This suggests a rearrangement of Southern

Ocean circulation during the Mid-Brunhes Transition. Altogether, the records produced

for this thesis provide new insights into global climate over the past million years.

The peculiar location of Site U1542 may partially disturb or bias different records.

Situated at a relatively shallow depth (1,101 meters), Site U1542 offers several advan-

tages, such as reduced particulate residence time in the water column and minimized

biomarker advection. However, this complicates the benthic foraminifera oxygen isotope

record most commonly used to establish age model correlations. The glacial-interglacial

variability in the benthic isotope record is relatively subdued, while strong variability is

observed at millennial timescales. Terrigenous input may also influence oceanic proxies

such as alkenones. Caniupán et al. [2011] suggested that a warming trend observed dur-

ing the LGM originated from meltwater and icebergs from the PIS, which likely reached

the continental margin at this time (Davies et al., 2020). Accordingly, Site U1542 ex-

hibits strong variability in alkenone and bottom current strength records during peak

glacial periods, potentially due to terrestrial overprint. The TEX86 proxy is not fur-

ther interpreted in this thesis, as it shows high variability when the BIT index is high,

in other words, at times of high terrigenous input (Hagemann et al., 2024). Offshore

sediment records, on the other hand, potentially provide a clearer view of larger-scale

palaeoceanographic changes (e.g., core PS75/34 located ∼200 nm offshore (Ho et al.,

2012). However, these records are rare due to confounding deep-ocean processes, such as

carbonate dissolution. Additionally, the absence of terrigenous input reduces sedimen-

tation rates, which may enshroud the millennial-scale signal, and little is known about

millennial-scale variability in the pelagic Southern Ocean.

The IODP 383 expedition drilled six sites in the Southern Pacific. As Site U1542

presented in this thesis, the high-resolution Site U1539 from the central South Pacific
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could substantially enhance our understanding of sub-orbital climate variations and po-

tential tipping points in the pelagic Southern Ocean as well as their link to the marine

carbon cycle and Antarctic ice-sheet stability. The unique location of Site U1539 is

characterised by unusually high sedimentation rates (∼10-50 cm/kyr), providing high-

resolution pelagic sediment close to the subantarctic front and close to the influence of

the opal belt. These sediments are capable of resolving millennial-scale climate vari-

ations over the past ∼1.4 Myr therefore extending Site U1542 beyond the mysterious

Mid-Pleistocene Transition. Moreover, this time interval corresponds to the planned Eu-

ropean Beyond EPICA – oldest ice project (Fischer et al., 2013), and the Site U1539

records might develop into a marine counterpart of the prolongated Antarctic ice-core

expected in the near future.

Figure 8.1: The last 8 Millions years of Earth’s History on a logarithmic scale.

Sea Surface Temperature reconstruction at Site U1542 among remarkable similar records

in the Southern Hemisphere. A southern millennial-scale resolved record covering multi-

ple glacial cycle is unprecedented in the scientific community. LR04 stack after Lisiecki

and Raymo [2005], ODP 1090 (Mart́ınez-Garcia et al., 2010), Site 1233 (Kaiser et al.,

2005), MR16 (Hagemann et al., 2024), EDC (Jouzel et al., 2007)
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Chapter 10

Appendix: Supplementary figures for

Chapter 5

Figure 10.1: Surface circulation in the Southeast Pacific with examples of surface buoy

trajectories (each 30-day position is marked by a circle) indicating northeast flow of

northern ACC water after crossing the East Pacific Rise. When the ACC impinges the

Chilean coast, it bifurcates (at about 45°S) with northward flowing water in the Peru

Chilean Current (PCC) and southward flow in the Cap Horn Current (CHC) toward

the Drake Passage. Eastward drifting buoys follow the South Pacific Current (SPC).

Modified from(Chaigneau and Pizarro, 2005; Lamy et al., 2015, 2021).
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Figure 10.2: The appending of U1542 (blue) to the bottom of MD07-3128 (red). SST,

XRF Zr/Rb and b* are the main proxies used to correlate the two records. b* was

mainly used to correlate both records with control of XRF Zr/Rb ratio. Correlation

made with AnalySeries (Paillard et al., 1996).
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Figure 10.3: Chronology and constraint for the age model construction for Site U1542.

From top to bottom, resulting linear sedimentation rate (LSR), sea surface temperature

reconstruction form Site U1542, δ18O record from uvigerina (benthic) foraminifera iso-

topes, Antarctic ice core EPICA Dome C temperature record (Jouzel et al., 2007) on the

AICC2012 age model(Bazin et al., 2013) and XRF-derived ln(Ca) from Site U1542. The

target used was the Antarctic ice core temperature record. The orbital correlation at

glacial/interglacial boundary was performed using ln(Ca) (blue dots). As several tran-

sitions were not well marked in the ln(Ca) record, alkenones-derived SST (purple dots)

was used. Subsequently, δ18O record was used to align our records with Antarctic iso-

tope maxima (pink dots). The first 60 kyr, based on MD07-3128 are based on the latest

age model from Anderson et al. [2021].
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Figure 10.4: Relation between the two main proxies from Site U1542 used in this study.

Correlation between ACC strength and alkenones-derived SST.
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Figure 10.5: Path of different steps to reconstruct the ACC strength proxy relative

to the full IG mean. (A) XRF-derived ln (Zr/Rb) (black) with the 94 sortable silt

measurements along the record (orange dots). (B) Sortable silts (SS) interpolated using

the linear regression SS = 16.18 x ln(Zr/Rb) + 12.88. (C) Scalar flow speed derived

from (B) using McCave calibration (McCave et al., 2014). (D) Scalar flow speed related

to full interglacial mean value expressed as a percentage.
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Figure 10.6: The number of major DO events in the synthetic reconstruction of Green-

land climate (Barker et al., 2011)(black), stadial event at Site U1385 (Hodell et al.,

2023) (orange) and the number of SST warming (purple) and ACC strengthening (blue)

events at Site U1542 in non-overlapping windows of 10 ka duration. In grey their re-

spective original data. Dashed line represents the number of events per 10 kyr on a

400-kyr average, broadly corresponding to the Mid Brunhes Transition.To mitigate the

impact of age model uncertainties between the two locations, we have chosen to employ

a non-overlapping moving window of 10 kyr to evaluate the interhemispheric relation of

millennial-scale events occurrence (Fig. 9.6) This approach is thought to maintain the

fundamental pattern regardless of the chosen start time.
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Figure 10.7: Recurrence of millennial-scale strengthening and warming events during

glacial periods. Time is the difference between an event and the previous one.
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Figure 10.8: Visualization of different steps to identify millennial-scale climatic events.

The selection threshold was applied to the minima of the first differential (A and D). The

resulting curve is similar to the filtered signal (C and F). Removal of orbital-timescale

variability of the original signal (B and E) is achieved by subtracting a 7 kyr high-pass

filter using a FIR filter (Finite Impulse Response).



116 Appendix: Supplementary figures for Chapter 5

Figure 10.9: Sorting predicted Dansgaard-Oeschger events (grey) from the synthetic

Greenland reconstruction (Barker et al., 2011), stadial events (orange) recorded at Site

U1385 (Hodell et al., 2023), SST events (purple) and ACC strength events (blue) recorded

at Site U1542 according to their respective amplitude.

Figure 10.10: Distribution of SST (red and purple) and ACC strength (light and dark

blue) millennial-scale events recorded at Site U1542 according to the condition at the

initiation. All events are considered on the left panels and only the major events are

considered on the right panel.
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Figure 10.11: Amplitude of SST events (purple), ACC strength events (blue) recorded at

Site U1542, stadial events (orange) recorded at Site U1385 (Hodell et al., 2023) and pre-

dicted Dansgaard-Oeschger events (grey) the synthetic Greenland reconstruction (Barker

et al., 2011) on age scale (kyr). Colors corresponds with Figs 9.9 and 9.10.

Figure 10.12: Relation between magnitude (%) of the ACC events with rise of CO2

(ppmv) observed. We associated 31 Major ACC strengthening events with CO2 rise in

less than 7 kyr over the past 790 kyr. 15 events present a CO2 rise before an ACC

strengthening, 15 events present a CO2 rise after an ACC strengthening, and 1 event

present a synchronous CO2 rise and ACC strengthening. Among these 31 events, 10

(red dots) are associated with terminations and are removed from the linear correlation.

Associated events are shown in Figure 6 by black dots.
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Figure 10.13: details of the interhemispheric teleconnection
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in Patagonia and the pacing of southern mountain glaciation, Quaternary Science

Reviews, 185, 9–26, doi:10.1016/j.quascirev.2018.01.013. 6.2, 6.3

Garreaud, R., P. Lopez, M. Minvielle, and M. Rojas (2013), Large-Scale Con-

trol on the Patagonian Climate, Journal of Climate, 26 (1), 215–230, doi:10.1175/

JCLI-D-12-00001.1. 6.3, 6.6

Gersonde, R., D. A. Hodell, and P. Blum (1999), Leg 177 summary: southern ocean

paleoceanography, in Proc. Ocean Drill. Program Initial Rep, vol. 177. 7.5

Gibbons, A. (1993), How the Akkadian Empire Was Hung Out to Dry, Science,

261 (5124), 985–985, doi:10.1126/science.261.5124.985, publisher: American Associ-

ation for the Advancement of Science. (document)

Golledge, N. R., C. J. Fogwill, A. N. Mackintosh, and K. M. Buckley (2012), Dynamics

of the last glacial maximum Antarctic ice-sheet and its response to ocean forcing,

Proceedings of the National Academy of Sciences, 109 (40), 16,052–16,056, doi:10.1073/

pnas.1205385109, publisher: Proceedings of the National Academy of Sciences. 6.6

Gottschalk, J., L. C. Skinner, J. Lippold, H. Vogel, N. Frank, S. L. Jaccard, and

C. Waelbroeck (2016), Biological and physical controls in the Southern Ocean on past

millennial-scale atmospheric CO2 changes, Nature Communications, 7 (1), 11,539, doi:

10.1038/ncomms11539. 5.4
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S. Schouten (2004), A novel proxy for terrestrial organic matter in sediments based

on branched and isoprenoid tetraether lipids, Earth and Planetary Science Letters,

224 (1), 107–116, doi:https://doi.org/10.1016/j.epsl.2004.05.012. 4.3, 6.4, 6.5, 6.6

Hopmans, E. C., S. Schouten, and J. S. Sinninghe Damsté (2016), The effect of improved
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E. C. Hopmans, and J. S. S. Damsté (2010), New indices and calibrations derived

from the distribution of crenarchaeal isoprenoid tetraether lipids: Implications for past

sea surface temperature reconstructions, Geochimica et Cosmochimica Acta, 74 (16),

4639–4654, doi:https://doi.org/10.1016/j.gca.2010.05.027. 4.3

Kindler, P., M. Guillevic, M. Baumgartner, J. Schwander, A. Landais, and M. Leuen-

berger (2014), Temperature reconstruction from 10 to 120 kyr b2k from the NGRIP

ice core, Climate of the Past, 10 (2), 887–902, doi:10.5194/cp-10-887-2014, publisher:

Copernicus GmbH. 1

Kissel, C. (2007), Md159/pachiderme cruise, marion dufresne r/v. 3.3

Knorr, G., and G. Lohmann (2003), Southern Ocean origin for the resumption of At-

lantic thermohaline circulation during deglaciation, Nature, 424 (6948), 532–536, doi:

10.1038/nature01855. 1, 5.2, 5.4

Knutti, R., J. Flückiger, T. F. Stocker, and A. Timmermann (2004), Strong hemispheric

coupling of glacial climate through freshwater discharge and ocean circulation, Nature,

430 (7002), 851–856, doi:10.1038/nature02786, publisher: Nature Publishing Group.

2.1, 2.2

Koenig, Z., C. Provost, R. Ferrari, N. Sennéchael, and M.-H. Rio (2014), Volume trans-
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Köhler, P., H. Fischer, G. Munhoven, and R. E. Zeebe (2005), Quantita-

tive interpretation of atmospheric carbon records over the last glacial termi-

nation, Global Biogeochemical Cycles, 19 (4), doi:10.1029/2004GB002345, eprint:

https://onlinelibrary.wiley.com/doi/pdf/10.1029/2004GB002345. 5.4

Lambert, F., B. Delmonte, J. R. Petit, M. Bigler, P. R. Kaufmann, M. A. Hutterli, T. F.

Stocker, U. Ruth, J. P. Steffensen, and V. Maggi (2008), Dust-climate couplings over

the past 800,000 years from the EPICA Dome C ice core, Nature, 452 (7187), 616–619,

doi:10.1038/nature06763. 6.2, 6.6, 6.6, 6.8

Lambert, F., M. Bigler, J. P. Steffensen, M. Hutterli, and H. Fischer (2012), Centennial

mineral dust variability in high-resolution ice core data from Dome C, Antarctica,

Climate of the Past, 8 (2), 609–623, doi:10.5194/cp-8-609-2012. 6.6

Lamy, F., J. Kaiser, U. Ninnemann, D. Hebbeln, H. W. Arz, and J. Stoner (2004),

Antarctic Timing of Surface Water Changes off Chile and Patagonian Ice Sheet Re-

sponse, Science, 304 (5679), 1959–1962, doi:10.1126/science.1097863, publisher: Amer-

ican Association for the Advancement of Science. 2.2, 5.4, 6.2

Lamy, F., R. Kilian, H. W. Arz, J.-P. Francois, J. Kaiser, M. Prange, and T. Steinke

(2010), Holocene changes in the position and intensity of the southern westerly wind

belt, Nature Geoscience, 3 (10), 695–699, doi:10.1038/ngeo959, number: 10 Publisher:

Nature Publishing Group. 2.2, 6.3

Lamy, F., R. Gersonde, G. Winckler, O. Esper, A. Jaeschke, G. Kuhn, J. Ullermann,

A. Martinez-Garcia, F. Lambert, and R. Kilian (2014), Increased Dust Deposition

in the Pacific Southern Ocean During Glacial Periods, Science, 343 (6169), 403–407,

doi:10.1126/science.1245424, publisher: American Association for the Advancement

of Science. 2.2, 4.1, 6.2

Lamy, F., H. W. Arz, R. Kilian, C. B. Lange, L. Lembke-Jene, M. Wengler, J. Kaiser,

O. Baeza-Urrea, I. R. Hall, N. Harada, and R. Tiedemann (2015), Glacial reduc-

tion and millennial-scale variations in Drake Passage throughflow, Proceedings of the

National Academy of Sciences, 112 (44), 13,496–13,501, doi:10.1073/pnas.1509203112,

publisher: Proceedings of the National Academy of Sciences. 1, 2.2, 3.2, 3.4, 5.2, 5.3,

5.3, 5.4, 5.4, 5.4, 5.5, 6.4, 6.6, 7.3, 8, 10.1

Lamy, F., J. C. H. Chiang, G. Mart́ınez-Méndez, M. Thierens, H. W. Arz, J. Bosmans,

D. Hebbeln, F. Lambert, L. Lembke-Jene, and J.-B. Stuut (2019), Precession mod-

ulation of the South Pacific westerly wind belt over the past million years, Proceed-

ings of the National Academy of Sciences, 116 (47), 23,455–23,460, doi:10.1073/pnas.

1905847116, publisher: Proceedings of the National Academy of Sciences. 1, 6.6



BIBLIOGRAPHY 139

Lamy, F., G. Winckler, and C. Alvarez Zarikian (2021), Volume 383: Dynamics of the

Pacific Antarctic Circumpolar Current (DYNAPACC), Proceedings of the Interna-

tional Ocean Discovery Program, vol. 383, International Ocean Discovery Program,

doi:10.14379/iodp.proc.383.2021. 1, 3.1, 3.2, 3.3, 5.2, 5.3, 5.5, 6.4, 6.6, 7.4, 7.5, 10.1

Lamy, F., G. Winckler, H. W. Arz, J. R. Farmer, J. Gottschalk, L. Lembke-Jene, J. L.

Middleton, M. van der Does, R. Tiedemann, C. Alvarez Zarikian, C. Basak, A. Brom-

bacher, L. Dumm, O. M. Esper, L. C. Herbert, S. Iwasaki, G. Kreps, V. J. Lawson,

L. Lo, E. Malinverno, A. Martinez-Garcia, E. Michel, S. Moretti, C. M. Moy, A. C.

Ravelo, C. R. Riesselman, M. Saavedra-Pellitero, H. Sadatzki, I. Seo, R. K. Singh,

R. A. Smith, A. L. Souza, J. S. Stoner, M. Toyos, I. M. V. P. de Oliveira, S. Wan, S. Wu,

and X. Zhao (2024), Five million years of Antarctic Circumpolar Current strength

variability, Nature, 627 (8005), 789–796, doi:10.1038/s41586-024-07143-3, publisher:

Nature Publishing Group. 7.3, 7.4, 7.5

Lang, N., and E. W. Wolff (2011), Interglacial and glacial variability from the last 800

ka in marine, ice and terrestrial archives, Climate of the Past, 7 (2), 361–380, doi:

10.5194/cp-7-361-2011, publisher: Copernicus GmbH. 1

Laskar, J., P. Robutel, F. Joutel, M. Gastineau, A. C. M. Correia, and B. Levrard (2004),

A long-term numerical solution for the insolation quantities of the Earth, Astronomy

& Astrophysics, 428 (1), 261–285, doi:10.1051/0004-6361:20041335. 2.1, 2.1
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